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ABSTRACT: Fischer−Tropsch synthesis, the conversion of CO and
H2 to long-chain hydrocarbons, is performed at relatively low
temperatures and high pressures over the most commonly encountered
iron-, ruthenium-, or cobalt-based catalysts. Identification of the
morphologies and structure evolution of FTS catalysts under reaction
conditions are essential for understanding the structure−reactivity
relationship. In this work, we performed a comprehensive ab initio
thermodynamics study to provide an understanding of the morphology
evolution of cobalt (Co) catalyst with hexagonal close-packed (HCP)
and face-centered cubic (FCC) crystal structures under a CO
atmosphere. CO adsorption on numerous surfaces of HCP Co and
FCC Co at different coverages were investigated. On both HCP Co
and FCC Co, lateral interaction is attractive at lower coverage and becomes repulsive at higher coverage. Compared to FCC Co,
though in average CO adsorption on HCP Co is stronger at lower coverage, they become similar at higher coverage due to the
overwhelming lateral repulsion. We established the phase diagrams and the morphology evolution of FCC Co and HCP Co as a
function of CO chemical potentials. The most probable exposed facets in FCC Co and HCP Co Wulff shapes were revealed under
different CO atmospheres. At a relatively low CO chemical potential, many open facets could be exposed in Co equilibrium
morphology, including {101̅2}, {101̅1}, {101̅0}, and {112̅0} facets for HCP Co and {311}, {110}, and {100} facets for FCC Co. In
contrast, at a relatively high CO chemical potential, FCC Co has an octahedron shape composed entirely by close-packed {111}
facets, while HCP Co is hexagonal prism shaped composed mainly by close-packed {0001} and {101̅0} facets. The morphology
evolution of HCP and FCC phases would have great impact on the inherited catalytic performance of Co nanoparticles, thus will
selectively regulate their chemical reactivity.

■ INTRODUCTION
Metal nanoparticles (NPs) have attracted intensive attention
for their wide applications as heterogeneous catalysts in
chemicals, optical, automobile, and petroleum industries.1−4 In
principle, the catalytic performance of metal NPs is mainly
determined by their sizes and shapes.5−7 In situ character-
izations showed that metal NPs may undergo reshaping,
surface reconstruction, and phase transformation dynamically
and usually reversibly under reaction conditions,8−12 which has
a great influence on the performance of the catalysts in turn.13

Therefore, identification of the morphology and surface
structures of metal NPs catalysts, especially in operando
reaction conditions, is still an important yet challenging issue
in heterogeneous catalysis.14,15

Fischer−Tropsch synthesis (FTS) is a series of chemical
reactions that convert CO and H2 from coal, natural gas, and
biomass to liquid fuels and valuable chemicals at a high
pressure of about 20 bar and typical rather low temperature
between 190 and 260 °C, in reality at a high CO
coverage.16−18 The most commonly encountered active
catalysts for FTS are based on iron (Fe), ruthenium (Ru),
and cobalt (Co) metals.19−21 Among them, Co is considered

to be a good choice for FTS attributed to its moderate price
and high activity/selectivity for generating long-chain hydro-
carbons at mild temperatures.22,23 The Co-catalyzed FTS
reaction has typically been recognized as a complex structure-
sensitive reaction, which is controlled by the crystal size of the
catalyst.24,25 A number of works indicated that there was a
gradual decrease in the turnover frequency when Co particles
size are smaller than 6 nm.26−29 The origin of the Co particle
size effect on FTS is still in a great debate due to the
complexity of the FTS and lack of structural information about
the catalyst under operando FTS reaction conditions. Over-
whelming evidence indicates that Co would transform from
hexagonal close-packed (HCP) phase to face-centered cubic
(FCC) one when the particle size scales down to several
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nanometers.30,31 Because FCC Co with a higher bulk energy
has a lower surface energy as compensation than HCP Co,
which provides a driving force for the size-induced HCP →
FCC phase transition of Co nanoparticles.32 A deep under-
standing of the crystal phase effect of Co-based catalysts on
FTS is therefore essential for guiding better catalyst design.
The crystal phase effect has gained considerable interest in

heterogeneous catalysis nowadays.33−35 The great impact of
crystal phases on catalysis is often considered to be originated
from their distinct bulk symmetries, resulting in different
morphologies and various structural motifs with totally
different reactivity.36,37 Multiple experimental groups con-
cluded that HCP Co has higher FTS activity than FCC Co,
which is probably originated from a higher density of surface
defects and stacking faults in HCP Co.38,39 On the basis of
first-principles kinetic modeling, we discovered that HCP Co
displays higher activity for CO activation than FCC Co, mainly
came from the exposure of more open surfaces with higher
intrinsic activities in HCP Co.40 Our theoretical finding is
corroborated by recent experimental measurement that HCP
Co is more active than FCC Co for CO activation, and HCP
Co presents a lower activation energy for FTS than FCC Co
by 0.43 eV.41 Besides the activity, the selectivity of FTS is
strongly dependent on the crystal phase of Co as well. By
density functional theory (DFT) calculations, Zhang et al.
revealed that HCP Co is more selective to chain growth than
FCC Co because of the different carbon chain growth
mechanism underlying these two different Co phases.42 This
theoretical finding is in line with the experimental measure-
ment that HCP Co displays less methane selectivity than FCC
Co.43 Although previous DFT calculations were all performed
at a low CO coverage, a qualitative agreement between
experimental observations and DFT calculations was demon-
strated. However, Co nanoparticles would be covered by CO
with high coverages under typical FTS conditions, which may
have a great influence on the morphologies of HCP Co and
FCC Co. Because FTS activity and selectivity are sensitive to
the morphology and crystal phase of Co, it is thus desirable to
identify the morphology evolution of HCP Co and FCC Co
under a CO atmosphere.
In this work, we performed a comprehensive DFT

calculation to understand the morphologies evolution of
HCP Co and FCC Co under a wide range of CO chemical
potentials. The CO adsorption dependence on the crystal
structures of Co at different CO coverages was first studied.
Then, the thermodynamic equilibrium morphologies of HCP
Co and FCC Co were obtained via the Wulff construction
based on the calculated surface free energies, which are CO
chemical potential dependent. The most probable exposed
facets, which should be considered in the future work of HCP
Co and FCC Co, were revealed under different CO
atmospheres. The influence of CO adsorption on HCP →
FCC phase transition is finally discussed. The different
morphological evolution between HCP and FCC phases
under CO atmosphere may have a consequential impact on
the inherited catalytic performance of Co nanoparticles, which
could be helpful to improve the FTS catalyst design.

■ COMPUTATIONAL DETAILS
Methods. All the spin-polarized DFT calculations for CO

adsorption on different facets of HCP Co and FCC Co were
performed by using the Vienna Ab initio Simulation Package
(VASP)44−46 within the projector augmented wave (PAW)

approach.47,48 The Perdew−Burke−Ernzerhof (PBE) general-
ized gradient approximation (GGA) exchange-correlation
functional was employed,49,50 and the plane wave cutoff
energy was specified by 400 eV. The energy and maximum
force convergence thresholds were specified by 10−5 eV and
0.01 eV/Å, respectively. The Methfessel−Paxton method was
chosen as the smearing algorithm,51 and the blocked Davidson
iteration scheme was applied as the electron minimization
algorithm.52 We used a vacuum thickness of 15 Å to avoid the
interactions between neighboring slabs to ensure convergence.
We took the FCC Co (111) surface as an example below to
describe the computational details. The Co (111) surface was
modeled with a five-layer slab. Hundreds of CO adsorption
configurations at a specific coverage were sampled. Particularly,
we adopted p(2 × 2), p(3 × 3), c(4 × 2), (2√3 × 2√3)R30°,
c(√3 × 5)rect, and c(√3 × 3)rect slabs to study CO coverage
effect with CO coverages varying continuously from low to
high. Correspondingly, Monkhorst−Pack53 grids of (5 × 5 ×
1), (3 × 3 × 1), (2 × 4 × 1), (3 × 3 × 1), (5 × 2 × 1), and (5
× 3 × 1) were used to ensure k-point sampling convergence,
respectively. The bottom two layers were constrained at their
bulk positions, and the top three Co layers and adsorbed CO
molecules were allowed to relax. All the other HCP Co and
FCC Co surfaces were simulated by four or five equivalent
(111) layers with the k-point density kept at ∼0.05/Å.
For a given surface, the average CO adsorption energy is

calculated by

E E E N E N( ) ( )/ad C CO/slab slab COθ = − − × (1)

where ECO/slab, Eslab, and ECO are the total energies of Co
surface with adsorbed CO, clean Co surface, and gaseous CO
molecule, respectively. N is the number of adsorbed CO
molecules, and θC is the conventional CO fractional coverage.
Herein, CO coverage of one monolayer (ML) corresponds to
one CO molecule adsorbing at each primitive cell of the Co
surface.

Thermodynamic Phase Diagram. Ab initio atomistic
thermodynamics analysis54−56 is a useful tool to identify the
most stable CO adsorption configurations at different CO
chemical potentials over HCP Co and FCC Co facets. For a
given surface, the surface free energy at temperature T and
partial pressure p can be calculated by the summation of clean
surface energy γclean and CO adsorption free energy
ΔγCO(T,p):57,58

T p T p( , ) ( , )clean COγ γ γ= + Δ (2)

where

T p N E T p A( , ) ( ) ( , ) /CO ad CO Sγ θ μΔ = [ − Δ ] (3)

where ΔμCO(T,p) = μCO(T,p0) + kBT ln(p/p0), μCO(T,p0) is
the chemical potential of CO at temperature T (p0 = 1 bar),
and AS is the surface area of the Co surface.
By using the calculated surface free energies, we can obtain

the equilibrium morphology of a freestanding particle by the
Gibbs−Wulff theorem.59 The Wulff construction can be
executed as follow: starting from a center point, a plane that
is normal to the ⟨hkl⟩ vector (taking FCC Co as an example) is
drawn at a distance of dhkl = C × γhkl, where C is a constant
value and γhkl is the surface energy. Once this process is
repeated for all the Miller-index planes, the polyhedron that
lines inside all the planes gives the equilibrium morphology of
the crystal. Our previous theoretical work demonstrates that
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under vacuum conditions there are generally four groups of
facets exposed in FCC Co Wulff shape, namely, {111}, {100},
{110}, and {311}, and five group of facets exposed in HCP Co
Wulff shape, namely, {0001}, {101̅1}, {101̅0}, {101̅2}, and
{112̅0}.40 We used these indicated nine facets as a starting
point to investigate CO coverage effect on the morphology
evolution between HCP Co and FCC Co, and more facets may
be considered in our future work. The Wulff shapes of HCP
Co and FCC Co in the present work were visualized by
VESTA software.60

■ RESULTS AND DISCUSSION
CO Adsorption Structures and Average Adsorption

Energies. The structure sensitivity of CO adsorption was first
studied over the four and five facets stated above in FCC Co
and HCP Co Wulff shapes, respectively. Many types of
adsorption sites, including top, bridge, 3-fold, and 4-fold
hollow sites, as well as other sites (such as B5) were considered
in the present work to evaluate CO coverage effect on different
HCP and FCC Co facets. The most stable CO adsorption
configurations and corresponding average CO adsorption
energies at different coverages over FCC Co and HCP Co
facets are summarized in Figures 1 and 2 as well as Figures S1
and S2.
The most favorable CO adsorption site is closely related to

the surface orientations and topologies of FCC Co facets. At
1/4 ML, CO prefers to adsorb at the top, bridge, hollow, and
B5 sites over (100), (110), (111), and (311) facets in FCC Co,
respectively. By increasing CO coverage from 1/4 to 1/2 ML,
CO migrates from the top site to bridge site on (100) surface,
whereas CO molecules begin to adsorb extra horizontally on

(110) surface and at the top and B5 sites on (311) surface. As
CO coverage increases further to 1 ML, CO molecules prefer
to adsorb at the bridge sites, forming zigzag patterns on all
FCC Co facets except for (111) surface where the 3-fold
hollow site is more favorable for CO adsorption. CO adsorbs
on FCC Co facets in such a way to maximize the usage of the
surface area and minimize the repulsive interactions among the
adjacent adsorbed CO molecules. Different motifs of CO
adsorption configurations can be found over distinct FCC Co
facets because of their different surface topologies (Figure 1
and Figure S1).
The average CO adsorption energies are surface coverages

dependent. At a low coverage 1/4 ML (Figure 1), the
calculated average CO adsorption energy on FCC Co is −1.69
eV, which is at least 0.23 eV lower than the experimental
measured CO adsorption enthalpy of −1.25 to −1.46 eV.61

This mainly comes from the overestimation of CO adsorption
strength by DFT calculations using PBE functionals.62,63 CO
usually adsorbs stronger on the open (311) surfaces than on
the flat (100) and (111) surfaces regardless of the variations of
CO coverage. Specifically, at 1/4 ML, the calculated CO
adsorption energies are −1.69, −1.61, −1.69, and −1.61 eV on
(311), (110), (100), and (111) surfaces, respectively. As CO
coverage increases, the average CO adsorption strength
increase by 0.11 and 0.09 eV at 1/2 ML on the open (110)
and (311) surfaces, respectively, but then their values decrease
to −1.59 and −1.64 eV at 1 ML. Nevertheless, the CO
adsorption strength decreases gradually to −0.96 eV on the
(100) surface and −0.57 eV on the (111) surface with CO
coverage increasing from 1/4 to 1 ML (Figure S1). The surface

Figure 1. Optimized CO adsorption configurations and corresponding average adsorption energies (eV) at different coverages over FCC Co facets.
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coverage effect of CO adsorption among different facets is
discussed in more detail below.
As compared with FCC Co, HCP Co exposes more open

and corrugated surfaces due to the symmetry requirement of
the D6h point group. More possible CO adsorption sites are
taken into account to identify the most favorable CO
adsorption structures on HCP Co facets. CO adsorbs stronger
on HCP Co as compared to FCC Co. For example, at 1/4 ML
coverage (Figure 2 and Figure S2), the average CO adsorption
energy is −1.72 eV, which is 0.07 eV lower than that on FCC
Co. CO prefers to adsorb at the top, 3-fold, 4-fold, 4-fold, and
ridge bridge sites on the five (0001), (101̅0), (101̅1), (101̅2),
and (112̅0) facets, respectively. Our calculated CO adsorption
configurations and energies are consistent with previous
theoretical reports for CO adsorption on the {0001} surface
at low coverages of 1/4 and 1/3 ML, the {101̅2} surface at 1/2
ML, and the {112̅0} surface at 1 ML.64,65 As the CO coverage
increases from 1/4 to 1/2 ML, the HCP-hollow sites are more
favorable for CO adsorption on (0001), while CO adsorbs at
the 3-fold and/or 4-fold sites forming a zigzag pattern on
(101̅0), (101̅1), and (101̅2) facets and also CO adsorbs stable
at the B5 sites on the (112̅0) facet. The bridge/3-fold sites are
more preferable for CO adsorption at 1 ML on all HCP Co
facets except for the (101̅2) facet where CO molecules adsorb

stable at the 4-fold site horizontally and further sink into
surface trenches on the (112̅0) facet. As CO coverages increase
larger than 1 ML, CO adsorption at the top and bridge sites
nearby becomes more frequent.
Average CO adsorption energies are still determined by

surface coverages and surface structures of HCP Co. At 1/4
ML, average CO adsorption energies of the corrugated (101̅0),
(101̅2), and (112̅0) surfaces are similar to the values of −1.69,
−1.76, and −1.63 eV, respectively. As the CO coverage
increases, CO adsorption strength first increases by 0.03, 0.00,
and 0.07 eV at 1/2 ML and then decreases to −1.66, −1.74,
and −1.69 eV further at 1 ML on these three corrugated
surfaces, respectively. When the CO coverage increases higher
than 1 ML, the repulsive interaction between neighboring CO
molecules becomes more significant. As a result, the average
CO adsorption energies will sharply increase to −1.25 eV at
1.33 ML and −0.72 eV at 1.5 ML on (101̅0), −1.29 eV at 2
ML and −0.82 eV at 2.5 ML on (101̅2), and −0.94 eV at 2.5
ML and −0.73 eV at 3 ML on the (112̅0) facet. Whereas for
the remaining (0001) and (101̅1) facets, the CO adsorption
strength decreases gradually from −1.62 to −0.57 eV and from
−1.82 to −1.71 eV with CO coverage increasing from 1/4 to 1
ML, respectively, and will continue increasing to −0.73 when
the CO coverage reaches 2 ML on (101̅1). More experimental

Figure 2. Optimized CO adsorption configurations and corresponding average adsorption energies (eV) at different coverages over HCP Co facets.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07386
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07386/suppl_file/jp0c07386_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07386?ref=pdf


works on CO adsorption over single crystals are desirable to
corroborate our theoretical predictions of CO adsorption
energies trend and configurations over various FCC Co and
HCP Co facets under different CO exposures.
Additionally, we have also examined some extra ordered

structures, such as (√3 × √3)R30°-CO (1/3 ML), c(4 × 2)-
4CO (1/2 ML), (2√3 × 2√3)R30°-7CO (7/12 ML), c(√3
× 5)rect-6CO (6/10 ML), and c(√3 × 3)rect-4CO (4/6 ML)
structures (Figures S1 and S2) which were observed
experimentally on Co close-packed flat (111) and (0001)
facets as well as on many other metals under different CO
exposures.66−68 Our theoretically predicted most stable CO
adsorption configurations are consistent with the experimental
identified (√3 × √3)R30°-CO, (2√3 × 2√3)R30°-7CO,
and c(√3 × 3)rect-4CO structures where CO molecules
prefer to adsorb all at top sites, 1CO at top and 6 CO
molecules at bridge sites, and at top and bridge sites with a
ratio of 3:1, respectively.69,70 Whereas for the c(4 × 2)-4CO
structure, Biberrian et al. reported that CO adsorbs equally
populated at the bridge and top sites;71,72 however, our
calculations indicate that the average CO adsorption energy of
the same structure is 0.05 eV higher than that of (2 × 2)-2CO
hexagonal ring patterns as we found. Therefore, (2 × 2)-2CO
hexagonal ring structure is slightly more stable than a mighty
minima c(4 × 2)-4CO structure, and both structures can
coexist. There are four top and two bridge CO molecules
composed of c(√3 × 5)rect-6CO structure proposed by Avery
and Persson et al. (Figure S2).73,74 However, our calculation
shows that c(√3 × 5)rect-6CO with all CO molecules locating
at the bridge is more stable by −0.14 eV per CO. Our DFT
calculations are comparable with the experimental measure-
ments and can successfully predict new CO adsorption
configurations.
CO Coverage Effect. To describe the interactions of CO

molecules on different FCC and HCP Co facets, we use
another format of CO coverage θ here being the number of
adsorbed CO molecules on a surface with an area of AS, in
units of Å−2.
The variation of Ead as a function of θ is a key factor to

understand CO adsorption behavior on FCC Co and HCP Co
facets, as depicted in Figure 3. The fitted polynomial function
is expressed best by Ead = a + b × θ2 + c × θ3, where a, b, and c
are the fitting parameters.75,76 As shown in Figure 3, it is
obvious that the average CO adsorption energy first decreases
and then increases quickly on various FCC and HCP Co facets
with increasing CO coverage. The interactions between the
adjacent CO molecules are first attractive at low coverage,
which might come from long-range van der Waals interaction
between adsorbed CO molecules and the interaction mediated
by the substrate. Whereas the electrostatic repulsive interaction
takes control at high CO coverage. At the relatively low
coverage region (0 < θ < 0.08 Å−2), there is visible energy
difference between HCP Co and FCC Co, which clearly tells
that CO adsorbs stronger on HCP Co than FCC Co. The
reason can be attributed to the fact that HCP Co exposes more
open surfaces and more coordinate-unsaturated sites than FCC
Co. However, as CO coverage increases (θ > 0.12 Å−2), the
two adsorption lines for HCP Co and FCC Co coincident
eventually (Figure S3). In other words, the structure sensitivity
of CO adsorption on HCP Co and FCC Co facets would
decrease with the increase of CO coverage due to the
overwhelming repulsion between CO adsorbates.

Surface Energy Diagram. The overall surface free energy
of a specific FCC Co and HCP Co facet can be calculated by
summation of the bare surface energy and Gibbs free energy
change of CO adsorption (eq 2). To compare the relative
stability of various CO adsorption configurations at different
CO atmospheres, the surface energy diagrams of FCC Co and
HCP Co facets were plotted as a function of CO chemical
potential. Two exemplary surface free energy diagrams of FCC
(311) and HCP (101̅2) facets dependent on CO chemical
potential are presented in Figure 4. Each line represents a CO
adsorption structure, and the different slopes of each line
represent different CO adsorption coverages in Figure 4. The
horizontal dashed lines correspond to their clean surface
energies without the presence of CO. FCC (311) and HCP
(101̅2) surfaces are selected and shown here based on the
criteria that they have similar clean surface energy, and they are
the most abundant corrugated facets exposed in the
corresponding Wulff shapes of FCC Co and HCP Co in the
presence of CO (Figures 5 and 6), respectively. The envelope
bold lines inside are the most stable CO adsorption
configurations with the variation of CO chemical potentials.
The surface energy diagram as a function of CO chemical
potentials can be divided into four regimes: the bare surface,
the onset of CO adsorption, low CO coverage structures, and
high CO coverage structures. It is obvious that the surface free

Figure 3. Average CO adsorption energies as a function of CO
coverages θ over FCC Co (a) and HCP Co (b) facets.
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energies of both FCC (311) and HCP (101̅2) surfaces
decrease as CO chemical potential increases.
Morphology of FCC and HCP Co under a CO

Atmosphere. We now turn to discuss the influence of CO
chemical potential on the morphologies of FCC Co and HCP
Co. From above, the most favorable CO adsorption
configuration on each facet of FCC Co and HCP Co is used
to derive the corresponding surface energy diagrams of FCC
Co and HCP Co as a function of CO chemical potential. The
thermodynamic equilibrium morphological shapes of FCC Co
and HCP Co can be obtained via Wulff construction based on
the calculated surface free energies (Figures 5 and 6).
As mentioned above, all the surface free energies would be

reduced by CO adsorption, which has a great influence on the
relatively stabilities of FCC Co and HCP Co facets in turn.
When CO chemical potential increases, the surface free energy
of each facet in FCC Co decreases in different degrees,
implying that the relatively stabilities of different FCC Co
facets are strongly dependent on CO chemical potentials. As
CO chemical potential increases from −2.0 to −1.6 eV, the
surface area proportions of {110} and {311} facets increase
accompanied by decreasing that of {100} and {111} facets, but
the most abundant exposed facets are always {111}. Our
previous work showed that {311}, {110}, and {100} facets
have similar high CO activation rates, and the {111} surface
has the lowest activity for CO activation in FCC Co.40 All the

three highly active {311}, {110}, and {100} facets, which
dominate the CO activation rate, can be exposed in the Wulff
shape of FCC Co at ΔμCO below −1.2 eV. However, {311},
{110}, and {100} facets decrease or even disappear, and the
surface area of {111} facets increase continuously with
increasing CO chemical potential further to −0.80 eV. In the
high CO chemical potential area (ΔμCO > −0.8 eV), the Wulff
shape of FCC Co becomes an octahedron occupied by nearly
all {111} surfaces. This kind of shape is usually synthesized by
hydrothermal experiments through certain kinds of surface
ligands used in Au, Ag, and Co nanocatalysts by tuning their
surface energies.77−82 Our theoretical predictions are con-
sistent with the previous theoretical report that the most
exposed surface of FCC Co is always {111} regardless of the
CO chemical potential. However, the {311} surface can
present in FCC Co shape in our work when the CO chemical
potential is below −1.2 eV, which is different from Hou’s
report.83 This can be attributed to the fact that more stable CO
adsorption configurations were identified in our present work.
Additionally, future works should focus on {311}, {100},

Figure 4. Surface free energy diagram of FCC Co (311) (a) and HCP
Co (101̅2) and (b) facets as a function of CO chemical potential.

Figure 5. Phase diagram of FCC Co as a function of CO chemical
potential and FCC Co Wulff morphologies at ΔμCO = −1.6, −1.2,
−0.8, and −0.4 eV. CO chemical potentials as a function of
temperature (PCO = 7 bar) or CO pressure (T = 500 K) are indicated.
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{110}, and {111} facets at a high CO coverage (−1.6 eV <
ΔμCO < −0.8 eV), which would be important for FTS.
Different from FCC Co, HCP Co has a dihedral-like shape

under vacuum conditions, and {0001}, {101̅0}, and {101̅1}
facets dominate the total surface area of HCP Co by 72% at
least. The crystal symmetry of HCP Co requires its
morphology to be maintained in hexagonal double cones.
Similar to FCC Co, the surface free energy of a specific HCP
Co facet decreases as CO chemical potential increases. To
visualize the morphology evolution of HCP Co nanoparticles
induced by CO, all the constructed Wulff morphologies have
been summarized and are displayed in Figure 6. Upon CO
adsorption, the proportion of HCP Co {0001} surface does
not change greatly, which is mainly attributed to its highest
thermodynamic stability derived from its lowest surface free
energy. At a low CO coverage (ΔμCO = −2.0 eV), the fraction
of each surface in HCP Co Wulff shape changes slightly with
respect to that of the HCP Co under vacuum conditions.
When the CO chemical potential increases from −2.0 to −1.6
eV, the surface area proportions of {101̅2} and {101̅1} facets
increases slightly from 13% and 36% to 16% and 41% at the
expense of {101̅0}, {0001}, and {112̅0} ones, respectively.
Therefore, CO dissociation activity might be slightly enhanced
by increasing CO chemical potential below −1.6 eV due to the

exposure of denser active sites residing on the {101̅2} and
{101̅1} facets which are highly active in HCP Co. In particular,
when increasing CO chemical potential further to −1.2 eV, the
fraction of {101̅2} and {112̅0} surface disappears, while
{101̅0} increases sharply in HCP Co shape. Later, only
{0001}, {101̅0}, and a small fraction of {101̅1} facets can be
exposed in HCP Co Wulff shape when the CO chemical
potential increases up to −0.8 eV. In other words, the surface
area proportions of highly active {101̅1} and {101̅2} facets
decrease as CO chemical potential increases from −1.6 to −0.8
eV. More theoretical and experimental works should focus on
the CO covered {101̅1}, {101̅2}, and {112̅0} facets which may
be exposed in HCP Co Wulff shape at a moderate CO
chemical potential (−1.6 eV < ΔμCO < −0.8 eV). It is
interesting to point out that in a high CO chemical potential
area (ΔμCO > −0.4 eV), the Wulff shape of FCC Co becomes
an hexagonal prism occupied by six {101̅0} and capped by two
{0001} surfaces. This kind of shape is usually synthesized by
hydrothermal experiment through certain kinds of surface
ligands as used in Pd, Ag, Pt, and Co nanocatalysts by tuning
their surface energies.84,85

Our previous work showed that there is a compensation
effect between the surface energy and the bulk energy, which
provides a driving force for the size-induced phase transition of
the nanoparticles.32 CO adsorption on nanoparticles will
change the surface free energy difference between HCP Co
and FCC Co due to the structure sensitivity of CO adsorption,
as shown in Figure 7. As compared with FCC Co and HCP Co

in vacuum conditions, the surface free energy difference
between FCC Co and HCP Co is almost diminished with the
introduction of CO adsorption at a high CO chemical
potential. This can be originated from the less structure
sensitivity of CO adsorption over HCP Co and FCC Co at
higher coverage. Therefore, the crystal phase transformation
between HCP Co and FCC Co is in general hindered under a
CO atmosphere.

■ CONCLUSION
The surface structures, stabilities, and equilibrium morpholo-
gies of FCC Co and HCP Co induced by CO adsorption were
studied by ab initio thermodynamics. It is found that on both

Figure 6. Phase diagram of HCP Co as a function of CO chemical
potential and HCP Co Wulff morphologies at ΔμCO = −1.6, −1.2,
−0.8, and −0.4 eV. CO chemical potentials as a function of
temperature (PCO = 7 bar) or CO pressure (T = 500 K) are indicated.

Figure 7. Total surface free energy of HCP Co and FCC Co as a
function of CO chemical potential.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07386
J. Phys. Chem. C XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07386?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07386?ref=pdf


FCC Co and HCP Co the CO adsorption strength first
increases with lateral attraction between adsorbed CO and
then quickly decreases due to developed lateral repulsion as
CO chemical potential increases. Because the repulsive lateral
interaction between adsorbed CO is dominating at high CO
coverage, the CO adsorption strength on average becomes
insensitive to the Co crystal phases. Similar to the Wulff shape
of FCC Co under vacuum conditions, open {311}, {100}, and
{110} facets can be exposed in FCC Co at a moderate CO
chemical potential. Whereas FCC Co has an octahedron shape
occupied by nearly all {111} facets at a high CO chemical
potential, and the {101̅1}, {101̅2}, and {112̅0} facets dominate
the HCP Co Wulff shape under moderate CO chemical
potential conditions. The morphology of HCP Co is covered
by {101̅0} and {0001} facets at a high CO chemical potential.
Future work should focus on these most probable facets in
FCC Co and HCP Co under CO atmospheres. The nearly
diminished difference between FCC Co and HCP Co induced
by CO adsorption might influence the crystal phase trans-
formation between them at small particle size, given that
activity is strongly related to its structure and phase, which will
have great importance on their catalytic performance as a
result.
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