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Carbon monoxide (CO) is a gaseous pollutant with adverse effects on human health and the environment. Kaolinite
is a natural mineral resource that can be used for different applications, including that it can also be used for retention
of pollutant gases. The adsorption behavior of carbon monoxide molecules on the (001) surface of kaolinite was studied
systematically by using density-functional theory and supercell models for a range coverage from 0.11 to 1.0 monolayers
(ML). The CO adsorbed on the three-fold hollow, two-fold bridge, and one-fold top sites of the kaolinite(001) was tilted
with respect to the surface. The strongest adsorbed site of carbon monoxide on the kaolinite (001) surface is the hollow site
followed by the bridge and top site. The adsorption energy of CO decreased when increasing the coverage, thus indicating
the lower stability of surface adsorption due to the repulsion of neighboring CO molecules. In addition to the adsorption
structures and energetics, the lattice relaxation, the electronic density of states, and the different charge distribution have

been investigated for different surface coverages.

Keywords: kaolinite, adsorption, carbon monoxide, density functional theory

PACS: 91.60.—x, 68.43.Bc, 71.15.Nc

1. Introduction

High levels of gases such as pollutants coming from
both natural and industrial activities are present in the
atmosphere.[!?! Carbon monoxide (CO) is categorized as a
main pollutant by the US Environmental Protection Agency.!
Carbon monoxide arises from the incomplete burning of ma-
terials, natural gas, industrial processes, sewage leaking, and
biological decay.!* Estimates of annual global emissions of
CO vary from 2040 to 3315 terrogram (Tg).[®! The presence
of CO in the atmosphere has a significant impact on climate,
human health, and plants.”="! With the purpose of mitigating
the effects it causes the health and longevity of both human be-
ings and the earth’s fragile ecosystems, many researchers have
investigated experimentally the removal of CO using physi-

[10-131 Adsorption, as a technique

cal and chemical treatments.
with increasingly innovative applications, in number and type,
is one of the most appropriate easy ways to remove CO gas
pollutant before being liberated. 4171

Natural clay minerals, in particular, have received much
attention as an abundant, possible low-cost, and environment
friendly material that can be used for different applications.
Because of their large propensity for adsorbing and immobi-
lizing extraneous species, clay minerals can serve as material
for pollution control, carriers of pesticides, liners in waste dis-
posal, and barriers in nuclear waste management. Adsorp-
tion properties of clay minerals have been known for many
years and used as adsorbent in the retention of CO taken

from contaminated air. Numerous studies reported that clay
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minerals are used to remove CO.!'8201 For example, Ve-
naruzzo’s group investigated experimentally the adsorptions
of CO, CO,, and SO, gases on bentonitic clay minerals in
natural state and after acid treatment. Itadani et al. have re-
ported on low-pressure CO adsorption at room temperature
on Al-pillared montmorillonite clay minerals by experimen-
tal techniques. Due to the limitations of experimental methods
used, a theoretical analysis of the adsorption mechanism of CO
molecules on natural clay minerals from a microscopic point
of view will improve understanding of the adsorptive proper-
ties of the clay minerals—CO interface and the influence of CO
adsorbed on the structure of clay minerals. Computer simu-
lation in high-performance and the density-functional theory
(DFT) offers accurate and inexpensive routes to study CO-
solid interfaces at the molecular level, where the calculated
results were very close to the experimental values.>!??] Ley-
dier’s group calculated theoretically the adsorption of CO on
amorphous silica-alumina (ASA) by using density functional
theory, while the infrared features results matched closely the

[23-25] have investigated the

experimental data. Several works
adsorption of carbon monoxide on Cu(I)-ZSM-5 or Ag(I)-
ZSM-5 zeolite by using ab initio density functional theory
study. These results are in accord with previous study and
available experimental findings.

Kaolinite is a
1126271

specific and very common

clay minera Existing experimental 3% and
theoretical ®13¢] data on the kaolinite Al,Si;Os(OH)4 sur-

face are often rationalized by modelling two surfaces as an
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almost perfect 1:1 layer structure constituted by two different
surfaces of aluminosilicate: one side of the lamella consists of
a silica sheet in which Si atoms are coordinated tetrahedrally
by oxygen anions and the other side consists of a gibbsite type
sheet where aluminum atoms are coordinated octahedrally by
oxygen anions and hydroxyl groups. Some studies showed
that hydrogen bonding and a certain degree of van der Waals
attraction exist between hydroxyl groups of Al oxide side
and adjoining oxygen atoms of silica sheet in kaolinite. ]
Kaolinite microparticles exist as hexagonal plates with a dom-
inant (001) basal surface with almost perfect cleavage; this
is the plane mainly exposed in kaolinite crystals. The hy-
droxylated (001) surface of kaolinite is said to be hydrophilic
and is the surface of primary interest in adsorption behav-
ior studies.[3’31 Since we have tested the adsorption energy
of carbon monoxide on siloxane and hydroxylated surface
of kaolinite, respectively and the results showed that carbon
monoxide adsorbs more weakly on siloxane surface than it
does on the hydroxylated surface, here we only examine the
hydroxylated (001) surface. Hence, a greater insight into the
adsorption of CO molecules on hydroxylated (001) surface
of kaolinite through a periodic density functional analysis is
needed. In the present paper, the CO adsorption geometries,
CO structure during and after being adsorbed, adsorption en-
ergies, the electronic density of states, charge transfer, and the
electronic density of states were investigated systematically.

2. Methods

All total-energy calculations of adsorption behavior of
CO on the kaolinite (001) were performed using VASP (Vi-
enna ab initio simulation package) code!*?! that allows the
simulation of periodic systems within the DFT method. The
electrons are fully quantum-mechanical treated by solving
the Kohn—Sham equations. The local-density approximation
(LDA) and the projector augmented wave potential of Blochl
are employed to describe the electron exchange-correlation
energy as described below and the electron—ion interaction,
respectively. [+ The energy cutoff for the plane-wave ex-

pansion was set to 400 eV, which was sufficient to ensure the
error from calculations of adsorption energies below 0.01 eV.
The so-called ‘repeated slab’ geometries were employed. The
clean kaolinite (001) surface was modelled by a slab consist-
ing of six atomic layers separated by 20 A of vacuum. The CO
molecules were adsorbed on the (001) surface of the slab in a
symmetric way for all slab calculations. During the calcula-
tion, the positions of H, O, and Al atoms in the outermost three
layers as well as the CO molecules were allowed to relax until
the forces on the ions are below 0.02 eV/A. The other atoms
in the bottom three atomic layers of the slab were kept fixed
at the calculated bulk positions./*>#7 Furthermore, a Fermi
broadening of 0.02 eV was chosen to smear the occupation
of the bands around Ef by a finite-7 Fermi function and ex-
trapolating to 7 = 0 K. Figure 1 shows the hydroxylated (001)
surface of kaolinite after relaxation, in which 2/3 of the surface
hydroxyl groups tilt and the other 1/3 hydroxyl groups are al-
most parallel to the surface. All calculations for adsorbed CO
molecules in the twelve adsorption sites including three one-
fold top sites (T1—T3), three two-fold bridge sites (B1—B3), and
six three-fold hollow sites (H;—Hg) have been performed with
surface coverage region of 0 < @ < 1.0.14%501 To test the influ-
ence of supercell size on adsorption energy of carbon monox-
ide, we have calculated the adsorption energy of CO molecule
on the kaolinite (001) slabs by using different models. The
results imply that the difference of adsorption energy of CO
on different models is very small and adsorption energy of CO
molecule showed a trend of convergence with increasing the
model size. The adsorption of CO molecules on the kaolin-
ite (001) surface for 0.11 and 0.33 ML was calculated using
the p(3 x 3) surface unit cell, but the p(2 x 2) surface unit cell
for other (0.25, 0.5, 0.75, and 1.0 ML) coverages. Unless oth-
erwise mentioned, we used Monkhorst—Pack ¥ scheme with
a (3 x3 x 1) k-point grid for the p(2 x 2) and p(3 x 3) sur-
face cell. Based on the data of Hess and Saunders, the calcu-
lated lattice parameters of the bulk crystal structure of kaoli-
nite were a = 5.160 A, b = 5.160 A, ¢ = 7.602 A, a = 81°,
B =89°, and y = 60.18°, and used in the present study.

Fig. 1. (color online) Three adsorption sites including (a) top (T;—T3), (b) bridge (B1—B3), and (c) hollow (H;—Hp) sites. Here, H atoms are
shown by white spheres, while other O, Al, and Si atoms are shown by red spheres, yellow spheres, and purple spheres, respectively.
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3. Results and discussion

In order to estimate the stability of these molecular ad-
sorption configurations, the average adsorption energy of CO
adsorption on the kaolinite (001) surface at different coverage
is calculated by

1
Eps(®) = — Neo [Ecorkaolinite (001)
— Exaolinite (001) — NcoEco)- (1

Here Nco is the number of CO adsorbed. The Ecoykaolinite (001)
is the total energy for the kaolinite supercell plus Nco CO
molecules, depending on the coverage ® (@ is defined as the
ratio of the number of molecules adsorbed to the number of
hollow binding sites on the (001) surface). The Eyaolinite (001)
is the total energy for the clean kaolinite surface and the Eco
is the free CO molecule total energy. A positive value of Eyqs
for CO molecules indicates the stable adsorption and a neg-
ative value indicates unstable reaction with respect to a free
CO molecule. The adsorbed CO coverage was 0 < ® < 1.0.

Similar to Hu and Angelos and others, we have investigated
all possible initial structures of the CO molecule adsorption.
By employing the notation used in Fig. 1, the sites of Tops 1
to 3, Bridges 1 to 3, and Hollows 1 to 6 are represented. We
considered two original molecular modes of parallel and ver-
tical to the surface molecules with the carbon atom closer to
the surface. After optimizing the adsorption model, the three
adsorption states of the top, bridge, and hollow sites with tilted
CO molecule became stable (Figs. 2(a)-2(c)). The C-O bond
of adsorbed CO molecules on all 12 adsorption sites has an
angle with the kaolinite (001) surface. The tilted orientation
represents a configuration in which one carbon of CO forms
a bond with the surface. Meanwhile, all three top and bridge
and all six hollow adsorption sites for CO molecule have sim-
ilar adsorption energy in the coverage region of 0 < ® < 1.0,
respectively. The calculated adsorption energies E,q4s for these
three kinds of surface sites with respect to the free molecule
CO are shown in Table 1 at different coverages.

Fig. 2. (color online) Adsorption geometry of CO molecule on the (a) top, (b) bridge, and (c) hollow sites of kaolinite (001). The

adsorbed CO molecule is shown in blue for clarity.

One can see that at the coverage of 0.11 ML (for p(3 x 3)
structure), the adsorption configuration of tilted CO molecule
on the hollow site was the most favorable compared with
The next stable site for CO molecule
is bridge and followed by the top sites. The adsorption en-

the other two sites.

ergy of CO on hollow site of the kaolinite (001) surface was
0.37 eV and that for top and bridge sites were 0.20 and 0.17 eV
lower, respectively. At the highest coverage of 1.0 ML (for
p(2 % 2) structure), the hollow sites were preferred for inclined
CO molecules adsorption, and the following stable adsorption
sites were the bridge and the top sites. For the adsorption
of CO molecules over kaolinite (001) surface, the calculated
adsorption energies were 0.15, 0.22, and 0.29 eV at the top,
bridge, and hollow sites, respectively. In the coverage regime
of 0 < ® < 1.0, the calculated adsorption energies of tilting
CO (Table 1) revealed that the hollow site was more favorable
than the bridge and the top sites at different coverages. Mean-
while, the quantities of the three adsorptions of top, bridge,
and hollow display a modestly decreasing trend with the in-

crease of CO, while the overall variation of the magnitude of
E,4s was small. The decrease of adsorption with coverage in-
dicates lower stability of surface adsorption.

Table 1. The adsorption energy E,qs (eV) for CO adsorbed on the kaolinite
(001) surface at different coverages.

Site MLO.11 MLO.25 ML0.33 MLO.5 ML0.75 MLI1.0

Top 0.20 0.21 0.18 0.18 0.17 0.15
Bridge 0.27 0.27 0.26 0.25 0.23 0.22
Hollow 0.37 0.35 0.36 0.32 0.31 0.29

Calculated geometries for CO molecule adsorption on the
top, bridge, and hollow sites of kaolinite (001) at @ = 0.11,
0.25, 0.33, 0.5, 0.75, and 1.0, including the C—O bond lengths
dc_o (A) and the height of adsorbate CO above the surface
as well as the topmost interlayer relaxation Adj, are summa-
rized in Table 2. The Adj, value was calculated according
to the equation Adj, = %, where d, is the distance be-
tween the first and second layers of the relaxed surface plane

and d is the interplanar spacing along the (001) direction of

079101-3



Chin. Phys. B Vol. 26, No. 7 (2017) 079101

bulk kaolinite. One can clearly see that the C—O bond lengths
dc_o vary little around 1.14 A (in the gas phase) with increas-
ing @ values for all the adsorption sites. With respect to the
height of adsorbate CO above the (001) surface, the results in
Table 2 show that, for hollow adsorption site, the value was
slightly shorter than the other two sites at the same coverage.

A short height implied a strong interaction between CO and
kaolinite surfaces. The above results imply that the hollow
sites are the most stable. Note that for all three types of ad-
sorption sites, the values of hc_o increase with increasing CO
coverages, which implies that the stability of adsorbed CO is
reduced with increasing coverage.

Table 2. The calculated geometries for the CO molecule adsorption on top, bridge, and hollow sites of kaolinite (001). The C-O
bond lengths dc—_o in A of CO molecules were listed. The calculated adsorbate height (hc—o) and the interlayer relaxation (Ad,) for
different coverage of atomic CO adsorption on kaolinite (001) surface.

dc_olA he—olA Ad12/%
Coverage © - - -
top bridge hollow top bridge hollow top bridge hollow
0.25 ML 1.14 1.13 1.13 2.31 1.59 1.54 5.25 8.32 10.14
0.5 ML 1.13 1.14 1.14 241 1.81 1.79 9.38 9.27 11.63
0.75 ML 1.13 1.14 1.13 241 1.85 1.82 11.22 12.75 13.31
1.0 ML 1.13 1.14 1.14 2.48 2.03 1.92 12.89 14.17 17.74

Finally, we can easily see from Table 2 that the adsorp-
tion of CO on kaolinite (001) induces notable changes in the
distance between the first and second layers of the substrate.
In particular, for the three types of adsorptions, the value of
Ady, was positive from 5.25% to 12.89%, 8.32% to 14.17%,
and 10.14% to 17.74% in the coverage regime of 0 < ® < 1.0,
respectively, which means that the distance between the top-
most two atomic layers of the kaolinite (001) surface has ex-
panded with increasing CO coverage. These changes reflected
the strong influence of the CO adsorbates on the neighboring
H and O atoms, thus, resulting from significant redistribution
of the electronic structure. The results verified that the CO ad-
sorption caused the outmost kaolinite (001) layer separation to
relax back to something close to its ‘ideal’ bulk value.

To gain more insights into the bonding interaction of

the chemisorbed CO molecule with the neighboring O atoms
of the kaolinite (001) surface, we calculated and analyzed
the electronic partial density of state (PDOS) and the elec-
tron density difference Ap(r) for the adsorption system. The
Ap(r) was obtained by subtracting the electron densities of
non-interacting component systems, Pxaolinite (001) (¥) +Pco (7).
from the density p(r) of the CO/kaolinite (001) system, while
retaining the atomic positions of the component system at the
same location as in CO/kaolinite (001). A positive value (blue
areas) of Ap(r) for adsorption system indicates charge accu-
mulation, while a negative value (yellow areas) corresponds
to charge depletion upon binding. The isosurface value of the
electron density difference is set at 0.003 e/A3 for all adsorp-
tion structures.
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Fig. 3. (color online) Orbital-resolved partial DOS plots for the CO molecule and the surface O and H atoms (top, bridge, and hollow)
with the coverage ® = 0.25: (a), (b) free (dashed line) and adsorbed CO (solid line), and adsorbed kaolinite (001) surface at the
top adsorption site; (c), (d) adsorbed CO and adsorbed kaolinite (001) surface at the bridge adsorption site; (e), (f) adsorbed CO and
adsorbed kaolinite (001) surface at the hollow adsorption site. The insets show the side view of electron density difference for the CO

atoms at the (a) top, (c) bridge, and (e) hollow adsorption sites.

As a typical example, the PDOS of the adsorbed CO
molecular orbitals (30, 40, 50, 1m, and 27*) and the sub-
strate H and O atoms coordinated with CO on the three sta-
ble adsorption configurations of the top, bridge, and hollow

sites were plotted (Fig. 3); the electron-density differences are

shown in Figs. 3(a), 3(c), and 3(e) (insets). The Fermi en-
ergy has been set at zero. The PDOS of the CO molecule in
free state were also calculated for comparison in dashed line.
After CO molecule adsorption on the top site of the (001) sur-
face, the 30, 40, 17, 50 bonding, and 27 antibonding orbitals
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of CO shifted down in energy by 3.65, 3.52, 3.66, 3.58, and
3.71 eV, respectively. The amplitudes of all bonding and anti-
bonding orbitals are weaker than those in the free CO. Further-
more, the 5o orbitals of adsorbed CO almost disappeared, in-
dicating that electrons of CO transferred to neighboring H and
O atom of kaolinite (001) surface. Correspondingly, the result
is substantiated by the electron density difference as shown in
the inset of Fig. 3(a). A large charge accumulation area exists
between the C atom of adsorbate and neighboring H atoms of
substrate.

The projected DOS for CO molecule (in the stable bridge)
and the neighboring O and H atoms of the (001) surface are
calculated (Figs. 3(c) and 3(d)). After adsorption, the bond-
ing and antibonding orbitals of the CO molecule shift to lower
energies and the amplitudes of 17 and 27 orbitals are weaker
than those of free CO and the adsorbed CO on the top site. One
can see a remarkable charge accumulation near the C atoms
from the 3D electron-density difference (inset of Fig. 3(c)),
indicating the 5o bonding orbitals of CO molecule accept-
ing electrons from the sp electronic states of H and O atoms.
Meanwhile, electrons flow from H s state into C sp state.
These results illustrate that the bridge site is more stable than
the top site for CO molecule adsorption.

Finally, the PDOS of the tilted CO adsorbed on hollow
site is depicted in Fig. 3(e), one new peak at —3.47 eV was
observed in PDOS, which shows that the new peak was con-
tributed by the 5o hybridization with kaolinite s and p or-
bitals. The significant overlap emerged between adsorbed CO
molecule and on surface O and H atoms electrons in the energy
region from —9.05 to —0.76 eV. Furthermore, the amplitudes
of all bonding and antibonding orbitals of adsorbed CO were
obviously weaker than those in the free CO and the adsorbed
CO on the other two types of adsorption sites. The 30, 40, 50,
17, and 27 antibonding orbitals of the adsorbed CO molecule
are observed to shift down to the lowest energies compared
with the adsorbed CO on the top and the bridge sites. Mean-
while, the 3D electron density difference distribution of CO
adsorbed on the hollow site is calculated, as shown in Fig. 3(e)
(inset) for further understanding the electronic hybridization
behavior. Upon CO adsorption, there is a remarkable charge
depletion area between the C and on surface H atoms, while a
manifested charge accumulation area was observed around C
and O atoms of CO. The results indicate that more electrons
of sp states of surface H and O atoms were transferred out and
correspondingly the sp electronic state of C and O atoms of ad-
sorbate accepting more electrons comparing with the top and
bridge adsorption.

The PDOS for the CO molecule adsorption on top site
and on surface H and O atoms at coverage of ® = 0.25 and
® = 1.0 ML, are shown in Figs. 4(a) and 4(b), respectively.
At a high coverage (® = 1.0), the narrow, low-amplitude peak
at 4.12 eV was denoted as the ‘CO p state’ (Fig. 4(b)), which
was mainly hybridized with the sp state of the neighboring H

and O atoms; the hybridization between CO p and O sp states
was negligible. At a low coverage (® = (.25), three promi-
nent changes of PDOS for adsorbed CO and the neighboring
O and H atoms occur: (i) the peaks in the CO 30, 40, 17, S0
bonding, and 27 antibonding shift down in energy; the am-
plitudes of all bonding and antibonding orbitals were much
weaker than those in the coverage of ® = 1.0 ML; (ii) com-
pared to the case where ® = 1.0 ML, the hybridization of CO
p and surface O sp states was distinctly enhanced at the cover-
age of @ = 0.25 ML. The change in the CO p PDOS was due
to the fact that the CO adatom was highly coordinated in low
coverage of ® = (.25 ML. In particular, the main peak around
E = —4.59 eV in the CO p PDOS in Fig. 4(b) is a result of
the hybridization between CO p states and O sp states; (iii) the
new CO peak at —5.52 eV observed in Fig. 4(a) shows that the
peak is contributed by the 50 hybridization with kaolinite s
and p orbitals. The results reveal that the 5o orbital hybridizes
with kaolinite sp orbitals strongly.
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Fig. 4. (color online) The PDOS for the CO molecule adsorption on top
site and the neighboring H and O atoms on surface at (a) ©® = 0.25 and
(b) ® = 1.0 ML, respectively.

4. Summary

The adsorption mechanism of CO molecule on the (001)
surface of kaolinite are investigated systematically using first-
principles DFT theory with total energy calculations. We con-
sider a large range of coverage from 0.11 to 1.0 ML using two
types of surface models (i.e., p(3 x 3) and p(2 x 2) surface unit
cells) for adsorption on top, bridge, and hollow sites. The most
stable among all possible pure adsorbed sites was the hollow
site and followed by the bridge and top sites in the coverage
range of 0 < ® < 1.0. The atomic geometry, the lattice relax-
ation, the electronic density of states, and the charge density
distribution after the CO molecule is adsorbed are also studied.
The results show consistently the fundamental influence of hy-
bridization and electron transfer between the CO molecule and
surface H and O atoms. For the top site adsorption, the 3D dis-
tribution of electron density difference was the least, while the
distribution of electron density difference is the most in case
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of hollow sites adsorption. The dc_o length of all adsorp-
tion sites varies little around 1.14 A with increasing @ values.
Remarkably, this influence on the energy decreases with in-
creasing CO coverage. These conclusions are in accord with
available experimental findings. The great variety of physi-
cal and chemical treatments may be used for removal of CO
with clay minerals, even modified clay minerals, in future. It
is expected that our theoretical results would provide useful
information for the development of CO removal, particularly
in terms of protecting our environment.
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