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A B S T R A C T

Metal nanoparticles could change their shape and exposed certain facet under specific reaction conditions, re-
sulting in greatly influence the performance of catalysts in heterogeneous catalysis. Combining spin-polarized
density functional theory and ab initio atomistic thermodynamics, the equilibrium morphology evolution of FCC
cobalt nanoparticle had been investigated under CO and hydrogen environments. The phase diagram clearly
revealed the stable coverage could be affected by temperature and CO and hydrogen partial pressure. According
to the surface energies of four surfaces, Wulff construction was introduced to characterize the morphologies of
the Co catalyst at diverse temperatures and pressures. At the typical temperature (675 K) of hydrogen reduction,
the estimated surface proportion ratio of the Co(3 1 1) exposed the B5 site could exist a marked increase, which
was also consistent with the available Co catalyst reduced under experimental conditions. Our results would give
direct insights into the understanding and quantitative description of structure evolution as well as active facets
of the Co nanoparticles under the realistic FTS reaction condition.

1. Introduction

Shape-controlled synthesis and crystal plane effect of metal nano-
particles are of great interest to the catalytic field because the activation
of a nanomaterial can be improved by tuning the shape [1–7]. For these
reasons, in the early 2000s, the relationships between the catalytic
behavior of heterogeneous catalysts and morphology of nanomaterials
have been a hot topic [8–13]. Generally, the catalytic properties of the
high-surface-area nanocatalytic materials are also closely related to the
exposed crystal facets [8,14]. In other words, the morphology of the
catalyst particles determined by the exposed crystal planes could
greatly influence the reactivity and/or the selectivity for heterogeneous
catalysis reaction.

Recently, many studies had been reported that the synthesis of na-
nocrystals with various morphologies, and furtherly explored the facet
dependent catalytic properties. Li et al. [15] investigated that the face-
centered cubic (FCC) Ru catalysts exhibited higher activity than the
hexagonal close-packed (HCP) Ru catalysts in the aqueous-phase Fi-
scher-Tropsch Synthesis (FTS) due to the higher density of active sites
of FCC Ru catalysts. Spencer et al. [16] observed that the Fe(1 1 1)
surface could greatly increase the ammonia production rate. Experi-
mentally with theoretical calculations, ceria nanorods had exhibited

more active in comparison with nanoparticles for CO oxidation due to
the higher reactivity of {0 0 1}/{1 1 0} facets rather than the most
stable (1 1 1)-type facet [10,17]. Zhong et al. [18] reported that the
exposed {1 0 1} and {0 2 0} faces of Co2C nanoprisms had shown high
selectivity for lower olefins as well as inhibit methane production in
Fischer-Tropsch to olefins (FTO) field. Generally speaking, the different
facets of metal nanoparticles result in quite different catalytic activities.
Li’s group [19] discovered that high index Co3O4(1 1 2) surface was
more active than the basic {0 0 1} and {0 1 1} facets. Later they [20]
demonstrated that the Co3O4 nanobelt exposed (0 1 1) surface was more
active than Co3O4 nanocube exposed (0 0 1) surface for CO oxidation.
Liu et al. [21] synthesized four Co3O4 crystals with different crystal
planes and established the correlation between the crystal planes and
the ability of water splitting as {1 1 1}> {1 1 2}> {1 1 0}> {0 0 1}.
Gao et al. [22] disclosed that the exposed {1 1 2} surfaces of significant
for CO2 molecules activation and it could significantly enhance pho-
tocatalytic CO2 reduction efficiency.

The recent studies had shown that metal nanoparticles would
change their shape in the reactive environment with in situ observa-
tions [23–26]. Yoshida et al. [27] found that adsorbed CO molecules
could cause the {1 0 0} surfaces of a gold nanoparticle to reshape
during CO oxidation. In order to explore the changes of Co
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nanoparticles, Kristin et al. [1] studied the surface of Co nanoparticle
changes with the gas changing by using small-angle X-ray scattering
(SAXS). Baldi et al. [28] used in situ electron energy-loss spectroscopy
to detect the phase transitions of each palladium nanocrystals during
hydrogen absorption and desorption. Hansen et al. [29] in situ trans-
mission electron microscopy experiments observed that the copper
nanocrystals change with changes in the gaseous environment. The
multiscale structure reconstruction (MSR) modeling with in situ trans-
mission electron microscopy (TEM) displayed the equilibrium shape of
Au nanoparticles during under O2 and H2 atmospheres [6]. Thus, it is a
vital step to predict whether and how the morphology of metal NPs
changes in the reactive environment. Zhu and co-workers [30–32] had
discovered that H2O, CO, NO, O2, or H2 could effect on the equilibrium
shape of metal NPs, which depend on temperature and pressure. Under
N2 pretreatment, Fe nanoparticles mainly exposed Fe(1 0 0) surface
[33]. Fe(1 1 0) was the most exposed surface under the H2 reduction
environment [34]. The Mo single crystal showed only the (1 1 0), (2 1 1)
and (1 0 0) surfaces were exposed in relatively high temperature and
one hydrogen atmosphere, which was also in line with the X-ray dif-
fraction (XRD) results [35]. Based on Wulff constructions, it could be
found the structures of Pt could be adjusted by the adsorption of hy-
drogen [36]. These reactions usually involve interactions between
mental NPs and the surrounding gas conditions (typically CO and hy-
drogen), which would change the morphology and surface structure.

Syngas (CO+H2) on Co-based FTS catalysts could be converted
into long-chain hydrocarbons [37–43]. Beitel et al. [44] firstly applied
polarization modulation infrared reflection absorption spectroscopy to
explore the restructuring of CO-induced Co(0001) surface restructuring
under a high-pressure regime. Wilson [45] measured the restructuring
of Co(0001) surface to triangular cobalt islands under CO hydrogena-
tion conditions. Høydalsvik et al. [46] found that adsorbed CO mole-
cules lead to atomic migration on Co surface. It had been confirmed
that the CO-induced surface restructures with the aid of scanning tun-
neling microscopy (STM) [47]. Due to the complexity of the catalytic
systems and the difficulty in situ observation the structural changes
under real working conditions, there were limited studies from both
experimental and theoretical aspects on the structural evolution of FCC
cobalt nanoparticle under CO and hydrogen environments. For ideal
equilibrium particle [48], Wulff construction of FCC Co particles pre-
dicts exposure of Co(1 0 0), Co(3 1 1), Co(1 1 0) and Co(1 1 1) surface
terminations. Therefore, we employed spin-polarized DFT calculations
and ab initio atomistic thermodynamics to investigate the equilibrium
morphology evolution of four FCC Co surfaces under CO and hydrogen
environment. In order to fill this gap, the atomic-scale observation of
the shape evolution of Co nanoparticles under CO and hydrogen con-
ditions at given temperature and reactive gas pressure would be in-
vestigated. In this work, two topics will be investigated by using DFT
calculations with ab initio atomistic thermodynamics. (i) What is the
effect on CO or hydrogen surface coverage by changing different tem-
perature and partial pressure? (ii) How does the gas adsorption influ-
ence on the surface morphology of Co catalyst?

2. Computational details

2.1. Method and models

All the spin-polarized DFT calculations were carried out with
Vienna Ab Initio Simulation Package (VASP) [49,50]. As a prevalent
exchange-correlation potential, the Perdew-Burke-Ernzerh of functional
within the generalized gradient approximation (GGA-PBE) was used
[51]. The calculated equilibrium lattice constant for Co is 3.54 Å, in
good consistent with previous theoretical [52] and experimental values
[53]. In order to exclude interactions between the periodic slabs,
neighboring slabs were divided by a 12 Å vacuum. The other para-
meters like the cutoff energy of plane wave and convergence criteria for
the electronic self-consistent interactions were set 400 and 10−5 eV.

Geometry optimizations were allowed to relax until the forces were
smaller than 0.03 eV/Å. Besides, the k-point sampling was produced by
a (3× 3×1) mesh Monkhorst-Pack mesh [54]. Also, we used a three-
layer p(3× 3) model for FCC Co surfaces. When the geometries were
optimized, the Co atoms in the top and the structure of the adsorbates
were set to relax, and the bottom two layers of the slabs were fixed.
Furthermore, the stepwise adsorption energy was employed to measure
the most stable CO molecule configuration.

= − ++E E E EΔ ( )nads n 1CO/slab CO/slab CO (1)

Besides, the adsorption energy ( EΔ ads) of H atoms could be defined
as follows:

= − ++E E E EΔ ( 1/2 )nads n 1H/slab H/slab H2 (2)

The saturated adsorption with n molecules could be predicted by the
positive EΔ ads for +n 1 adsorption molecules.

2.2. Thermodynamics analysis

As an effective tool to address problems referring to environmental
conditions, the ab initio atomistic thermodynamics had been widely
used in many catalytic fields [55–61].

In the method part, the surface energy (γ) could be calculated based
on Eq. (3)

= −γ T p G μ T p( , ) 1
A

[ Σn ( , )]ii (3)

where the Gibbs free energy of the solid surface is abbreviated as G; A
represents the total surface area of the top and bottom equilibrium
surfaces; μi(T, p) stands for the species chemical potential; ni represents
the ith type species number, respectively.

Next, the surface energy with ni gas adsorption could be defined as
follows:

= −γ T p G T p μ T p( , , n ) 1
A

[ ( , , {n }) Σn ( , )ihkl
ads

i hkl
ads

gas
ads

i (4)

where T pG ( , , {n })hkl
ads

gas
ads represents the Gibbs free energy absorbed n

species on the (hkl) surface; μi(T, p) stands for all the species chemical
potential in the system which the adsorbed species are included.

Then, the surface energy of Co surfaces with nCO molecules ad-
sorbed could be defined as in Eq. (5) based on Eq. (4).

= − −

γ T p

G T p μ T p μ T p

( , , nCO)
1
A

[ ( , , {nCO}) n ( , ) n ( , )]

Co
ads

Co
ads

Co Co CO CO (5)

Furthermore, surface energy (γ T p( , )Co
clean ) of the clean Co surfaces

could be given in Eq. (6)

= −γ T p G T p μ T p( , ) 1
A

[ ( , ) n ( , )]Co
clean

Co
clean

Co Co (6)

where G T p( , )Co
clean is the Gibbs free energy of the clean Co surface;

μ T p( , )Co represents the bulk Go chemical potential. Combined with the
formula (5) and (6), the surface free energy of the (hkl) surface ab-
sorbed with n CO molecules could be defined as Eq. (7)

= + − −

γ T p

γ T p G T p G T p μ T p

( , , nCO)

( , ) 1
A

[ ( , , {nCO}) ( , ) n ( , )]

Co
ads

Co
clean

Co
ads

Co
clean

CO CO

(7)

Following, in order to calculate the surface energy, the Gibbs free
energy changes for CO adsorption process needs to be calculated. The
derivation details of the method could be found in our previous work
[62].

At different temperatures and pressures, the surface free energy of
the surface absorbed with nCO molecules adsorption could be finally
rewritten as Eq. (8).

M. Yu, et al. Applied Surface Science 504 (2020) 144469

2



= +γ T p γ T p G T p( , , nCO) ( , ) 1
A

[Δ ( , , {nCO})]Co
ads

Co
clean

Co
ads

(8)

The clean Co surface energy could be described as

= − −γ T p E E( , ) 1
A

[ n ]Co
clean

(Co(hkl)) Co Co bulk (9)

where E Co hkl( ( )) represents the Co(hkl) surface’s total energy of as well as
−ECo bulk is the bulk Co’s total energy.

3. Results

3.1. CO adsorption at different coverage

In order to determine the most stable adsorption CO configurations
at different coverage, the stepwise adsorption energies had been cal-
culated by DFT calculations. Besides, the most stable adsorption
structures, as well as the stepwise adsorption energies of CO molecules
on Co(3 1 1), (1 1 1) and (1 1 0) are shown in Figs. 1–3.

The microcosmic adsorption and desorption of CO molecules at
different coverage of Co(1 0 0) surface had been carried out and all CO
molecules preferred the 4-fold hollow sites at the coverage of 1/9–3/9
ML in our previous work [62]. Furthermore, CO molecules were more
likely located at the bridge site with the increase of CO coverage, and
the corresponding adsorption energies gradually decrease. It was found
that 7/9 ML was the saturated coverage on Co(1 0 0) surface.

As displayed in Fig. 1, the adsorption energy of CO molecule located
at the B5 step site on the Co(3 1 1) surface is−158.6 kJ/mol which is in
accordance with the previous report [48]. At the coverage from 2CO to
3CO, all the CO are still adsorbed at B5 step sites, it could be found that
the difference of adsorption energies among them are quite small, in-
dicating very weak repulsive interactions among these CO molecules.
With CO coverage increasing, the adsorption states are no longer reg-
ular. For example, at nCO=11, it is possible to form the coexistence of
B5, bridge, hcp, fcc and 4-fold hollow site adsorption geometries. The
saturated coverage is reached at nCO=11 because of the positive value
(2.1 kJ/mol) at nCO=12. However, these transformations do not lead

Fig. 1. Stepwise CO adsorption structures and energies (kJ/mol) on Co(3 1 1) surface. The Co, C and O atoms are plotted in purple, grey and red, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Stepwise CO adsorption structures and energies (kJ/mol) on Co(1 1 1) surface. The Co, C and O atoms are plotted in purple, grey and red, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Stepwise CO adsorption structures and energies (kJ/mol) on Co(1 1 0) surface. The Co, C and O atoms are plotted in purple, grey and red, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Phase diagrams of stable CO coverage on Co(1 0 0) surface (a), Co(3 1 1) (b), Co(1 1 1) (c) and Co(1 1 0) (d) under different conditions.
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to the reconstruction of Co(3 1 1) surface.
As depicted in Fig. 2, CO molecule on the Co(1 1 1) surface prefers

the hcp site with the energy of−171.6 kJ/mol, which is in line with the
previous studies on Co(1 1 1) [48,63]. Saeys et al. [64] found that the
adsorption energy of CO on a clean Co(1 1 1) surface was 130.0 kJ/mol
under F-T conditions (500 K, 20 bar, 60% conversion), which was lower
than our calculated. The difference could be explained by the influence
of temperature and pressure on the adsorption energy. Generally, the
stepwise energies would gradually decrease with the increase of the CO
molecules coverage. When the number of CO molecules ranges from 1
to 3, the CO molecules have similar stepwise adsorption energies, al-
though the third CO molecule would like to adsorb at the fcc site. At
nCO=5, the stepwise energy decreases to −109.9 kJ/mol, it appears
the bridge configuration. Three kinds of adsorption configurations (top,
fcc, hcp) would coexist on the surface at nCO= 7, but the bridge ad-
sorption configuration amazingly disappears. Furthermore, the satu-
rated coverage is 7/9 ML, because of the positive adsorption energy
(2.0 kJ/mol) at nCO= 8 on Co(1 1 1) surface. Similarly, there is also no
reconstruction of Co(1 1 1) upon CO molecule adsorption.

As indicated in Fig. 3, the adsorption energy of one CO molecule
adsorbed at the bridge site is −156.3 kJ/mol, which is in agreement
with the previous study on Co(1 1 0) [48]. The saturation coverage has
9 CO molecules and all form the most stable adsorption at the bridge
sites. However, at nCO=7, the top site becomes favorable and part of
the bridge site reconstructs into the top site. theoretical, the bond

length of C-O of CO molecule is longer from 1.18 to 1.24 Å. It could be
concluded that lateral repulsions became significant. When nCO > 7,
the top adsorption configuration disappears. More importantly, surface
reconstruction is not obvious during CO adsorption, due to the regular
arrangement of CO molecules at different coverage.

As discussed above, the saturated coverage of CO molecule on the
Co(1 0 0), (3 1 1), (1 1 1), and (1 1 0) surfaces are 7/9, 11/18, 7/9, and
9/18 ML, respectively. The molecular adsorption configuration is af-
fected by the lateral repulsive interaction becomes stronger with the
increase of CO coverage.

Previous studied results had demonstrated that the projected den-
sity of states (PDOS) could analysis the binding energies of H2 or CO
molecules on different sites on various surfaces [65,66]. Therefore, to
further understand the interaction between CO molecule and Co sur-
faces, the PDOS of one molecule CO adsorption on different sites on Co
(3 1 1) surface was calculated, as shown in Fig. S1. From Fig. S1, one
can clearly see that the total DOS of the adsorbed CO molecule shifts to
lower energies compared to the total of a free CO molecule for the Co
(3 1 1) surface. In addition, from Fig. S1(b) to Fig. S1(e), the total DOS
of CO molecule adsorption on B5 active site shifts to much deeper lower
energies than of that on the other sites. As discussed above, CO mole-
cule on the Co(3 1 1) surface prefers the B5 site. The results explain that
DOS with deeper lower energy means the most stable adsorption state.
The corresponding PDOS of CO molecule adsorption on Co(1 1 1), Co
(1 1 0) and Co(1 0 0) surfaces are depicted in Fig. S2, Fig. S3 and Fig. S4.
Obviously, the trends for the stability of CO adsorption on Co(1 1 1), Co
(1 1 0) and Co(1 0 0) are nearly the same as the result for Co(3 1 1), so
we don’t describe them again here.

3.2. Hydrogen adsorption at different coverage

In our previous work, we proved that H2 would exist as the dis-
sociative H atoms form from low to high coverage on the Co surfaces
under real working conditions [67,68]. Thus, hydrogen atom adsorp-
tion is used as our research object. To explore the most stable config-
uration at different coverage, all possible hydrogen atoms adsorption
configurations at individual coverage on FCC Co surfaces were calcu-
lated. H atoms on Co(1 0 0), (3 1 1), (1 1 1) and (1 1 0) wherein the most
stable adsorption structures are depicted in Supplementary Material
Fig. S5–8.

On the Co(1 0 0) surface, the adsorption energy of the most stable
hydrogen atom adsorption forms at the 4-fold hollow site is −42.7 kJ/
mol. The most suitable adsorption site and adsorption energy of Co
(1 0 0) presented here are the same as that proposed by Weststrate et al.
[69] on the Co(1 0 0). Meanwhile, they presented that the most stable
adsorption structure remains the hollow site when the hydrogen cov-
erage increases to θ=1 ML. The results of hydrogen adsorption con-
figurations and energies from low to high coverage are presented in
Supplementary Material Fig. S5. The saturation coverage has 9 hy-
drogen atoms (1 ML) and all perfer the 4-fold hollow sites. It is noted
there are small difference of hydrogen adsorption energies at different
coverage. Over the whole coverage, the stepwise adsorption energies
are all approximately −45.0 kJ/mol.

On the Co(3 1 1) surface, it could be found that the adsorption en-
ergy of the most stable of H atom which adsorbed at the fcc site is
−44.2 kJ/mol. At nH < 9, all hydrogen atoms prefer the fcc sites with
the close stepwise adsorption energies of −43.0 kJ/mol. At nH= 9, for
one of the hydrogen atoms, the most stable adsorption structure could
alter from fcc site to bridge site despite the small changes of adsorption
energy. At nH > 9, three adsorption configurations (fcc, bridge, 4-fold
hollow) would coexist on the surface, the stepwise adsorption energies
of hydrogen atoms are approximate −30.0 kJ/mol. At the saturated
coverage (nH=18), fcc and 4-fold hollow adsorption structures coexist
on the surface, and the bridge adsorption configuration disappears.
Moreover, all hydrogen atoms are regularly absorbed on the surface.

On the Co(1 1 1) surface, H atom prefers to anchor at the fcc site,

Fig. 5. Morphologies of the metal FCC Co catalyst under different CO atmo-
sphere.
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which is consistent with the results reported previously [70]. Interest-
ingly, the hcp adsorption configuration would gradually appear with
the increase of H coverage. For example, at nH= 4, 6, 7, the part of
hydrogen atoms wherein the most stable adsorption configuration
would switch from fcc sites to hcp sites. However, all hydrogen atoms
are regularly absorbed at the fcc site when the coverage is increased to
1 ML. Moreover, the stepwise adsorption energy is up to−73.7 kJ/mol,
which is greater than that of other coverage.

The most stable adsorption position of one hydrogen atom on the
(1 1 0) surface is located at the 3-fold hollow site and the adsorption
energy is −36.4 kJ/mol. The first six H atoms (nH= 1–6) present si-
milar stepwise adsorption energies (−35.0 kJ/mol), and all prefer the
3-fold hollow site. At nH=7–9, H atoms start to anchor at the bridge
site. The stepwise adsorption energies generally decrease, with in-
creasing H coverage. When nH=14, it is the saturated coverage be-
cause of the positive value (0.1 kJ/mol) for nH=15. Besides, 3-fold
hollow and bridge site adsorption configurations would coexist on the
surface.

According to above results, the saturated coverage of H atom on the
Co(1 0 0), (3 1 1) and (1 1 1) surfaces are 1 ML, whereas on Co(1 1 0)
surface is 7/9 ML. Their diverse hydrogenation abilities could be re-
flected by the small difference in the H atom numbers adsorbed on
these surfaces. This suggests that it is insensitive for hydrogen adsorp-
tion on FCC Co.

3.3. Stable CO and hydrogen coverage under different conditions

The stability of the surface species coverage is always linked to
temperature and pressure in practical experiments. To get meaningful

information about the influence of pressure and temperature on the
adsorption as well as desorption states, the Co surfaces under different
conditions at individual coverage have been discussed. The phase dia-
gram in Fig. 4 displays the relationship between the CO stable coverage
and pressure and temperatures over four cobalt surfaces. There are
several stable adsorption regions in each phase diagram, and it provides
the possibility to stabilize CO coverage in each region as changing
temperature and partial pressure of CO. For example, on the Co(3 1 1)
surface, there are mainly six regions. Due to their similar adsorption
energy and weak repulsive interaction, there is the coverage of 1/18 ML
to 4/18 ML, 5/18 ML to 7/18 ML overlapped in the same region. From
the phase diagrams, some meaningful information about the stable CO
coverage depending on temperature and pressure is obtained as follows.
At given temperature, as the CO partial pressure increases, the stable
CO coverage increases. However, the coverage of CO on the surface
reduces when the temperature is increased at given CO partial pressure.
In addition, it is easy to obtain the temperatures for full CO desorption.
For example, at pCO=10–5 atm, the temperatures for full CO desorption
on the (1 0 0), (3 1 1), (1 1 1), and (1 1 0) surfaces are about 650, 560,
620, and 600 K, respectively. Furthermore, under the same condition,
we could also directly get the differences among the four Co surfaces in
stable CO coverage. At T=500 K and pCO=10–5 atm condition, the
most stable CO coverage is 7/9 ML on Co(1 0 0), 11/18 ML on Co(3 1 1),
6/9 ML on Co(1 1 1) and 1/2 ML on Co(1 1 0) surface, respectively. The
phase diagrams about the relationship between the H stable coverage
and pressure/temperature over four cobalt surfaces are shown in Fig.
S9. Obviously, the trend for the stable hydrogen coverage is nearly the
same as the results about the stable CO coverage under different con-
ditions.

Fig. 6. Morphologies of the metal FCC Co catalyst under different hydrogen atmosphere.
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3.4. Morphology of FCC Co under CO and hydrogen atmosphere

Knowledge of the equilibrium morphology evolution and structure
of the exposed surface of FCC cobalt nanoparticles is significant for
understanding and tuning their catalytic performance. According to the
surface energies, the equilibrium morphological shape of the cobalt
nanoparticles is evaluated using the Wulff construction. The surface
energies (Es) and exposed ratios (Ss) of each surface under ideal con-
dition are listed in Table S1. It clearly shows that the Co(1 1 1) facet
cover predominantly 65% of the total distribution with relatively
lowest surface energy. The values of the surface energies of four Co
surfaces Co(3 1 1), Co(1 0 0), Co(1 1 0), and Co(1 1 1) are 161, 159, 157
and 134meV/Å2, respectively. This result is in accordance with is in
line with the previous work [48]. In addition, the estimated surface
proportions increased by the order of Co(1 1 0) < Co(1 0 0) < Co
(3 1 1) < Co(1 1 1). It has been reported [71] that the surface free
energies of (1 0 0), (1 1 1) and (1 1 0) surfaces are in accordance to
Es(1 0 0) > Es(1 1 0) > Es(1 1 1) for FCC-Co structure.

FTS is an alternative route to produce various value-added chemi-
cals via syngas (CO+H2), and CO adsorption and activation are the
vital steps in FTS mechanism.[15,52,64,72,73] Therefore, it is of great
significance to investigate the surface morphology modified by CO
adsorption. According to the CO adsorption energies at different cov-
erage, the surface energies of each facet at different temperatures and
CO partial pressures had been calculated and listed in Table S2–3. It
could be found that the surface energies would be reduced by the CO
adsorption and also impacted the stabilities of surface. In addition, the
CO partial pressure increases, accompanied by the increase of surface
energies, which may cause by stronger CO-CO repulsions leading to the
weaker of CO-Co metal interaction. According to the surface energies of
each facet, Wulff construction is applied in characterizing the
morphologies of the Co catalyst at different temperatures and pressures,
which is given in Fig. 5. According to Wulff’s rule, the contribution of
crystals to exposed surface areas is attributed to surface free energy and
orientation. CO adsorption could significantly affect the ratio of mor-
phology to the exposed surface. For instance, at T=300 K, with the
increase of CO partial pressure, the ratio of the Co(1 0 0) surface in-
creases while Co(1 1 1) surface decreases, Co(3 1 1) and (1 1 0) dis-
appear, but the most exposed surface always is Co(1 1 1). Considering
for instance the FTS typically operating at ~500 K, with the increase of
CO partial pressure from 10−10 to 20 atm, the ratio of the (1 1 1) sur-
face decreases from 83% to 70% while Co(1 0 0) increases from 17% to
23%; The cobalt nanoparticles are not exposed to Co(1 1 0) surface at
low temperature, but Co(1 1 0) surface appear at high temperature. It
suggests that the Co(1 1 1) surface is most exposed among all surfaces
under various conditions. The calculated CO activation energy showed
that the Co(1 1 0) surface exhibits higher activity in CO direct dis-
sociation than that of Co(1 1 1) surface [48]. Although the Co(1 1 0)
surface covers 7% of the surface area, exposure of eight equivalent Co
(1 1 0) facets possessing relatively highly active sites is located to the
edges of the Wulff shape.

Generally speaking, cobalt-based FTS catalysts consists of cobalt in
its metallic form (Co0), which was reduced under a hydrogen atmo-
sphere prior to the experiment [74–77]. Therefore, the description of
the morphology of cobalt nanoparticle changed induced by hydrogen
adsorption would be critical for tuning its catalytic activities. As shown
in Tables S4–6, it clearly revealed that hydrogen adsorption on cobalt
surfaces resulted in surface energies decrease. It is remarkable that the
change of the surface energies of four cobalt facets by adsorption hy-
drogen is less than that CO adsorption. It can be explained that CO has
much larger binding energies than hydrogen. To study the changes in
Co morphology with temperature, three different temperatures (500,
675, and 800 K) atpH2 =5 atm had been chosen and shown in Fig. 6. At
T=500 K, the most exposed surface is Co(1 1 1) with a high ratio of
87%, and the exposed ratio of Co(1 0 0) from 12% increase to 13%
compared to ideal condition. However, Co(3 1 1) and (1 1 0) facets

disappear under this condition with high surface energies. When the
temperature increases to 675 K, Co(3 1 1) and (1 1 0) facets with rela-
tively lower surface energies represent close to 14% of the total dis-
tribution the Co Wulff shape, and the proportion of Co(1 1 1) surface
reduced from 87% to 75%. As the temperature keeps rising, the surface
area ratios of Co catalyst present a slight variation. Since most catalysts
were activated with flowing H2 at 400–450 °C, 0.10MPa [76,77], we
here chose T=675 K to discuss the changes of cobalt morphology with
increasing pressure. At pH2 =10−10 atm, Co(1 1 1) facet with relatively
lowest surface energies represents close to 89% of the total distribution,
and Co(1 0 0) facet represents 11% of the surface. Under this condition,
Co(3 1 1) and (1 1 0) facets disappear compared with the idea equili-
brium shape of FCC Co. When the pressure increases to 5 atm, the Co
(1 1 1) surface, which exhibits the lowest surface energy, has a pre-
dicted surface fraction of 75%, and the remaining 25% is made up by
Co(1 0 0), (3 1 1), (1 1 0) facets. When the Co3O4 catalysts were reduced
in flowing H2, the reduced sample consisted primarily of FCC Co(1 1 1)
and some unreduced CoO [78]. With the increase of pressure, the
proportion of Co(3 1 1) and (1 1 0) facets present a little increase, and
the Co(1 1 1) surface is still the most abundant. The facets exposed the
B5 sites have been proposed to be the active site for CO dissociation
[52,64,79]. Meanwhile, step Co(3 1 1) and Co(1 1 0) facet remain able
to form very favorable B5-type sites [80]. This work well reveals that
temperature and pressure can influence the facets distribution and the
exposure of the active sites, favoring the CO activation.

Through the overall influence of CO and hydrogen environments on
equilibrium morphology evolution of FCC cobalt nanoparticle described
above, it had shown that the most exposed surface was Co(1 1 1) within
a large range of temperatures and pressures under hydrogen and CO
atmosphere, and step surface Co(3 1 1) is the least stable surface of FCC
Co structure. However, it has been reported [48,62,63] that CO dis-
sociation on Co(1 1 1) has the highest active energy compared to Co
(3 1 1), (1 1 0) and (1 0 0) surfaces. In other words, it is suggested to
increase the ratio of Co(3 1 1) surface in the cobalt-based catalyst of FTS
to improve the reactive activity. That is to say, reduction and reaction
conditions can change the morphologies of cobalt nanoparticles, then
causing the difference of their catalytic. Taking the maneuverability of
experiment and catalytic performance into account, it is reasonable to
select 675 K and 5 atm as H2 reduction condition. This assists in de-
signing better active and selective new catalytic materials by giving
priority to more active surfaces or by increasing the activity density.
Therefore, how to increase the area of step or kink surfaces, such as Co
(3 1 1) surface, is meaningful and challenging work. This purpose could
also realize by doping metal or metallic oxide promotion. It is worth
noting that it can affect the corresponding morphology of metallic Co
and subsequent reactivity when Mn promoter is added. Zheng et al. [81]
confirmed that the exposed Co(1 0 0) increases to a large extent with
Mn promoter instead of the exposed Co(0 0 2) during the reduction-
carburization-reduction treatment. Huo et al. [82] revealed that po-
tassium promoter can modify the crystallographic orientation of Fe, as
well as more active facets such as Fe(2 1 1) and Fe(3 1 0) become the
energetically favored. Therefore, in our future work, we expect to de-
scribe the equilibrium structures of cobalt nanoparticles interacting
with a mixed reaction gas and tune the morphology of cobalt nano-
particles with abundant highly active facets by doping metal promoter.

4. Conclusions

Combining spin-polarized density functional theory and ab initio
atomistic thermodynamics, CO, as well as hydrogen adsorption on the
Co(1 0 0), (3 1 1), (1 1 1) and (1 1 0) surfaces had been investigated to
predict the equilibrium morphology evolution of FCC cobalt nano-
particle under CO and hydrogen environments.

According to our calculation results, the saturated coverage of CO
molecule on the Co(1 0 0), (3 1 1), (1 1 1), (1 1 0) surfaces is 7/9, 11/18,
7/9 and 1/2 ML, respectively. For hydrogen adsorption, there is the
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lowest saturated coverage (7/9 ML) on Co(1 1 0) surface, followed by
the other surface (1 ML). Besides, surface reconstruction upon CO or
hydrogen adsorption is not obvious among these surfaces. From the
phase diagrams, it could provide important information about tem-
perature-programmed desorption data detected by experiment at ul-
trahigh vacuum conditions or any given pressure. For example, the
predicted temperature of CO desorption on Co(1 0 0) at 650 K, on Co
(3 1 1) at 560 K, on Co(1 1 1) at 620 K, and on Co(1 1 0) at 600 K, at
pCO=10–5 atm.

Based on surface energies of four surfaces, Wulff construction is
applied in characterizing the role of the CO or hydrogen adsorption on
the Co morphology at different (T, p) condition. With the increasing
temperature at given hydrogen or CO partial pressure, the exposed ratio
of the Co(1 1 0) surface increases while that of (1 1 1) surface decreases.
At the typical temperature (675 K) of hydrogen reduction, the estimated
surface proportion of the Co(3 1 1) exposed the B5 site exist a marked
increase, which consistent with commonly experiment hydrogen re-
duction temperature for Co catalyst. This clearly indicates the structure
and morphology of the catalyst depends on the environment. This work
can not only promote to describe the relationship between surface
morphology and activity site of catalysts but also give insights into the
shape evolutions of Co nanoparticle under CO and hydrogen environ-
ments.
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