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Abstract

We studied the α-olefin selectivity in Fischer–Tropsch (FT) synthesis using density functional theory (DFT) calculations. We calculated the rel-
evant elementary steps from C2 to C6 species. Our results showed that the barriers of hydrogenation and dehydrogenation reactions were constant
with different chain lengths, and the chemisorption energies of α-olefins from DFT calculations also were very similar, except for C2 species.
A simple expression of the paraffin/olefin ratio was obtained based on a kinetic model. Combining the expression of the paraffin/olefin ratio and
our calculation results, experimental findings are satisfactorily explained. We found that the physical origin of the chain length dependence of
paraffin/olefin ratio is the chain length dependence of both the van der Waals interaction between adsorbed α-olefins and metal surfaces and the
entropy difference between adsorbed and gaseous α-olefins, and that the greater chemisorption energy of ethylene is the main reason for the
abnormal ethane/ethylene ratio.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Reactivity and selectivity are two fundamental issues in
catalysis. Very often, selectivity is considered more important
to real chemical industries. Whereas reactivity has been ex-
tensively investigated and great progress has been made, the
theoretical understanding of selectivity in heterogeneous catal-
ysis still falls short of chemists’ expectations. In the work re-
ported here, we investigated the α-olefin selectivity in Fischer–
Tropsch (FT) synthesis [1–8] using density functional theory
(DFT) calculations.

FT synthesis, which converts synthesis gas (CO and H2)
to various long-chain hydrocarbons (mainly n-paraffins and
α-olefins), provides an alternative route to produce fuels and
petrochemicals [9–15] as the global reserves of crude oil are
being exhausted. Much experimental [16–22] and theoretical
[23–28] work has been dedicated to FT synthesis because of
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its importance, and some significant achievements have been
made. The general consensus regarding the FT mechanism is as
follows: (i) CO and H2 dissociate on metal surfaces; (ii) O is re-
moved via water formation, and C is hydrogenated to CHx (x =
1–3); (iii) carbon chains are prolonged via stepwise polymer-
ization; and (iv) carbon chains are terminated by β-hydrogen
elimination, yielding α-olefins or by α-hydrogenation produc-
ing n-paraffins. n-Paraffins are not reactive under typical FT
conditions, whereas α-olefins are able to readsorb and sub-
sequently to undergo hydrogenation to produce n-paraffins or
reinsert into chain growth reactions.

α-Olefin selectivity (which is usually measured by the paraf-
fin/olefin (P/O) ratio, a fundamental issue in FT synthesis) re-
mains elusive, however. Linear α-olefins are high-value prod-
ucts in the FT process that are widely used commercially in,
for example, polymers, additives, and specialty chemicals [29].
Improving α-olefin selectivity will result in great economic
benefits in FT technology [8]. Although much effort has been
devoted to this issue [30–38], which factors predominately de-
termine α-olefin selectivity remains unclear.
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Fig. 1. Schematic illustration of the chain length dependence of P/O ratio in FT
synthesis.

Experimentally, two interesting features about α-olefin se-
lectivity haven been identified (Fig. 1) [31,33]: (i) the P/O ratio
generally increases exponentially with chain length n > 2, and
(ii) when the chain length is 2, the P/O ratio deviates signifi-
cantly from the curve. The chain length dependence of the P/O
ratio can be expressed in the following equation, with chain
length n > 2:

(1)
Pn

On

∝ ecn

where c is a constant. To date, three models have been sug-
gested to explain the α-olefin selectivity: (i) the chain length-
dependent solubility in FT wax [34,35], (ii) the chain length-
dependent diffusion limitation [36–38], and (iii) the chain
length-dependent preferential physisorption [31]. Experimen-
tal evidence [31] has shown that in the absence of a wax layer
over the catalyst surfaces, the P/O ratio still increased exponen-
tially with the chain length, demonstrating that solubility and
diffusion limitation are simply influencing factors, rather than
the physical origin of the chain length dependence of the P/O
ratio. It also is unlikely that the transfer of α-olefins from the
precursor state (physisorption) to the chemisorbed state is ki-
netically important, due to the fact that the transfer processes
must be much faster than the surface reactions. Thus, the pref-
erential physisorption also may not be the reason for the chain
length-dependent P/O ratio. Perhaps more importantly, to date
no model can explain the abnormal ethane/ethylene ratio. Con-
sequently, the physical origin of the α-olefin selectivity remains
unclear. Gaining insight into the chain length-dependent P/O ra-
tio and clues as to how to best improve the α-olefin selectivity
in FT synthesis are highly desirable goals.

In the work reported in this paper, we investigated α-olefin
selectivity in FT synthesis using DFT calculations. Our goal
was to obtain a simple expression to describe the α-olefin se-
lectivity in FT synthesis, aiming to explain why the P/O ratio
increases exponentially with chain length after C2 and why the
ratio of C2 is erratic. Moreover, we explored some ways to im-
prove the α-olefin selectivity.

The paper is organized as follows. We describe our cal-
culation method in Section 2. In Section 3, we discuss the
chemisorption of n-alkyl groups and 1-alkenes and present the
barriers of n-alkyl hydrogenation and dehydrogenation. In Sec-
tion 4, we use a kinetic model to analyze our DFT results to
explain the chain length dependence of the P/O ratio. We sum-
marize our conclusions in Section 5.

2. Methods

In this work, the SIESTA code [39] with Troullier–Martins
norm-conserving scalar relativistic pseudopotentials [40] was
used, along with a double-zeta plus polarization (DZP) basis
set. The localization radii of the basis functions were deter-
mined from an energy shift of 0.01 eV. A standard DFT super-
cell approach with the Perdew–Burke–Ernzerhof (PBE) form of
the generalized gradient approximation (GGA) functional [41]
was implemented with a mesh cutoff of 200 Ry. Spin polariza-
tion was included in the calculations.

All reactions were simulated on flat Co(0001). In the calcu-
lations, the surface was modeled by four layers of metals, and
the vacuum space of the unit cell was varied with the chain
length of the adsorbate to keep the distance between the top of
adsorbate and the bottom layer in the unit cell above at around
10 Å. A p(3 × 2) unit cell and surface Monkhorst Pack meshes
of 3×4×1 k-point sampling in the surface Brillouin zone were
used. The bottom two layers of metal atoms were fixed, and the
top two layers and the adsorbates were relaxed.

The transition states (TSs) were searched using a constrained
optimization scheme [42–44]. The distance between the reac-
tants was constrained at an estimated value, and the total energy
of the system was minimized with respect to all the other de-
grees of freedom. The TSs could be located via changing the
fixed distance and were confirmed by two rules: (i) all forces
on atoms vanish, and (ii) the total energy is maximum along the
reaction coordinate but minimum with respect to the remaining
degrees of freedom.

3. Results

To gain insight into the origin of the chain length dependence
of the P/O ratio, we calculated the hydrogenation and dehydro-
genation reactions of n-alkyl groups on Co(0001). The most
stable structures of n-alkyl group adsorbed on Co(0001) as well
as 1-alkene and H were calculated and considered the initial
states (ISs). Based on the IS structures, the transition states
(TSs) in n-alkyl hydrogenation and dehydrogenation were lo-
cated. To unveil the trend of calculated results with different
chain lengths, we computed these reactions from C2 up to C6
species.

3.1. Chemisorption of n-alkyl groups and 1-alkenes on
Co(0001)

Because adsorbed n-CnH2n+1 and 1-CnH2n are involved in
the hydrogenation and dehydrogenation of n-alkyl groups, we
first studied the chemisorption of n-CnH2n+1 and 1-CnH2n with
the chain length n of 2 to 6 on Co(0001). Figs. 2a–2f show
the most stable structures of n-alkyl groups located on the hcp
hollow sites with the carbon chain upright over the Co surface
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Fig. 2. Top view and side view (inserted) of the structures of adsorbed n-alkyl groups on Co(0001): (a) methyl; (b) ethyl; (c) n-propyl; (d) n-butyl; (e) n-pentyl;
(f) n-hexyl. The white balls are H atoms, the gray balls are C atoms and the blue balls are Co atoms. This notation is used throughout this paper. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Top view and side view (inserted) of the structures of adsorbed 1-alkenes on Co(0001): (a) ethylene; (b) propene; (c) 1-butene; (d) 1-pentene; (e) 1-hexene.
Table 1
Structural parameters and DFT chemisorption energies of adsorbed n-alkyl
groups

Chain length n dC–Co (Å) Chem. energy (eV)

1 2.168, 2.131, 2.122 2.00
2 2.182, 2.201, 2.328 1.60
3 2.200, 2.244, 2.337 1.62
4 2.176, 2.236, 2.378 1.60
5 2.174, 2.235, 2.379 1.60
6 2.173, 2.232, 2.375 1.62

dC–Co are the distances between the unsaturated C atom and the nearest three
Co atoms.

(with CH3 included for comparison). The structural parame-
ters and chemisorption energies are given in Table 1. Note that
our calculation results are consistent with the work of Gong
et al. [25]. An examination of Table 1 reveals two features.
First, the distances between the unsaturated C atoms of n-alkyl
groups (n = 2–6) and the nearest three Co atoms (dC–Co) are al-
most the same, which implies that the bonding of these species
with the Co surface is similar in these systems. This is in agree-
ment with the fact that they have similar chemisorption ener-
gies. Second, the C–Co distances in CH3 chemisorption are
smaller than those of n-alkyl groups (n = 2–6). Thus, it is un-
surprising that CH3 has a greater chemisorption energy than
the others (2.00 eV vs ∼1.60 eV). This may be because the re-
pulsive interactions between the alkyl groups in n-alkyl groups
(n = 2–6) and the surface are greater than those between H and
the surface in CH3.

Figs. 3a–3e illustrate the π -bound 1-alkenes on the top site,
which are the most stable structures on Co(0001). Both of the
two double-bond C atoms bind to the same Co atom, and the
geometries are very similar to those on Ru(0001) reported by



J. Cheng et al. / Journal of Catalysis 255 (2008) 20–28 23
Fig. 4. Top view and side view (inserted) of the calculated TS structures of n-alkyl hydrogenation on Co(0001): (a) CH3CH2 + H; (b) CH3CH2CH2 + H;
(c) CH3(CH2)2CH2 + H; (d) CH3(CH2)3CH2 + H; (e) CH3(CH2)4CH2 + H.
Table 2
Structural parameters and DFT chemisorption energies of adsorbed 1-alkenes

Chain length n dC–Co (Å) Chem. energy (eV)

2 2.068, 2.080 0.96
3 2.093, 2.128 0.78
4 2.087, 2.130 0.78
5 2.084, 2.128 0.77
6 2.087, 2.123 0.79

dC–Co are the distances between the double-bond C atoms in 1-alkenes and the
Co atom.

Ciobîcǎ et al. [45]. The structural parameters and chemisorp-
tion energies, given in Table 2, demonstrate that the distances
(dC–Co) between the double-bond C atoms and the Co atoms in
ethylene chemisorption are smaller than those of the other 1-al-
kenes. This is similar to the chemisorption of n-alkyl groups
possibly due to the same reason: the alkyl groups in 1-alkenes
(n = 2–6) are more repulsed by the Co surface compared with
H in ethylene. As a result, the chemisorption energy of ethylene
is around 0.18 eV higher than of the other 1-alkenes.

3.2. Hydrogenation of n-alkyl groups

After obtaining the ISs, we located the TSs of n-alkyl hy-
drogenation. Fig. 4 illustrates the geometries of the TSs, and
Table 3 gives some important structural parameters at the TSs.
At the TSs, the n-alkyl groups move from the hcp hollow site
to the top site, whereas the H atom is on the off-top site of the
same Co atom on which the n-alkyl group sits. Although the
chain length varies from 2 to 6, the main configurations of the
TSs are the same. The distances between the reacting C and
H (dC–H) atom at the TSs are all about 1.65 Å, and the other
structural parameters (Table 4) are also very similar. The barri-
ers of these reactions are also similar, as shown in Table 4. Note
that the calculated TSs of n-alkyl hydrogenation are very sim-
ilar to those of CH3 hydrogenation obtained by Gong et al. on
Co(0001) [25], and by Ciobîcǎ et al. on Ru(0001) [46]; for ex-
ample, Gong et al. calculated the distance between the reacting
C and H atom as 1.621 Å, very similar to our finding of 1.65 Å.
Table 3
Structural parameters at the TSs of n-alkyl hydrogenation on Co(0001)

Chain length n dC–Co (Å) dH–Co (Å) dC–H (Å)

2 2.175 1.619, 1.912, 2.106 1.650
3 2.171 1.615, 1.884, 2.122 1.650
4 2.164 1.613, 1.907, 2.121 1.650
5 2.163 1.614, 1.905, 2.119 1.650
6 2.164 1.613, 1.908, 2.118 1.650

dC–Co is the distance between the unsaturated C atom and the Co atom. dH–Co
are the distances between the reacting H atom and the nearest three Co atoms.
dC–H is the distance between the reacting C and H atom.

Table 4
Barriers and chemisorption energies with different chain lengths

Chain length n E
hy
a E

dehy
a E

−dehy
a EDFT

ch EDFT
ch + E

dehy
a − E

hy
a − E

−dehy
a

2 0.69 0.49 0.52 0.96 0.24
3 0.65 0.44 0.54 0.78 0.04
4 0.65 0.41 0.48 0.78 0.06
5 0.66 0.43 0.50 0.77 0.04
6 0.67 0.44 0.52 0.79 0.05

E
hy
a is the barrier of n-alkyl hydrogenation reaction. E

dehy
a and E

−dehy
a are

the barrier of n-alkyl dehydrogenation reaction and its reverse reaction, re-
spectively. EDFT

ch is the chemisorption energy of 1-alkenes obtained from DFT
calculations. The unit of energy is eV.

3.3. Dehydrogenation of n-alkyl groups

After obtaining the barriers of hydrogenation of n-alkyl
groups, we investigated the dehydrogenation of these species.
We located the TSs of n-alkyl dehydrogenation; their geome-
tries are displayed in Fig. 5, and some important structural
parameters are given in Table 5. Fig. 5 shows that at the TSs,
the two adsorbed C atoms bind to the same Co atom and the
H atom is on the off-top site. The TS geometry is similar to
that obtained by Neurock et al. on Pd(111) [47]. The main con-
figurations of these TSs with different chain lengths also are
the same. The data in Table 5 clearly show that the structural
parameters at the TSs are almost identical except for C2; for
instance, the distances between the reacting C and H atom are
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Fig. 5. Top view and side view (inserted) of the calculated TS structures of n-alkyl dehydrogenation (1-alkene hydrogenation) on Co(0001): (a) CH3CH2 − H;
(b) CH3CH2CH2 − H; (c) CH3(CH2)2CH2 − H; (d) CH3(CH2)3CH2 − H; (e) CH3(CH2)4CH2 − H.
Table 5
Structural parameters at the TSs of n-alkyl dehydrogenation on Co(0001)

Chain length n dC–Co (Å) dH–Co (Å) dC–H (Å)

2 2.078, 2.112 1.615, 1.918, 2.319 1.490
3 2.072, 2.141 1.645, 1.959, 2.264 1.550
4 2.075, 2.131 1.644, 1.950, 2.275 1.540
5 2.072, 2.137 1.646, 1.952, 2.257 1.560
6 2.073, 2.140 1.644, 1.951, 2.267 1.560

dC–Co are the distances between the double-bond C atoms and the Co atom.
dH–Co are the distances between the reacting H atom and the nearest three Co
atoms. dC–H is the distance between the reacting C and H atom.

all about 1.55 Å except that of C2, which is 1.49 Å. Because n-
alkyl hydrogenation and 1-alkene hydrogenation share the same
TSs, we can estimate the barriers of both reactions based on the
corresponding ISs. These barriers, given in Table 4, are very
similar with different chain lengths due to their similar IS and
TS geometries.

4. Discussion

4.1. Kinetic derivation of P/O ratio expression

To rationalize our calculation results, we propose a kinetic
model, as shown in Fig. 6. The model is based on the general
consensus that adsorbed n-alkyl groups (n-CnH2n+1) are hy-
drogenated to form n-alkanes (n-CnH2n+2), which desorb and
cannot readsorb; that adsorbed 1-alkenes (1-CnH2n) are pro-
duced by dehydrogenation of n-alkyl and subsequently desorb
to the gas phase; and that these two steps are reversible.

Based on this kinetic model, we derive an expression for the
P/O ratio. Under typical reaction conditions, the desorption of
paraffins is irreversible. Thus, the rate of paraffin formation, rp
(s−1), can be given by

(2)rp = kBT

h
e− E

hy
a

RT θCnH2n+1θH,
Fig. 6. Kinetic scheme of paraffin and α-olefin production. Ech is the
chemisorption energy of α-olefin. The other symbols are defined in the cap-
tion of Table 4.

where kB is the Boltzmann constant, h is the Planck’s constant,
T is temperature, R is gas constant, Ehy

a is the barrier of n-alkyl
hydrogenation reaction, and θCnH2n+1 and θH are the coverages
of adsorbed n-alkyl group (n-CnH2n+1) and H, respectively.

At steady state, the rate of α-olefin formation is propor-
tional to the partial pressure of the olefin and equal to

pCnH2n

ptot
×

ν (mol/s), where pCnH2n
is the partial pressure of α-olefin

(1-CnH2n), ptot is the total pressure, and ν is the total flow
rate (mol/s). The number of the total reactive sites is A × m

(mol), where A is the total surface area of catalyst and m is the
mol number of surface sites in a unit area of surface (mol/m2).
Thus, the rate of α-olefin formation, ro (s−1), can be written as

(3)ro = pCnH2n
ν

ptotAm
.

Experimental work has shown that α-hydrogenation of n-alkyl
groups is the slowest of the multistep hydrogenation reac-
tions [20], which also is consistent with our DFT calculations.
Thus, the preceding hydrogenation steps may reach quasi-
equilibrium at steady state. Thus,

n-CnH2n+1(ad) + ∗ 1-CnH2n(ad) + H(ad),

(4)
θCnH2n

θH

θCnH2n+1θ∗
= e− E

dehy
a −E

−dehy
a

RT ,

where θCnH2n
and θ∗ are the coverages of adsorbed 1-CnH2n

and surface free site, respectively, and E
dehy
a and E

−dehy
a are
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the barriers of n-alkyl dehydrogenation reaction and its reverse
reaction, respectively.

The desorption and readsorption of 1-CnH2n also may reach
quasi-equilibrium, considering that surface reactions are much
slower. Thus,1

(5)
θCnH2n

pCnH2n

po θ∗
= e

Ech+RT

RT
+ �So

R ,

where po is the standard pressure (1 bar), Ech is the chemisorp-
tion energy of α-olefin, and �So is the standard entropy differ-
ence between adsorbed (So

ad) and gaseous (So
g ) α-olefin, which

can be expressed by

(6)�So = So
ad − So

g.

Combining Eqs. (2)–(5), we can obtain the following equation
to express the P/O ratio:

(7)ln
rp

ro
= Ech + E

dehy
a − E

hy
a − E

−dehy
a

RT
+ �So

R
+ ln t,

where t is a constant with different chain lengths under certain
reaction conditions, defined as

(8)t = kBT

h

eptotAm

poν
θ2

H.

The energy terms, such as E
dehy
a , E

hy
a , and E

−dehy
a , can be ob-

tained from DFT calculations and are listed in Table 4. It is
noteworthy that the chemisorption energy of α-olefin (EDFT

ch )
from our DFT calculations does not contain the van der Waals
interaction between the adsorbate and the metal surface. To ob-
tain the total chemisorption energy of the α-olefin (Ech), our
DFT calculation results should be corrected by including the
van der Waals interaction (EVDW

ch ). Thus,

(9)Ech = EDFT
ch + EVDW

ch .

Taking Eq. (9), Eq. (7) can be rewritten as

ln
rp

ro
= EDFT

ch + E
dehy
a − E

hy
a − E

−dehy
a

RT

(10)+ EVDW
ch + T �So

RT
+ ln t.

It is noteworthy that Eq. (10) is exact except for the approxima-
tions mentioned above. Surface coverages of many intermedi-
ates, such as θCnH2n

and θCnH2n+1 , are canceled in the derivation,
and thus other elementary steps besides the steps in our kinetic
model (Fig. 6) are not included.

4.2. Analysis of the terms in Eq. (10)

The value of the first energy term in Eq. (10), EDFT
ch +

E
dehy
a −E

hy
a −E

−dehy
a , for each chain length is given in Table 4.

Two interesting features can be observed from the table: (i) For
chain lengths n > 2, the values of EDFT

ch +E
dehy
a −E

hy
a −E

−dehy
a

1 The wax layer are not considered over the catalyst in the kinetic model,
which means that the transportation of α-olefins in the wax is ignored.
are almost the same and thus independent of the chain length,
and (ii) the value of EDFT

ch +E
dehy
a −E

hy
a −E

−dehy
a of C2 species

is about 0.2 eV greater than that of the other chain lengths.
These two features stem from the fact that the hydrogenation
and dehydrogenation barriers (Edehy

a , Ehy
a , and E

−dehy
a ) are con-

stant for different chain lengths, and the DFT chemisorption en-
ergies (EDFT

ch ) of α-olefins are independent of the chain length,
except that the DFT chemisorption energy of ethylene is about
0.2 eV higher than that for the other α-olefins. Moreover, the
third term in Eq. (10), ln t , is also constant and independent of
the chain length under the same reaction conditions. Thus, if
only the first term and the third terms in Eq. (10) are consid-
ered, they are independent of the chain length except for C2
species.

4.2.1. Van der Waals interaction between olefin and metal
surface

The second term in Eq. (10),

EVDW
ch + T �So

RT
,

which contains the van der Waals interaction and entropy differ-
ence, is rather more complicated. Along with the direct chem-
ical bonding, the van der Waals interaction between α-olefin
and metal surface also contributes to the total chemisorption
energy. Although the van der Waals interaction is not included
in the exchange-correlation (XC) functional at the PBE level in
the DFT framework, we can still estimate it from experimental
work [48–53].

The weak bonding energy due to van der Waals forces can
be measured experimentally by temperature-programmed des-
orption (TPD). Lavrich et al. [51] reported that the typical mag-
nitude of the van der Waals interaction is about 6.1 kJ/mol per
methylene (CH2) subunit in saturated linear hydrocarbon chains
adsorbed on Au(111). Sexton and Hughes found that a CH2
group contributes 5–6.5 kJ/mol to the total bonding energy
over Cu(100) and Pt(111) [53]. Dubois, Zegarski and Nuzzo
estimated a methylene–surface interaction of ∼8 kJ/mol [48–
50]. According to these experimental findings, it is reasonable
to estimate that the van der Waals interaction energy between
α-olefin and metal surface increases by 6–8 kJ/mol per CH2
subunit; thus,

(11)EVDW
ch ∝ c1n,

where c1 is 6–8 kJ/mol.

4.2.2. Entropy difference between adsorbed and gaseous
α-olefins

The total standard entropy of a gaseous molecule is a sum
of contributions from translational, rotational, and vibrational
modes. The number of vibrational modes is 3N − 5 for a linear
molecule and 3N − 6 for a nonlinear molecule (where N is the
number of atoms in the molecule). All of the vibrational modes
can be obtained from DFT calculations. The contributions to
entropy from translational and rotational modes can be calcu-
lated from the mass and the moments of inertia of the molecule
[54,55]. Fig. 7a shows the total entropies of α-olefins in the gas
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Fig. 7. (a) The entropy (So
g ) of α-olefin in the gas phase as a function of the

chain length n at 500 K. (b) The vibrational entropy (So
ad,vib) of α-olefin on

Co(0001) as a function of the chain length n at 500 K.

phase from C2 to C5 and plotted against chain length. A tem-
perature of 500 K, the typical temperature under FT reaction
conditions, was chosen. It is clear from Fig. 7a that the entropy
of gaseous olefin is linear to the chain length, and that the linear
function can be fitted into So

g = 50n + 158 (J mol−1 K−1).
In a molecule adsorbed on surfaces, translational and rota-

tional modes are replaced by vibrational modes corresponding
to frustrated translation and rotation. Then 3N − 2 vibrational
modes arise, and the remaining 2 degrees of freedom account
for two-dimensional frustrated translational modes on surfaces,
which can be estimated from diffusion barrier based on the
harmonic oscillation approximation [54,55]. The 3N − 2 vi-
brational frequencies of α-olefins on Co(0001) from C2 to C5

are given in Table 6. The vibrational entropies also were esti-
mated at 500 K and plotted against the chain length, as shown
in Fig. 7b. This figure shows that the vibrational entropy is a lin-
ear function of chain length; curve fitting gives rise to So

ad,vib =
38n − 16 (J mol−1 K−1). Regarding the other two modes of
surface diffusion, their contributions to the entropy are rather
smaller compared with those from the vibrational modes; for
example, a diffusion barrier of 0.10 eV may lead to an entropic
contribution of ∼20 J mol−1 K−1. More importantly, the en-
tropic contribution from the two frustrated translational modes
changes very little with chain length. Thus, compared with the
strong dependence of the vibrational entropy on chain length,
Table 6
Calculated vibrational frequencies of adsorbed α-olefins from C2 to C5

Chain length n Frequencies (cm−1)

2 51, 306, 412, 607, 752, 765, 825, 855, 1109, 1119, 1310,
1384, 2969, 2982, 3048, 3072

3 135, 176, 219, 314, 362, 409, 670, 792, 847, 894, 948, 979,
1100, 1120, 1233, 1281, 1328, 1354, 1365, 2650, 2906, 2907,
2949, 2993, 3021

4 73, 135, 152, 215, 231, 352, 375, 505, 677, 722, 793, 832,
927, 958, 991, 1027, 1098, 1122, 1172, 1225, 1251, 1299,
1340, 1350, 1378, 1386, 2597, 2876, 2922, 2941, 2942, 2974,
3032, 3040

5 55, 74, 115, 157, 188, 230, 308, 353, 386, 523, 672, 689, 788,
818, 856, 895, 963, 996, 1042, 1058, 1101, 1121, 1155, 1195,
1227, 1241, 1284, 1315, 1343, 1351, 1374, 1385, 1393, 2581,
2882, 2916, 2935, 2937, 2941, 2967, 2991, 3029, 3041

the variation of the translational entropy of α-olefins with dif-
ferent chain lengths can be neglected.

Based on the foregoing analyses on the entropies of gaseous
and adsorbed α-olefins, we can state the following relation-
ship between the entropy difference and the chain length from
Eq. (6) [So

g = 50n+158 and So
ad,vib = 38n−16 (J mol−1 K−1)]:

(12)�So ∝ −12n,

where the unit of �So is J mol−1 K−1. At 500 K, the T �So of
the α-olefin decreases by 6 kJ/mol per CH2 subunit.

Combining Eqs. (11) and (12), we can obtain that the second

term in Eq. (10),
EVDW

ch +T �So

RT
, is linearly dependent of the chain

length,

(13)
EVDW

ch + T �So

RT
∝ cn,

where the slope c is 0–0.48, estimated from Eqs. (11) and (12).
We also calculated the zero-point energies (ZPEs) of the

gaseous and adsorbed α-olefins from their vibrational frequen-
cies. We found that the ZPE differences between the gaseous
and adsorbed α-olefins were all <0.02 eV from C2 to C5. Thus,
the ZPE differences are neglectable.

4.3. General discussion

4.3.1. Chain length dependence of P/O ratio
On the basis of the foregoing analyses, the chain length de-

pendence of the P/O ratio shown in Fig. 1 can be explained by
examining the three terms in Eq. (10). The third term, ln t , is
constant for all the chain lengths under the same conditions.
The second term,

EVDW
ch + T �So

RT
,

is a linear function of the chain length with a slope of 0–0.48. In
the first term, the values of EDFT

ch + E
dehy
a − E

hy
a − E

−dehy
a are

the same for all of the chain lengths except C2; therefore, when
the chain length n > 2, the first term and third term in Eq. (10)
are constant, and the P/O ratio is determined just by

EVDW
ch + T �So

,

RT
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causing ln(P/O) to be linearly dependent of the chain length.
As for C2, the greater value of EDFT

ch + E
dehy
a − E

hy
a − E

−dehy
a

(about 0.2 eV higher than those with chain lengths n > 2) re-
sults in the higher ethane/ethylene ratio.

Moreover, Eq. (10) can be simplified exactly to Eq. (1) ob-
tained from experimental observations [33] after C2. The slope
c obtained from experimental work [30,33], which may change
slightly with changing reaction conditions, is in the range of
0.3–0.5. From this work, the slope c is 0–0.48, which is consis-
tent with the experimental result. It is noteworthy that the slope
in this work is determined by our first principles calculations,
except for the estimation of van der Waals interaction, which
comes from experimental work.

As mentioned in the Introduction, previous authors have
proposed chain length-dependent solubility [34,35], diffusiv-
ity [36–38] and physisorption [31] to explain the chain length
dependence of the P/O ratio. For the first two explanations, a
wax layer over the catalyst surface is essential in the kinetic
models. Our current work demonstrates the dependence even
without the liquid phase, which is consistent with the experi-
mental work [31], suggesting that these two factors may not be
the physical origin of the chain length dependence of the P/O
ratio, but still may have some affect on the chain length depen-
dence of the P/O ratio, because varied dependences often were
found under different reaction conditions [3,18,31,36–38]. For
example, Geerlings et al. [3] suggested that the chain length de-
pendence of the P/O ratio is related to the desorption energies of
paraffin and olefin from the liquid phase to the gas phase. The
chain length dependence of the desorption energy is stronger
under conditions of dry operation (without the wax layer) than
in the presence of the liquid phase [3].

Regarding the physisorption model, Kuipers et al. [31,32]
proposed that physisorption acts as an umbilical cord between
the α-olefin and the growth site. Schulz et al. [18] argued that
this scenario could suggest a transportation limitation, which
would lead to a preferred reinsertion of indigenous olefins as
opposed to the insertion of cofed olefins. However, with the
cofeeding of α-olefin of different chain lengths in a slurry reac-
tor, Schulz et al. [18] found no evidence of severe transportation
limitations. In our kinetic analysis, the α-olefins chemisorbed
on the metal surface are assumed to reach quasi-equilibrium
with those in the gas phase [see Eq. (5)]; thus, in the trans-
portation processes among the physisorption layer, the liq-
uid phase and the gas phase are not limiting steps. Note the
similarity between our model and the physisorption model.
The physisorption is the van der Waals interaction in nature,
whereas our work shows that the van der Waals interaction, as a
part of the chemisorption energy (EVDW

ch ), is an element leading
to the chain length dependence of the P/O ratio.

Differences between our model and the physisorption model
also are apparent. In our model, the transportation limitation
is not a factor causing chain length dependence, whereas trans-
portation limitation is the key factor in the physisorption model.
In other words, the absence of the physisorption layer or the liq-
uid phase still can result in the chain length dependence in our
model. Also in our model, the van der Waals interaction and
entropy difference (�So) are identified as the physical origin of
the chain length dependence of the P/O ratio.

4.3.2. Implications
Equation (10) provides other information besides explain-

ing, for the first time, the simultaneous erratic behavior of
C2 and exponential increase in the P/O ratio for other chain
lengths. Although the third term, ln t , is constant with differ-
ent chain lengths, the reaction conditions can change this value
[see Eq. (8)]; for example, increasing the H2 partial pressure
will increase θH , leading to a higher t and P/O ratio, whereas
increasing the CO partial pressure will enhance CO dissociation
and increase surface coverage of carbon species, giving rise to
a lower θH and greater olefin selectivity. Decreasing the flow
rate ν and increasing the surface area A will improve the paraf-
fin selectivity. This understanding obtained from Eq. (10) is in
good agreement with the experimental findings [18,31].

Equation (10) also provides some hints how to promote the
catalysts to improve the α-olefin selectivity. As discussed ear-
lier, the strong bonding of ethylene on catalyst surfaces gives
rise to low α-olefin selectivity for C2, suggesting that weaken-
ing of olefin–surface bonds will facilitate desorption of olefins
and enhance α-olefin selectivity. For instance, when doping
some promoters that can reduce the α-olefin chemisorption, the
α-olefin selectivity will be improved. It should be mentioned
that modifying surface reactivity by promoters can greatly
change the chemisorption energies, and yet the surface reac-
tion barriers [i.e., E

dehy
a , E

hy
a and E

−dehy
a in Eq. (10)] will not

be significantly altered, because the energies of ISs and TSs
on surfaces usually increase or decrease simultaneously. There-
fore, the chemisorption energy of the α-olefin may be a very
good controlling parameter in determining α-olefin selectivity
in FT synthesis.

5. Conclusion

Having performed extensive DFT calculations and kinetic
analyses, we are now in a position to explain the chain length
dependence of the P/O ratio in FT synthesis. The following con-
clusions can be stated:

(i) The geometries of adsorbed n-alkyl groups on Co(0001)
are similar. Methyl has greater chemisorption energy than
the others (∼2.0 eV vs ∼1.6 eV). Adsorbed 1-alkenes also
have similar geometries on Co(0001) with two double-
bond C atoms sitting on the top site. The chemisorption
energy of ethylene is 0.96 eV, larger than that of the others
(∼0.78 eV).

(ii) All of the TS geometries of n-alkyl hydrogenation are sim-
ilar with different chain lengths. The distances between the
reacting C and H atoms are all about 1.6 Å, and the barriers
are similar as well (0.65–0.69 eV). All of the TS geometries
of n-alkyl dehydrogenation also are very similar. The dis-
tances between the reacting C and H atoms are about 1.5 Å.
The barriers of the forward and reverse reactions of n-alkyl
dehydrogenation with different chain lengths are very sim-
ilar.
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(iii) The chain length dependence of the P/O ratio is attributed
to the linear relationship of the van der Waals interaction
between adsorbed olefins and metal surfaces and the en-
tropy difference between adsorbed and gaseous olefins on
the chain length [see the second term in Eq. (10)]. The
greater chemisorption energy of ethylene compared with
that of the other 1-alkenes results in the anomaly of the
ethane/ethylene ratio.
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