
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/90385         
                                                                                                         
How to cite:  
Please refer to published version for the most recent bibliographic citation information.  
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions.  
 
Copyright © and all moral rights to the version of the paper presented here belong to the 
individual author(s) and/or other copyright owners. To the extent reasonable and 
practicable the material made available in WRAP has been checked for eligibility before 
being made available. 
 
Copies of full items can be used for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge. Provided that the authors, title and full 
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata 
page and the content is not changed in any way. 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/90385
mailto:wrap@warwick.ac.uk


Impact of carbonyl formation on cobalt ripening over Titania surface

Kevin K. B. Duff
TCM Group, Cavendish Laboratory, University of Cambridge, UK CB3 0HE

Leonardo Spanu
Shell India Markets Private Limited, Bangalore, 560048, India

Nicholas D. M. Hine
Department of Physics, University of Warwick, Coventry, UK CV4 7AL

(Dated: April 13, 2017)

We have performed density functional theory calculations of the adsorption and migration energies
of different cobalt moieties on anatase surface (101). Surface diffusion of active metal sites is a
crucial step in the ripening mechanism, one the primary causes for the loss of active surface area of
cobalt Fischer-Tropsch catalyst. Our main objective is to clarify the impact of gas phase molecules
on the transport properties of surface-adsorbed cobalt. Water molecule physisorbed to the (101)
surface have a negligible impact of the adsorption and diffusion of cobalt ions. On the contrary,
cobalt carbonyl species have the largest effect on the energetics of adsorption and surface diffusion.
The formation of Co(CO)3 is favourable in realistic reactor conditions and drastically decreases the
surface binding energy, making transport via gas phase an alternative viable pathways for cobalt
mobility.

I. INTRODUCTION

Sintering is one of the possible deactivation pathways
of transition metal catalysts [1, 2] and is believed to affect
Fischer-Tropsch (FT) catalysts particularly in the first
few weeks of the catalyst lifetime [3]. Sintering is made
up of two distinct processes that act to reduce active
surface area: coalescence, which is the motion of large
nanoparticles across the surface, and ripening, which is
the breaking off, surface diffusion, and recombination of
small catalyst particles. Of these, the latter is particu-
larly difficult to probe experimentallyin situ. This poses
a challenge in the identification of factors that may be
accelerating ripening, and motivates an alternative com-
putational approach.

The formation, growth, mobility, and interactions of
catalytic transition metal atoms and clusters on metal
oxide supports have been widely studied both experimen-
tally and computationally using DFT. Examples cover
Co [4], Ni [5], Pd [6–12], Ag [10], Pt [10, 13–19], and
Au [17, 20–22] on both anatase and rutile TiO2 and
Ni [23], Cu [24], Pd [24–26], Ag [1, 27], Pt [28, 29] and
others [30] on alumina.

To relate the results of DFT calculations to
experimentally-relevant quantities such as macroscopic
diffusion coefficients of adsorbate on a surface, a ran-
dom walk model can be parameterised using adsorption
and transition state energies [31]. Even in more com-
plicated surfaces, where there may be more than one
unique adsorption site, such as is the case for anatase
(101) surface, these energies remain central to describing
surface diffusion [32]. This motivates the comparison of
absorption and transition state energies for a range of
cobalt-containing adsorbates on the support surface as a
measure of surface mobility.

In the environment of a Fischer-Tropsch reactor, the

catalyst surface is exposed to a range of gas-phase
species, any of which may be the determining factor to
cobalt transport, and thus to ripening. These include the
reactants and gas-phase products of the process and their
derivatives. Several of these species can bind to surface-
adsorbed cobalt and affect its adsorption and mobility
properties. As water is produced as a product, surface-
adsorbed water molecules can affect both adsorption and
mobility, as well as the formation of surface species. In
this article, we aim to study adsorption and diffusion of
all potentially relevant species, so as to identify which
gas-phase species present in a Fischer-Tropsch reactor
are most active in the ripening process.

We focus in particular on three main quantities de-
rived from DFT-based total energy differences between
different systems: the absorption energy ∆Ebind, the mi-
gration barrier ∆Emig, and the formation energy ∆Eform.
All DFT calculations are performed for cobalt adatoms
on anatase TiO2 (101) surface, in presence of different ab-
sorbates from gas-phase species (O, CO, and OH groups).
The Wulff construction of anatase TiO2 indicates in fact
that the (101) surface is dominant, with (001) expected
to form as a secondary surface [33]. In the case of anatase
(101) water molecules adsorb non-dissociatively [34] and
we have therefore considered both dry surface and water
covered (1 monolayer, (ML)) case, to clarify the role of
water on the surface mobility.

The addition of water to the surface does not signifi-
cantly affect the energetics of atomic cobalt adsorption
on the surface. However we find strong evidence that
cobalt carbonyl can be expected to play a crucial role
in the overall balance of cobalt transport. The overall
contribution of a species to cobalt mobility depends in
fact on multiple factors: the binding of the species to
the surface, the ability of the species to diffuse across
the surface, and the concentration of the species on the
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surface.

II. METHODS

A. Adsorption, Mobility and Formation Energies

The adsorption energy of a species on a surface is de-
fined in Equation 1 as the energy required to completely
remove a bonded instance of that species from the sur-
face and return the surface to its pristine state. This is
calculated as a difference in the total energies of three
systems:

∆Ebind = Eads + Eslab − Eslab+ads (1)

Here, Eslab+ads is the total energy of the surface with the
adsorbate, Esurf is the total energy of the pristine surface,
and Eads is the total energy of an isolated adsorbate in
vacuum.

Given two adsorption sites, a transition state between
them can be identified using the nudged elastic band
(NEB) method [35, 36]. The energy of this transition
state relative to the starting site defines the migration
barrier. NEB is a chain-of-states method in which several
intermediate images are connected with springs of natu-
ral length 0 and relaxed, with the spring force perpen-
dicular to the path and the real force parallel to the path
projected out. This relaxation is not global and depends
on the choice of initial path, which must be considered
carefully where the transition involves many coordinated
processes. However for the relatively simple case of the
surface motion of an adsorbate with a single surface con-
tact, this is a minor concern, and linear interpolation can
be used to construct a sensible initial path.

The formation energy expresses the energy cost to form
the adsorbate system relative to the constituent species
existing in realistic ‘reservoir’ conditions within a reactor
vessel. We use an approach similar to that of Finnis et
al. [37, 38] in our definitions of the chemical potentials
of the reservoir species, and we use this particularly to
estimate formation energies of cobalt carbonyl adsorbates
under reactor conditions. In this approach we consider
the surface-adsorbed cobalt carbonyl to be in equilibrium
with a bath of the CO feedstock at a selected temperature
and partial pressure representative of realistic conditions.
The formation energy Eform of a species Co(CO)n on
the anatase surface can be expressed as in Equation 2 in
terms of the total energies of the adsorbed species and
the chemical potential of the gas-phase species µCO.

Eform = Eslab+Co(CO)n − Eslab+Co − nµCO(T, pCO) (2)

The chemical potential of the gas-phase species at a
given temperature and partial pressure can be approxi-
mated by applying thermodynamics relations of an ideal
gas of rigid dumbbells to the experimental Gibbs free en-
ergy of formation at standard conditions. A discussion
of our calculation of these values without requiring DFT

FIG. 1. Adsorption sites of atomic cobalt on the anatase (101)
surface. (a) site A is the strongest adsorption site and (b) site
B is a second, weaker adsorption site.

calculations on gas-phase species is provided in the sup-
plementary information. The supplementary information
also provides details of DFT calculations on bulk mate-
rials used here and elsewhere.

B. Computational Details

Calculations were carried out using the plane-wave
DFT package VASP [39–42]. This utilises the PAW
method, with standard PAW datasets retaining 17, 12, 6,
4, and 1 electrons respectively in the valence for Co, Ti,
O, C and H. The PBE exchange-correlation functional
was used for all calculations [43, 44]. It was determined
that special treatments of metallic or highly correlated
systems were not required as Bader charge analysis [45]
indicates the adsorbed cobalt remains in a +2 oxidation
state on the surface with only partial reduction in some
cases, typically when under-coordinated (See supplemen-
tary information for details).

The model surface used throughout consisted of a 4-
layer 2×2 slab of the (101) surface with 14 �A of vacuum.
A 2 × 2 × 1 gamma-centred Monkhorst Pack grid was
used for k-point sampling on surfaces, equivalent to a
4 × 4 × 1 grid on the primitive surface or a k-point grid

spacing of 0.098 �A
−1

by 0.131 �A
−1

by 0.037 �A
−1

. For all
calculations a plane-wave cut-off energy of 400 eV was
applied. The lowest layer of 24 atoms was held fixed in
the bulk structure at all times.

We identify two main sites where adsorption is ex-
pected to be favourable for Co: the most favourable,
which we call site A, is located between two oxygen atoms
on a ridge, with a further two oxygen atoms relatively
nearby, as shown in Fig 1(a). However, some adsorbates
also bind strongly at a second site, which we call site B,
as shown in Fig 1(b). This site also enables bonding of
the Co to two nearby oxygen atoms.

We construct geometry models comprising a single Co
ion and a Co ion with various functional groups adsorbed
at each of these sites. The groups considered are -O, -
CO and -OH, which can all easily be formed from the
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products or reactants of the FT process.

In practice the surface is rarely dry under reaction con-
ditions, and because of the relatively strong interaction of
the 5-fold coordinated surface titanium atoms with wa-
ter molecules, the geometry of a single monolayer (ML)
coverage is relatively stable and partially ordered [46, 47].

The geometry of 1ML coverage of water on the surface
is known from previous calculations [48], allowing for the
effect of surface hydration to be considered. To this end
a second model surface is constructed for the 1ML hy-
drated surface, and calculations repeated for each of the
species adsorbed on this surface. Where necessary, water
molecules attached to the surface are moved or removed
to make way for the Co-containing species.

Using the relaxed configurations as beginning and end
points, we then use the VTST [49, 50] climbing-image
NEB functionality for VASP to determine diffusion bar-
riers between the adsorption sites on the surface. These
are defined as the difference between the minimum and
maximum points on the continuous pathway between two
sites which has the lowest overall maximum energy.

In addition to comparing different species, we consider
the effect on surface adsorption of adding multiple groups
to the Co atom. We do this by forming Co(CO)2 and
Co(CO)3 on the dry surface. A mobility study is also
performed to examine the effect on surface mobility of
additional groups.

III. RESULTS

A. Dry Surface Adsorption

Figure 2 depicts the adsorption energies Eads of several
different species that can be formed from interactions be-
tween a surface-adsorbed cobalt atom and the reactor en-
vironment. In each case, the adsorption is made stronger
by the the availability of four O atoms for the Co atom
to coordinate with, including the four immediately avail-
able at site A and the two at site B. In some cases it is
also strengthened by the sharing of the functional group
with the exposed Ti atom near site A. For example, the
site A configuration of CoO shown in Figure 3 has the
oxygen coordinating a surface Ti, leading to an overall
stronger adsorption. The site B position does not have
the same features and limits Co–O coordination, result-
ing in a much lower adsorption energy.

The addition of further gas molecules species to the
adsorbate continues to decrease coordination to surface
O atoms, as demonstrated by CoCO, Co(CO)2, and
Co(CO)3. Figure 4 depicts the site A adsorption configu-
ration of each of these species. In this case the CO groups
do not interact with the surface and this decreased Co
surface coordination accompanies a decrease in adsorp-
tion energy. No adsorbed configuration for further cobalt
carbonyls were found.

Co
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CoOH

CoCO

Co(CO)2

Co(CO)3

Site A

Site B

Adsorption Energy (kJ/mol)

 
330

380
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FIG. 2. Adsorption energies of adsorbates on the anatase
(101) surface as defined in Equation 1.

FIG. 3. CoO adsorbed at site A of the TiO2 surface, identi-
fied by a circle. While the added O atom decreases the surface
coordination of the Co atom, it also coordinates with an ex-
posed Ti atom on the surface. The net effect is a stronger
surface adsorption than that of atomic Co.

B. Dry Surface Mobility

Adsorbate mobility on the surface is central to the
ripening process. We have investigated the energy bar-
rier to motion between sites A and B using the nudged
elastic band method. The NEB chain was initialized by
linear interpolation of the atomic positions between sites
A and B along the path rotating around atom OA as
labelled in figure 1(a) and 1(b). While this single path
does not provide enough information to create a model of
full surface diffusion, it does indicate how the inclusion of
various species may affect adsorbate mobility. Figure 5
shows the maximum energy along the NEB path relative
to the energy at site A for a number of adsorbates.

The strong surface interaction observed in CoO leads
to a large barrier to mobility across the surface com-
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FIG. 4. Site A adsorption configurations of (a) CoCO
(b) Co(CO)2 and (c) Co(CO)3 on the (101) anatase surface.
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FIG. 5. NEB mobility barriers on the path between sites A
and B for adsorbates on the anatase (101) surface.

pared to other adsorbates. However the barrier is ap-
proximately halved in CoCO and CoOH. The addition
of another carbonyl group further decreases the barrier,
potentially due to the decreased cost of partially desorb-
ing from the surface. Co(CO)3 has a mobility barrier that
is essentially just the difference in adsorption energies at
sites A and B.

C. Effects of Surface Hydration

Water is produced by the Fischer Tropsch process and
is able to bind to the carrier surface. The structure of
thin water layers on the anatase (101) surface has been
previously investigated [51]. The presence of water can
affect the adsorption and mobility of molecules involved
in ripening. Figure 6 shows the adsorbed configuration of
cobalt at sites A and B of the hydrated surface. Figure 7
contains the adsorption energies Eads of a selection of the
species investigated on a surface with a single monolayer
(ML) of water coverage.

Neither CoO nor CoOH were found to have stable ad-
sorbed configurations. Both species induced splitting of
a molecule of the water layer to form a surface-adsorbed
OH group. Figure 8 shows the configuration of CoOH at
site A as a water molecule and a surface-adsorbed cobalt
atom. Figure 9 shows the configuration of a CoO at site B
as a CoOH molecule. This indicates that the strong inter-
actions between these adsorbates and the water present
in the reactor may limit their lifetime and contribution

FIG. 6. Adsorbed configuration of a cobalt atom at (a) site
A and (b) site B on the monolayer-hydrated anatase (101)
surface.
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FIG. 7. Adsorption energies of adsorbates on the 1ML hy-
drated anatase (101) surface as defined in Equation 1.

to Co mobility. Because of the lack of stable adsorbed
configurations no migration barriers are reported in these
cases.

The addition of water to the surface does not signifi-
cantly affect the adsorption energies of Co and CoCO,
though it does change the surface O coordination of
CoCO slightly. Reductions are seen from 330 kJ mol−1 to
322 kJ mol−1, and from 239 kJ mol−1 to 219 kJ mol−1 re-
spectively. Migration barriers for these two species were
also investigated and again slight reductions from the
dry results were found: 106 kJ mol−1 to 103 kJ mol−1 and
49 kJ mol−1 to 36 kJ mol−1 respectively. The presence of
CO therefore still has a strong impact on Co mobility in
the presence of surface hydration.

The adsorption and migration of Co(CO)2 was also in-
vestigated, where a significant reduction of site A adsorp-
tion energy was found. The mobility barrier was deter-
mined to be very small, at approximately 0.75 kJ mol−1,
noting that the B-A barrier is somewhat higher due to
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FIG. 8. Geometry of CoOH at site A of the hydrated surface.
The adsorbate interacted with the water monolayer to form
atomic Co at its adsorption site. The dotted circle identifies
the surface-adsorbed OH group that provided a H atom.

FIG. 9. Geometry of CoO at site B of the hydrated sur-
face. The adsorbate interacted with the water monolayer to
form CoOH. The solid circle identifies the adsorbed CoOH
molecule. The dotted circle identifies the surface-adsorbed
OH group that provided a H atom.

do the difference in adsorption energies. An intermediate
state was also found that could not be classified into site
A or B and that had a higher adsorption energy of ap-
proximately 155 kJ mol−1. This indicates the possibility
of deeper effects of water coverage on adsorption and mo-
bility that are beyond the scope of this study, which only
considers simple translational motion and not any chem-
ically distinct intermediates or the effect of coordinated
motion of the adsorbate and water molecules. Because
of this limitation the adsorption and migration barrier of
Co(CO)3 on the hydrated surface was not studied.

D. Gas Phase vs. Surface Transport of Carbonyls

Desorption into the gas phase and subsequent re-
adsorption to the surface is a cobalt transport method
that can compete with surface motion in species with
low adsorption energy. The larger carbonyl species in-
vestigated have particularly low adsorption energies at
certain points on the surface, indicating that if they form
in significant quantities on the surface gas phase trans-
port will likely be a competing process in sintering.

We therefore investigate the formation energies of the
various cobalt carbonyl species from surface-adsorbed
cobalt at site A, as described in the reaction in Equa-
tion 3. Figure 10 shows formation energies parameterised
to match conditions in a reactor at 500 K in equilibrium
with CO gas.

Co(surf) + (CO)n(g) −−→ Co(CO)n(surf) (3)

Standard thermochemistry data for the CO gas and
the CoO solid were obtained from the NIST Chemistry
Webbook [52, 53]. Chemical potentials of CoO and Co
bulk crystals and graphitic carbon were obtained using
total energy calculations in VASP.
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FIG. 10. Formation energy of several species from surface-
adsorbed atomic cobalt at site A in equilibrium with a gas-
phase CO environment at 500 K. Pressures are in atm.

These results indicate that Co(CO)3 is very dramati-
cally the most favourable species at all realistic reactor
conditions. In fact, CoCO only becomes preferred at un-
realistically low partial pressures, under 3× 10−23 atm.
At 10 atm Co(CO)3 remains favourable up to temper-
atures exceeding 1500 K. It can therefore be expected
to form in conditions where atomic cobalt exists on the
surface in contact with CO feedstock.

IV. DISCUSSION

The relatively high adsorption energy of atomic Co
on the (101) anatase surface compared to those of other
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cobalt compounds that may form indicate that reactor
species can have a strong impact on the ripening process.
While there is a significant migration barrier between
sites A and B for an isolated cobalt atom, this barrier
is, with the exception of CoO, systematically lowered by
the inclusion of gas-phase species from the reactor. These
effects can be largely attributed to the a decrease in Co
coordination with the surface.

The hydrated surface more realistically describes reac-
tor conditions. Based on the stability of OH group for-
mation on the surface it was determined that the water
coverage is able to break down CoO and CoOH. While
this does not provide information about the likelihood of
this event, it can be expected that these species will not
be able to continue diffusing over large time scales, and
thus are unlikely candidates to contribute significantly
to sintering by surface transport. The cobalt carbonyl
did not chemically interact with the water molecules or
the surface and maintained a low migration energy bar-
rier. Additionally, the carbonyl species had a signif-
icantly lower adsorption energies on both the dry and
wet surfaces compared to Co, providing a favourable ap-
proach to gas-phase transport.

Thermodynamic considerations indicate that in typ-
ical reactor conditions the surface formation of cobalt
carbonyls, in particular the weakly-adosrbed Co(CO)3,
from the CO feedstock is favourable at all realistic reac-
tor conditions. It is therefore believed that both surface
and gas-phase transport of the larger cobalt carbonyls
are relevant to sintering.

V. CONCLUSIONS

We have presented a study of the energetics of Co-
containing species that could be found on the surface of
a typical catalyst support in a Fischer-Tropsch reactor.
We have shown that both adsorption energies and surface
mobility barriers of these species vary, indicating a link
to the ripening process. In particular, carbon monoxide
feed binding leading to the formation of mobile cobalt
carbonyls has been identified as a candidate for acceler-
ating the ripening process. Gas-phase transport is also
viable given the low adsorption energy of the large car-
bonyls.

This link to the ripening process motivates the study
of the adsorption and mobility of small Co clusters in the
presence of water and CO. It also motivates the study
of the removal of atoms from Co nanoparticle surfaces,
edges, and corners in the presence of reactor species. An
ongoing study into larger cobalt clusters on anatase sur-
faces is being performed by our group. It also motivates
experimental explorations into the existence of cobalt
carbonyl molecules in the product of these reactors.
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