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Abstract Density functional theory (DFT) combined with
the conductor-like solvent model (COSMO) can provide
valuable atomistic level insights into CO adsorption on Cu
surface interactions in liquid paraffin. The objective of this
research was to investigate the solvent effect of liquid
paraffin. It was found that both structural parameters and
relative energies are very sensitive to the COSMO solvent
model. Solvent effects can improve the stability of CO
adsorption on Cu (110) and (100) surfaces and the extent of
CO activation.

Keywords Density functional theory - Carbon monoxide -
Copper - Solvent effects - Adsorption

Introduction

Dimethyl ether (DME) has attracted much attention as an
alternative diesel fuel due to its lower NOx emissions and near-
zero smoke, thus formation of DME from syngas (CO+H,)
conversion has recently generated increasing interest. There
are two methods of “one-pot” synthesis of DME: the gas
phase method, and the liquid phase method. The gas phase
method generally uses a fixed bed reactor. The liquid phase
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method uses a slurry reactor in which the catalyst is dispersed
in a liquid medium such as liquid paraffin [1-5].

In “one-pot” synthesis of DME, the role of metallic
copper in the reaction mechanism has been discussed
widely in the literature over the past 20 years and remains
a matter of debate. Today, it is widely accepted that the
final active catalyst is obtained by reduction of CuO to
metallic Cu under a diluted H, flow before feeding the
synthesis gas mixture [1, 6—7]. Because of the importance
of adsorption, the interaction of CO molecules with Cu
(111), (110) and (100) surfaces under vacuum has been
studied by many researchers [§—11]. To the best of our
knowledge, despite intense experimental activity, a detailed
understanding of the general rules governing the interaction
of CO with Cu surfaces in liquid paraffin is still lacking.
XRD characterization has proved that Cu (111), (100) and
(110) are the main surfaces of the copper [12, 13]. In order
to study differences in the absorbtion of CO molecules on
Cu surfaces in vacuum and in liquid paraffin, adsorbance of
CO molecules on Cu surfaces is studied. Although the
intensity of the Cu(111) peak is higher than that of the other
peaks, it is known that the lower peak always shows higher
activity [14]. Thus, in this article, the adsorption behavior
of CO molecules adsorbed onto Cu (100) and (110)
surfaces is studied. The results may be of interest to
researchers attempting to investigate the specific aspects of
the syngas (CO+H,) conversion such as the DME synthesis
reaction.

Calculated models and details
The general principles of the DFT-pseudopotential method

have been described elsewhere [15—17]. The generalized
gradient corrected exchange-correlation functional pro-
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posed by Perdew and Wand (PW91) [18] was chosen
together with the doubled numerical basis set plus
polarization basis sets (DND, including the polarization d-
function) [19]. The electronic structures were obtained by
solving the Kohn-Sham (KS) [20, 21] equation self-
consistently in the condition of spin unrestrict while the
all-electron relativistic DFT is used for core electrons. A
self-consistent field (SCF) procedure was carried out with a
convergence criterion of 107> a.u. on energy and electron
density, and geometry was optimized under a symmetry
constraint with the convergence criteria of 10 a.u. on the
gradient and 10> a.u. on the displacement.

The equilibrium lattice constants of Cu are ac,=
3.685 A, while an experimental value of ac,=3.615 A
was found, i.e., there was good agreement between our
computed value and the experimental datum reported by
Kittel [22]; the discrepancy is less than 2%. The substrates
are modeled by four layers of metal separated by a
vacuum region 10 A wide. The three uppermost substrate
layers and the CO molecule are allowed to relax, keeping
the volume constant. A p(2x2) cell is used for the Cu
(110) and (100) surfaces.

We have also applied COSMO (conductor screening
model [23, 24]) to simulate the dielectric response of the
environment. COSMO is a continuum solvent model
where the solute molecules form a cavity within the
dielectric continuum of permitivity ¢ that represents the
solvent. The charge distribution of the solute polarizes
the dielectric medium. The response of the dielectric
medium is described by the generation of screening (or
polarization) charges on the cavity surface. In contrast
to other implementations of continuum solvent models,
COSMO does not require solution of the rather
complicated boundary conditions for a dielectric in
order to obtain screening charges, but instead calculates
the screening charges using a much simpler boundary
condition for a conductor. These charges are then scaled
by a factor f(¢)=(¢ — 1)/( ¢+0.5), to obtain a rather
good approximation of the screening charges in a
dielectric medium. The deviations of this COSMO
approximation from the exact solution are rather small.

Fig. 1 Structures of chemi-
sorbed CO on Cu (110). Ad-
sorption sites: 7 Top site, LB
long bridge, SB short bridge
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For strong dielectrics like water they are less than 1%,
while for nonpolar solvents with e~2 they may reach
10% of the total screening effects. However, for weak
dielectrics, screening effects are small, and the absolute
error therefore amounts to less than 1 kcal mol '. The
model provides accurate calculation of gradients, which
allows geometry optimization of the solute within the
dielectric continuum. The dielectric constant of liquid
paraffin is considered as e=2.06. COSMO cannot be used
under vacuum conditions.

Results and discussion

To investigate the reliability of the calculation, we
calculated the bond length and vibrational stretching
frequencies of free CO, which are 1.141 A and
2,116.1 cm™', respectively. There is thus good agreement
between our calculation and the experimental values of
1.128 A and 2,170 cm ™', respectively [25].

It is well known that the adsorption energy of C-down is
more favorable than that of O-down on the same adsorption
site according to the experimental and calculated results, so
we calculate only C adsorbing to the Cu surface [26]. The
chemisorption energy per CO molecule is defined as E,q—=F
(CO/slab)—[E(CO) + E(slab)] [27], where the first term is
the total energy for the slab with the chemisorbed CO on
the surface, the second term is the total energy of free CO,
and the third term is the total energy of the bare slab of the
surface. Therefore, a negative E,4s value means exothermic
chemisorption, and a positive E,4s value means endother-
mic chemisorption.

CO chemisorption on Cu (110)

Our calculation begins with 1/4 ML coverage of Cu
(110)—(2x2), and the k point of 3x5x2 Monkhorst- Pack
meshes was used. According to the surface morphology,
there are three different adsorptive sites (Fig. 1)—top,
short bridge and long bridge—and three possible surface
Adsorption energies and struc-

structures are obtained.
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Table 1 Computed chemisorption energies (E,q, €V) per molecule,
CO and C—Cu bond length (A) and Mulliken charges of C and O as
well as net charges of CO at different sites on Cu (111) for a coverage
of 1/4 ML: E,4s Adsorption energy; dc—o carbon-oxygen bond length;
dcy.c copper-carbon bond length; gc, go Mulliken charges of C and
O, respectively, gco net charge of CO*

110 Vacuum Liquid paraffin Free CO
T SB LB T SB LB

Eus -1.09 -1.13 -0.66 -1.63 -1.78 -1.09

dewc 1.831 1985 2068 1957 1962 2.000

dco 1.155 1.168 1.186 1.185 1.186 1.210 1.141

qc 0.369 0.346 0308 0.333 0311 0.321 0.105

q0 —0.135 -0.148 —-0.175 -0.221 —0.226 -0.273 —0.105
qco 0.234 0.198 0.133 0.112 0.085 0.048 0

#Net charges of CO, gco=q c*q o
® Adsorption sites: T Top site, LB long bridge, SB short bridge

tural parameters are listed in Table 1. All three structures
have exothermic chemisorption energies, indicating that CO
chemisorption on Cu (110) is thermodynamically favored.
The most stable chemisorbed structure (short bridge) has an
adsorption energy of —1.13 eV, while the top and the long
bridge are less stable (—1.09 and —0.66 eV, respectively). The
chemisorption energies decrease about 0.5 eV—-0.7 eV of all
the adsorption models influenced by solvent effects. The
result shows that the liquid paraffin solvent can improve the
adsorptive ability. However, no experimental data are avail-
able for comparison with our calculated chemisorption
energies.

As Cu (110) surface adsorbs CO, in the top (one-fold
site), CO interacts with one adjacent Cu atom and forms
one Cu—C bond in vacuum, and the C—-O bond is elongated
compared to free CO (1.155 A vs 1.141 A). In the short
bridge (2-fold bridge site), CO interacts with two adjacent
Cu atoms and forms two Cu—C bonds, and the C—O bond is

Fig. 2 Structures of chemi-
sorbed CO on Cu (100). Ad-
sorption sites: 7" Top site, H
hollow site, B bridge site

Table 2 Computed chemisorption energies (E,q, €V) per molecule,
CO and C—Cu bond length (A) and Mulliken charges of C and O as
well as net charges of CO at different sites on Cu (111) for a coverage
of 1/4 ML

100 Vacuum Liquid paraffin
T B H T B H

Eaqs -0.90 -0.86 —-0.80 -1.08 -1.06 -0.99
deyc 1.854 1.986 2.157 1.855 2.009 2.253
dc.o 1.153 1.169 1.195 1.164 1.184 1.197
qc 0.354 0.347 0.266 0.307 0.286 0.270
q0 -0.124 -0.142 -0.174 -0.174 -0.211 —0.229
qco 0.23 0.205 0.092 0.133 0.075 0.041

# Adsorption sites: T Top site, H hollow site, B bridge site

elongated to 1.168 A. In the long bridge, CO also interacts
with two Cu atoms on the surface, and the C-O bond is
elongated to 1.186 A.

As the Cu surface adsorbs CO in liquid paraffin, all the
C-O and Cu—C bonds of the three adsorption models are
longer than the corresponding adsorption models in
vacuum. The result shows the liquid paraffin solvent not
only reduces the chemisorption energies but also influences
the C-O and Cu—C bonds. According to the monitor
bonding function of the dmol®, nondissociative adsorption
when the Cu surface is adsorbed by CO either in vacuum or
liquid paraffin.

CO chemisorption on Cu (100)

The k point of 5x5x2 Monkhorst-Pack meshes is used.
According to the Cu (100) surface morphology, there are
also three different adsorptive sites (in Fig. 2): top, bridge
and hollow. Adsorption energies and structural parameters
are listed in Table 2.
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Figure 2 shows three different adsorptive models. In
vacuum, CO interacts with one Cu atom and forms one Cu—
C in the top site, and the C—O bond is elongated compared
to free CO (1.153 A vs 1.141 A). In bridge (2-fold bridge
site), CO interacts with two adjacent Cu atoms and forms
two Cu—C bonds, and the C—O bond is elongated to
1.169 A. In the hollow site (4-fold site), CO interacts with
four Cu atoms and the C—~O bond is elongated to 1.195 A.
The Cu-C distance varies in the interval from 1.854 to
2.157 A, and increases with coordination.

As the Cu surface adsorbs CO in liquid paraffin, all the
C-O and Cu-C bonds of three adsorption models are
longer than the corresponding adsorption models in
vacuum. According to the monitor bonding function of
the dmol®, they are both nondissociative adsorption when
the Cu surface is adsorbed by CO in vacuum or liquid
paraffin, which is in agreement with the experiment results
of HREELS, LEED, TPD and so on [28-30].

As given in Table 2, all three structures have exothermic
chemisorption energies, indicating that CO chemisorption
on Cu (100) is thermodynamically favored. The greater the
exothermic chemisorption energies, the more stable the
adsorption models, so the thermodynamic preference of CO
nondissociative chemisorption shows the order E,4¢(top) >
E,4s(bridge) > E,qs(hollow) in vacuum. The result agrees
well with both experiment and theory, in which the CO
adsorbs the Cu surface with top mode [10, 31]. The
chemisorption energies decrease by about 0.2 eV of all the
adsorption models influenced by solvent effects. The result
shows that liquid paraffin solvent can promote the stability
of CO adsorption on the Cu (100) surface.

As shown in Tables 1 and 2, the C—O bond increases
with the number of Cu atoms to which the molecule binds
in both environments. It is well known that there are two
kinds of interaction between the metal and other molecules
[32, 33]. One is the interaction between the adsorbates,
another is the interaction between the metal and the
adsorbates. There is no significant repulsion between
chemisorbed CO molecules at 1 ML [32], so the adsorptive
structure is influenced mainly by the direct interaction of
CO and Cu. In other words, the bonds change trend in
different models, showing that the C—O bonds are effected
mainly by Cu and CO interaction. The net charge of the
chemisorbed CO on the Cu (110) and (100) surface given in
Tables 1 and 2 can be compared with those of free CO. This
shows clearly that the chemisorbed CO molecules are
partially positively charged, indicating electron transfer
from CO into the copper surface. The elongation of the
C-0 bonds increases with the decrease in the net charges of
chemisorbed CO molecules. It indicates that stronger
electron transfer from the surface into the antibonding
orbital of CO induces higher activation of the C—O bonds.
When CO molecules are adsorbed on the Cu (hkl) surface,
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the C—O bonds in liquid paraffin are longer than bonds of C
and O in vacuum. This indicates that CO molecules induce
higher activation of C-O bonds in liquid paraffin than in
vacuum.

Combined with the chemisorption energy of CO adsorp-
tion on Cu (111) (Z. Zuo et al., manuscript submitted), the
ability of CO chemisorption on the copper surfaces is in the
order Cu (110)(—1.13 eV) > Cu (111)(—0.98 eV) > Cu (100)
(—0.90 eV) in vacuum; however, the thermodynamic
preference of CO nondissociative chemisorption shows
the order Cu (110)(—1.78 ¢V) > Cu (111)(—1.09 eV) = Cu
(100)(—=1.09 eV) in liquid paraffin.

Conclusions

Chemisorption of CO on Cu (100) and Cu (110) surfaces
was investigated using the generalized gradient approxima-
tion (GGA) and the Perdew and Wand (PW91) functional at
the level of DFT. On both surfaces, CO is chemisorbed by
nondissociative adsorption, and has elongated C—O bond
lengths. The C-O bonds in liquid paraffin are longer than
the C—O bonds in vacuum, thus solvent effects can improve
CO activation.

On the basis of the computed chemisorption energies,
CO chemisorption is exothermic on Cu (110) and Cu
(100) surfaces; however, the stability of chemisorption of
CO on the Cu (110) is larger than on the Cu (100)
surface. Owing to the solvent effect, the stability of CO
adsorption on the Cu (100) and Cu (110) surfaces
increases. Meanwhile, the change in the nondissociative
chemisorption energies of the Cu (110) surface are larger
than those of the Cu (100) surface. These results might
mean that syngas (CO+H,) conversions such as the DME
synthesis reaction could be improved in a slurry reactor.
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