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Abstract The surface structures, CO adsorption, and
oxidation-reaction properties of CuO;_(111) with different re-
duction degree have been investigated by using density func-
tional theory including on-site Coulomb corrections (DFT+U).
Results indicate that the reduction of Cu has a great influence
on the adsorption of CO. Electron localization caused by the
reduction turns Cu®" to Cu”, which interacts much stronger
with CO, and the adsorption strength of CO is related to the
electronic interaction with the substrate as well as the structural
relaxation. In particular, the electronic interaction is proved to
be the decisive factor. The surfaces of CuO,_(111) with differ-
ent reduction degree all have good adsorption to CO. With the
expansion of the surface reduction degree, the amount of CO
that is stably adsorbed on the surface increases, while the num-
ber of surface active lattice O decreases. In general, the activity
of CO oxidation first rises and then declines.
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Introduction

Transition metal oxides have a wide application in CO oxidation
[1-3]. Among them, CuO based catalysts have been given much
more attention for their low price and high activity [4—7], which
is roughly the same or superior to that of catalysts based on noble
metals, especially in low-temperature CO oxidation [8—10].

For CuO based catalysts, most studies were focused on the
roles of dopant atoms and interfaces between CuO and the
support [11-13]. Luo and Lu and their co-workers [14] inves-
tigated the synergetic effects and kinetic study of CO oxida-
tion over CuO/Ce;_Cu,0,_5 and Ce;_Cu,O,_s catalysts. Ki-
netic studies showed that the apparent activation energy was
42 kJ-mol ™" for CuO/Ce; Cu, 05 5 and 95 kJ-mol ™" for Ce,.
«CuO,_s. They confirmed that the surface CuO particles pro-
vide sites for CO chemisorption and the Ce;.4Cu,O,_5 solid
solution promotes the activation of oxygen. Moreover, they
also proposed that the adsorption peak at 2110 cm " attributed
to chemisorbed CO over Cu' ion, which was also suggested
by Martinez-Arias et al. [11]. In fact, in recent years, there is
more and more experimental evidence that points to the cru-
cial role played by Cu" ion in CO oxidation [15, 16]. Wan
etal. [17] studied the CO oxidation activities of CuO/y-Al,O4
catalysts, proposing that dispersed Cu" species played a sig-
nificant role in low-temperature CO oxidation (<200 °C).
They also suggested that CO-Cu" interaction was much stron-
ger than those of CO-Cu®" and CO-Cu’. In our previous ex-
perimental studies, we found that CuO based catalysts with a
certain degree of reduction (70 ~80 %) showed a very high
activity for CO oxidation compared to the pure and other
catalysts with different reduction degrees [18].

Theoretical simulations based on first principle calculations
have been carried out to explore the stabilities, electronic
structures, and surface activities of CuO surfaces [19-22].
Wang et al. [21] studied the two elementary reactions: CO+
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*—CO* and CO*+0y,4— CO,+0,,. over several metal ox-
ide surfaces. They found that on CuO(111) surface, the reac-
tion barrier for CO*+0,— CO,+0y,. Was very low. How-
ever, CO adsorption was relatively weak (0.74 eV), giving rise
to the overall low activity at low temperature. Several reports
also suggested that the adsorption of CO was quite weak on
the CuO surfaces [19, 23]. Nevertheless, investigations of the
surface structural properties and CO oxidation of reduced
CuO surface are still rather limited.

CuO(111) surface was considered to be the most stable sur-
face [19, 22] and had been proved to be the dominant facet on
CuO based catalysts [18]. In the current work, we performed
systematic density functional theory (DFT) calculations of the
surface structural properties of the reduced CuO(111) surface
(CuO| «(111)) and its activity to oxidize CO. Our results
showed that the charge transfer between the CO and Cu"
caused by the electron localization enhanced the interaction
between them, and the reduction degree of CuO;_(111) was
found to be a very important factor for the CO oxidation.

Computational details

All calculations were carried out using the Vienna ab initio
simulation package (VASP) [24, 25]. The core-valence elec-
tron interaction was treated by using the project-augmented
wave (PAW) [26, 27] method. The Perdew, Burke, and
Ernzerhof (PBE) [28] functional within the generalized gradi-
ent approximation (GGA) was employed to evaluate the elec-
tronic exchange and correlation energy. Since the bulk CuO
has an antiferromagnetic ground state, the spin polarized cal-
culations were performed. The calculations were also con-
ducted involving on-site Coulomb corrections (DFT+U)
[29, 30] to describe the strong correlation effect among the
partially filled Cu 3d states in CuO. The values of U=7 eVand
J=0 eV for CuO were adopted, as suggested by Elliott et al.

[22] and Nolan et al. [31]. The copper 3d, 4s, and the carbon
and oxygen 2s, 2p electrons were treated as valence electrons.
For bulk CuO, a Monkhorst-Pack [32] grid of 11x11x11 k-
points was used, and the energy cutoff of plane wave expan-
sion was set to 450 eV. For the surface slab, we used a 2x2
supercell, with a 400 eV cutoff energy and a Monkhorst-Pack
grid of 1x1x1 k-points because of the large size of the slab
(~11x12 A?). The slab thickness was six layers (~12 A), with
a 15 A vacuum gap. For all structural optimizations, the bot-
tom two layers were fixed, while the other layers were allowed
to relax until the atomic forces reached below 0.05 eV/A. The
nudged elastic band (NEB) method was used to determine the
transition states (TS) along the reaction pathways [33-38].

To estimate the adsorption energies of CO, the following
equation was used,

Eads = =(Estab+co-nEco-Esab) /0 m

where Egap+co 1S the total energy of the system involving the
slab with the adsorbed CO, Ec(, and Egy,, are energies of the
gas-phase CO molecule and the surface slabs, respectively, n
is the number of adsorbed CO molecules.

To estimate the binding energies of CO, the following
equation was used,

Ebind = =(Ef  conEco-Esab) /0 @)

where ER, . co is the total energy of the system involving the
fixed slab with the adsorbed CO, Ec(, and Eg,, are energies of
the gas-phase CO molecule and the surface slabs, respectively,
n is the number of adsorbed CO molecules.

Results and discussion

The structural parameters of bulk CuO were optimized by
using DFT+U method with the chosen parameters (U=7 eV

Fig. 1 Calculated structures of CuO bulk and CuO(111) surface. (a)
Structure of CuO bulk. (b) The isosurface (0.03 ¢/A>) of calculated spin
charge densities, the yellow and blue denote spin up and down
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respectively. (¢) Structure of CuO(111), different surface species are
labeled. The Cu and O atoms are represented by balls in pink and red,
respectively. The notation is used throughout this paper
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Fig. 2 Top view of (a) calculated
CuO;_,(111) containing one O3,
vacancy and (b) corresponding
localized spin density structure

and J=0 eV). The calculated lattice parameters are a=4.604 A,
b=3.485 A, ¢=5.097 A, $=99.6°, in good agreement with
previous calculations [22] and the experiment values [39].
Figures 1(a) and (b) show the bulk structure and the isosurface
(0.03 e/A?) of calculated antiferromagnetic spin charge densi-
ties. The calculated magnetic moment per Cu atom is 0.63 g,
which is consistent with previous calculations [19, 22] and
experiment measurements [40]. This suggests that the DFT+
U approach and the U and J parameters are appropriate for the
description of the CuO bulk. Therefore, we adopted the same
values of U and J for surface calculations.

A representative structure of CuO(111) surface is illustrat-
ed in Fig. 1(c). Both fully saturated 4(4)-fold O(Cu) and
coordinatively unsaturated 3(3)-fold O(Cu) are exposed on
the surface, which are represented by Oy, Cuyc, Oz, and
Cus,, respectively. We first tested the CO adsorption at the
pure CuO(111) surface, and got the most stable adsorption
configuration as well as the adsorption energy (0.51 eV). Sim-
ilar with the previous studies, this adsorption energy was so
small that limited the CO oxidation activity. We then
proceeded with the study of CO adsorption at reduced
CuO_(111) surfaces.

CO adsorption on Cu* and Cu*” sites

One usual way to reduce the CuO(111) surface is to remove
one surface Os,, thereby creating an oxygen vacancy (O,).
The calculated CuO;_(111) surface with one Os, vacancy is
shown in Fig. 2(a), together with the electronic structure
(Fig. 2(b)). As one can see, with the formation of oxygen
vacancy, one three-fold copper turned into a new three-fold
copper (Cus."), and two four-fold coppers on the surface be-
came three-fold copper (Cus.”) due to the relaxation of the
surface. Introducing one O vacancy gives rise to two excess
electrons and they are localized on Cus,’ and one of the Cus.”
atoms close to the O, at the surface (Fig. 2(b)). The Bader
charge analyses showed that both three-fold coordinated Cu
atoms owned more charge than their counterparts on the sur-
face (about 9.98 ¢), and calculated charges are 10.43 e and
10.35 e at Cus.’ and Cuy,.”, respectively (Table 1). Compared
with the Bader charge of Cu" (10.39 e) in bulk Cu,0, these

two Cu ions should be considered the Cu™, while the other Cu
ions were still Cu®".

CO adsorption at CuO;_,(111) surface with one O, vacan-
cy (O,) was calculated at different surface sites (Fig. 3(a-c)).
As one may expect from the adsorption structures, the relax-
ation of the different surface sites were rather different. Sig-
nificant relaxation occurred on Cus.’ and Cus.”, while that on
Cu?" was rather tiny. According to our calculations, Cus,’
gives the strongest adsorption (Table 1). The adsorption ener-
gy is 1.31 eV on it, while it is 0.63 eV on Cus.” and only
0.47 eV on Cu*". The bonding strengths of CO on both the
Cu' sites (Cus.', Cus.") are higher than that on the Cu*" site of
reduced and clean CuO(111) surface (0.51 eV). However, as
one can see, the difference of CO adsorption energies between
Cus." and Cu;.” is also quite dramatic.

In order to explain this discrepancy, we first calculated the
relaxation of each Cu cation (Cus./, Cus.”, and Cu2+) caused
by CO adsorption by measuring the corresponding root-mean-
square (RMS) of displacements [41]:

IRMS =

where ;% and 1, are the lengths of the three Cu-O bonds of each
Cu (see Table S1 in Supporting information) before and after
relaxation, respectively. The calculated rryis for these Cu sites
are listed in Table 1. It can be clearly seen that the larger the
ruvs the bigger the adsorption energy of CO, indicating that the
adsorption strength is related to the surface relaxation. Howev-
er, they are not in linear correlation, in other words, it can be
predicted that the surface relaxation does not seem to be the

Table 1  Calculated Bader charge () and rgys (A) of different surface
Cu cations (Cus./, Cus.”, and Cu2+) at CuO;_(111) and average
adsorption energies (E, 4, €V) and binding energies (Ey;,g, €V) of CO at
these sites

Site Bader charge  rrvs E.gs Figure  Eg;,q  Figure
Cus. 10.43 0422 131 3(a) 0.68 S1(a)
Cus.” 1035 0325 0.63 3(b) 0.23 S1(b)
Ccu** 9.94 0.045 047  3(c) 0.17 S1(c)

@ Springer



195 Page 4 of 7

J Mol Model (2015) 21: 195

Fig. 3 Calculated structures of CO adsorption at CuO;_(111) with one
O,. (a)-(c): top view of one CO adsorbs at Cus,’, Cus.” and Cu?" sites,
respectively; (d)-(f): isosurfaces (0.004 ¢/A%) of charge redistribution of
(a)-(c), respectively; (g)-(i): Bader charges of (a)-(c), respectively. The

sole determining factor for the difference of CO adsorption
strengths. We then calculated the charge density difference
(Fig. 3(d-f)) and also performed the Bader charge analysis
(Fig. 3(g-1)). The results showed that all the adsorbed CO mol-
ecules gain charge from the substrates, by as much as 0.08 ¢ at

Fig. 4 Calculated structures (top
view) of CuO_(111) in different
degrees of surface reduction, and
corresponding adsorption
structures of CO. (a, ) 0=6.25 %;
(b, £) 8=25 %; (c, g) =50 %; (d,
h) 0=75%

@ Springer

-0.01  0.02

yellow and blue isosurfaces denote charge gain and miss, respectively.
Positive and negative signs of Bader charges are for gain and lose of
electrons. The gray balls denote C atoms

Cus,' site, 0.04 e at Cus.” site and only 0.02 e at Cu’" site,
respectively. As we can see, the charge transfer at Cus,’ site are
more significant than that at Cus.” and Cu®" sites, which are
comparable. Considering the calculated irregular rryig of them,
the electronic interaction should be an important factor for the
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Table 2 Calculated

average adsorption 0 Eqgs /6V Figure

energies of CO at CuO,.

«(111) in different 0 0.51 /

degrees of surface 6.25 % 1.31 4(e)

reduction 259 118 4(P)
50 % 1.16 4(g)
75 % 1.05 4(h)

large discrepancy of CO adsorption energies between Cus.' and
Cus.”, as well as the small difference between Cus.” and Cu®".

To further verify the above explanation, we calculated the
adsorption of CO on Cus./, Cus.” and Cu®" sites, with all
atoms of CuO_,(111) surface fixed to eliminate the influence
of surface relaxation (see Fig. S1 in Supporting information).
As we can see from Table 1, the binding energies of CO on
Cus.” and Cu*" sites are very similar. However, for Cus/, it
gives much higher binding energy (0.68 eV) than that of Cu;."”
(0.23 eV) and Cu" (0.17 eV). The trend of binding energies
and adsorption energies are very similar. While the adsorption
energies are always larger, because they include not only the
binding energy but also the relaxation energy of the surface.
Between sites Cus.’ and Cus,.”, the binding energy difference
is 0.45 eV and relaxation energy difference is 0.23 eV, together
they make the adsorption energy difference to be 0.68 eV. That
is to say, the binding energy is a more dominating factor than
surface relaxation in determining the overall trends of CO
adsorption energy.

CO adsorption on CuQO,_, (111) with different surface
reduction degrees

The surface reduction degree of the CuO;_(111) surface was
calculated as follows: 8=N¢,/Np, in which N, and N are
the numbers of oxygen vacancy and lattice oxygen on the top
layer of surface slab, respectively. There are 16 lattice O atoms

Total Energy /eV

Fig. 5 Energy profiles of CO oxidation by (blue) three- and (red) four-
coordinated oxygen at reduction surfaces of CuO,_,(111). The CO,
adsorption state is not plotted in the profiles for clarity

Table 3  Reaction barriers of CO react with O3, and Oy, atoms (E,;,
E.»), and the numbers of O3, and Oy atoms (N, N,), as well as the
reaction activities () of CuO,_(111) surfaces

Term Reduction degree (0) / %

6.25 25 50 75 100
N; 1 4 2 2 0
N, 0 0 6 2 0
Ea 0.51 0.51 0.51 0.51 0
E. 0 0 0.87 0.87 0
[od 1.96 7.84 10.82 6.22 0

including eight O;. and eight O4. on CuO(111) surface. Here-
in this work, we just studied the typical reducing structures
with the surface oxygen atoms removed, without considering
the migration of O, to subsurface.

We calculated the stability of different surface structures of
CuO;4(111) in different degrees of surface reduction (see
Figs. (S2-S4)), and for the surface reduction degree of
6.25 %, 25 %, 50 %, and 75 %, the most stable surface struc-
tures are presented in Fig. 4. For 6=25 %, four O, atoms
were removed (Figs. 4(b) and S2(b)), while for 8=50 %, six
05, and two Oy atoms were removed (Figs. 4(c) and S3(b)),
and for 0=75 %, six Oz, and six O4. atoms were removed
(Figs. 4(d) and S4(b)). As we can see, for CuO;_(111) with
high reduction degree, the surfaces distorted seriously. With
the decrease of surface lattice oxygen, excess electrons as well
as the unsaturated Cu atoms increased. As we studied above,
Cu’" species which are reduced by the excess electrons give
rise to the strong adsorption of CO at the surface. So we
calculated the structures of CO molecules adsorbed on the
Cu'’ sites (Fig. 4(e-h)), which are proved to be the most stable
adsorption sites (Cus.') in the above section. The number of
adsorbed CO molecules is consistent with the number of the
oxygen atoms which are removed on the surface.

12 4

10 4

Reaction activity

0 20 40 60 80 100
Reduction degree / %

Fig. 6 Relationship between reaction activity and reduction degree on
CuO, (111) surface
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From the calculated adsorption energies, which are listed in
Table 2, we can see that the reduced CuO;_(111) surfaces all
give much stronger adsorption compared to the pure surface
and the average adsorption energies are all above 1 eV. These
results give us a clear indication that the greater the surface
reduction, the larger the amount of CO that can be stably
adsorbed, and the larger probability that it is oxidized. In ad-
dition to the coverage of CO on the surface, the amount of
lattice O that can participate in the reaction as well as the
reaction energy barrier are also important factors for the CO
oxidation rate.

We then studied the CO oxidation at the Cu" site of
CuO| 4(111) with 6=6.25 %, and the reaction pathway
is plotted in Fig. 5. It has been found that CO can adsorb at this
site with the adsorption energy of 1.31 eV. The energy barriers
for CO react with the Oy, and O;, were estimated to be
0.87 eV and 0.51 eV, respectively. Both of these energy bar-
riers are relatively low for CO oxidation. In other words, the
reaction activity of CO on reduced CuO,_(111) surface
should be high as long as the surface lattice oxygen are ade-
quate. In this sense, one may expect that, with the increase of
the surface reduction degree, the activity of CO oxidation at
CuO _(111) surface first raises and then declines, because the
lattice oxygen at highly reduced surface are severely inade-
quate. In fact, this trend has been confirmed by Ye and co-
workers in their experimental studies [ 18], that the CuO based
catalysts with a certain reduction degree (= 77 %) gives the
highest activity.

To obtain a general understanding of the amount of lattice
oxygen and energy barrier for CO oxidation quantitatively, we
calculated the reaction activity (o) as a function of them. As is
known to us, that the energy barrier is opposite to reaction
activity, while the amount of lattice oxygen participated in
the reaction is proportional to it. Accordingly, & can be written
as follows: «=1/E,;-N;+1/E,»-N,, in which E,; and E,, are
the energy barriers for CO react with O, and Oy, atoms at
CuO_(111) with 8=6.25 %, and N; and N, are the numbers
of O3, and Oy that left on the surface to react with CO,
respectively. In Table 3, we list the calculated reaction activity
and the corresponding parameters for different reduction de-
grees of CuO;_(111) surface. It needs to be mentioned that
when the reduction degree is relatively low, the number of O,
is larger than that of CO, and CO will react only with Os,
rather than Oy, so E,» was considered to be zero. Yet, when
the reduction degree is high, say 50 % and 75 % (see Table 3),
the number of CO is adequate enough to react both with O,
and Oy, when E,; and E,, should not be considered as zero.
Nevertheless, when the surface is absent of oxygen, there will
be no reaction at all. As one can see, the reaction activity
presents the obvious trends that fist increased and then de-
creased, which are also shown in Fig. 6. The highest activity
for CO oxidation at reduced CuO,_(111) surface as we fit is
approximately 50 %, which is not completely consistent with

@ Springer

the experimental results. The reason may be the migration of
oxygen vacancy from the surface to the subsurface or deeper
in the bulk which makes our model to consider the reaction
activity very complicated and we may tackle this issue in
future work.

Conclusions

In summary, by systematically performing DFT calculations
with the correction of on-site Coulomb interactions, we have
studied the adsorption and reaction of CO at reduced CuO;.
x(111) with different reduction degrees. According to our cal-
culation results, CO gives much higher adsorption energies on
Cu" sites than that on Cu®" site of CuO; (111), and its ad-
sorption strength is related to the electronic interaction with
the substrate as well as the structural relaxation. In particular,
the electronic interaction is proved to be the decisive factor for
the difference of CO adsorption energies at these sites by
calculating the rgys of the corresponding sites and Epy,g of
CO. Moreover, the calculated reaction activity of CO react
with the lattice oxygen on reduced CuO_(111) first increases
then declines, consistent with the experiment results.
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