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Abstract. The electronic structure, photocatalytic properties and mechanism of Cu,O with
different Co-doped concentrations in visible light region are studied by first-principles
calculation. The results show that intrinsic CuyO shows semiconductor characteristics, and the
Co doped Cu,O with 4.17% and 8.33% doping concentrations show metallic properties. The
light absorption of Cu,O in the visible region increases with the Co doping, and the
photocatalytic efficiency enhances with increasing doping concentration. By analyzing the
density of states, it is found that the enhanced light absorption of the two doped systems in the
visible range is mainly caused by the intraband transition of Co 3d state electrons. The results
found an effective way to improve the photocatalytic efficiency of Cu,O in the visible region
and promote the application of Cu,O in photocatalysis.

1. Introduction

In recent years, the photocatalytic technology of inorganic semiconductor materials has shown broad
application prospects in the fields of environmental management and energy conversion [1-5]. TiO;
and ZnO are currently the most commonly used photocatalysts, while the band gap of TiO, and ZnO
are between 3.0 and 3.4 eV, so they can only be stimulated by ultraviolet light (UV), which accounts
for only 5% of sunlight [6]. The cubic Cu,O is a metal-deficient P-type semiconductor with a band
gap of 2.20 eV. It has many excellent features, such as strong adsorption capacity for oxygen, high
absorption coefficient, non-toxicity, and low preparation cost, more importantly, the photocatalytic
reaction of Cu,O can be done under the visible light, which holds 45% of sunlight, so Cu,O plays an
important role in the photocatalysis, solar energy conversion, magnetic storage equipment, biosensing,
anti-corrosion coatings and pesticide preparation [7-13].

Figure 1 shows the band position and band gap width of common semiconductor photocatalysts. It
can be seen that the conduction band of Cu,O is more positive than the energy capable of performing
the reduction reaction, and the valence band is more negative than the energy of the photocatalytic
oxidation reaction. Therefore, Cu,O is a suitable catalyst for visible light reaction, but the
photocatalytic efficiency of intrinsic Cu,O in the visible light region is relatively low. In recent years,
researchers have found that doping in semiconductor materials is an effective way to improve the
photocatalytic efficiency. Vaiano et al. found that Pr doping can reduce the optical band gap of ZnO
and ZnO displays photocatalytic activity in the visible region [14]; Jiang et al. confirmed that Au
doping can improve the photocatalytic activity of Cu,O in the visible region [15]; Zhang et al. found
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that Zn doping can enhance the photocatalytic activity of Cu,O in the visible region [16]; Peng et al.
domonstrated that the band gap of Cu,O decreases with the increase of ClI doping concentration, and
the absorption capacity of Cu,O for visible light is greatly improved [17]. However, there have few
studies on Co-doped Cu,O. In order to understand the influence of Co doping on Cu,O, the electronic
structure and optical properties of Co doped Cu,O are calculated by first-principles calculation.
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Figure 1 Band positions and bandgap widths of Figure 2 The supercell structure of 1 X2X2
common semiconductor photocatalysts. Cu,0, red and blue are O and Cu atoms
respectively, 1 and 2 are the positions of Co

atoms
2. Calculation Method and Models

2.1. Calculation Method

The structure optimization and calculation of 1X2X2 Cu,O supercell are carried out with Cambridge
Serial Total Energy Package (CASTEP) based on density functional theory (DFT) and pseudopotential
plane wave method[18,19]. The generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) scheme is adopted for the exchange-correlation potential [20], the
electron wave function is expanded in plane waves with a cutoff energy of 480 eV, ultrasoft
pseudopotential and a monkhorst-pack grid with parameters of 4X2X2 is used for irreducible
Brillouin zone sampling, the supercells are fully relaxed without any restriction using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) method until the total energy of the system converges to
2% 10 eV/atom and the force on each atom converges to less than 0.05 eV/A [21]. After optimization
with above parameters, the calculated lattice constant of the Cu,O unit cell is 4.286 A, which is almost
the same as the experimental value (4.275 A) [22]. Then the electronic structures and optical
properties are calculated on the basis of the optimized supercells, and the numbers of k points are set
as 6X3 X3, the total energy of the system converges to 10 eV/atom.

2.2. Calculation Models

In order to clarify the photocatalytic properties and mechanism of Cu;O in the visible region, the
electronic structure and optical properties of pure and Co doped Cu,O are calculated. As shown in
figure 2, one Cu atom at position 1 is replaced with Co, which is written as Cu,O-1Co with doping
concentration of 4.17%; two Cu atoms at the positions 1 and 2 are replaced with Co atoms, written as
Cu,0-2Co with doping concentration of 8.33%.

3. Results and Discussion
3.1. Electronic structure analysis

The band structure of intrinsic Cu,O is calculated firstly as shown in figure 3(a). It can be seen that the
calculated Cu,0O is a direct band gap semiconductor with a band gap of 0.52 eV. Compared with the
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experimental value of 2.20 eV, the calculated band gap is underestimated, which is attributed to the
well-known intrinsic factor of DFT [23].
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Figure 3 (a) Band structure, (b) the total density of states, (c)-(¢) partial density of states of intrinsic
Cu20.

Figure 3 (b-e) shows the density of states (DOS) and partial density of states (PDOS) of Cu,0O. It
can be seen that the valence band can be divided into the lower valence band region and the upper
valence band region. The lower valence band from -7.5 eV to -4.5 eV is derived from the O 2p states,
and the upper valence band from -4.5 eV to 0 eV originates mainly from the Cu 3d states. In addition,
the conduction band is dominated by Cu 3p and Cu 4s states. Electrons can transfer from the valence
band to the conduction band, thus creating electron-hole pairs.

In order to compare the electronic structure with pure Cu,O, the DOS and PDOS of Cu,O-1Co and
Cu,0-2Co are studied respectively in figure 4. It can be seen that due to the doping of Co atoms, both
the valence bands move upward and pass through the Fermi level, so the doping systems show
metallic properties.

The valence band electronic states of Cu,O-1Co pass through the Fermi level, then the electrons
near the Fermi level can transfer from the occupied valence band to the non-occupied valence band, i.e.
electrons can transfer with less energy than in the intrinsic Cu,O, which will cause the absorption edge
moves toward to low energy direction, and the optical band gap is red-shifted. This phenomenon can
be seen more clearly in the absorption spectrum calculated below. In addition, it can be seen from
figure 4(b-¢) that, the states across the Fermi level are mainly contributed by the impurity state of Co
3d. The -1.5~0 eV energy range of Co 3d is occupied completely by electrons, and the 0~0.7eV energy
range is empty state above the Fermi level.

For the Cu,O-2Co system as shown in figure 4 (f-j), the DOS and PDOS are almost the same as
that of CuxO-1Co, and the vicinity of the Fermi level is still mainly contributed by the impurity band
of Co 3d state. However, it is worth noting that, the localization of Co 3d state in Cu,O-2Co is
weakened and the intensity is twice as high as the value of the Co 3d state in Cu,O-1Co. Through the
analysis above, for Cu,O-2Co, more electron-hole pairs can generate by smaller energy, and the
absorption edge will continue to move toward to low energy direction.
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Figure 4 (a) Total density of states and (b)-(d) partial density of states of Cu,O-1Co, (f) total density of

3.2. Optical property analysis
In order to analyze the optical properties of the systems, the imaginary part of dielectric function is
analyzed firstly, figure 5 is the imaginary part of the dielectric function of the three systems. It can be
seen from the figure that the intrinsic CuxO has weak electronic transition in the visible region, and
there are two main peaks at 3.4 eV and 7.7 eV respectively. According to the analysis of DOS in figure

3, the peak at 3.4 eV may be due to the electronic transition from Cu 3d state to conduction band, the
peak at 7.7 eV mainly caused by the electronic transition from O 2p state to Cu 3d state.
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Figure 5 The imaginary part of the dielectric
function for three structures, the blue area
indicates the visible light energy range.
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Figure 6 Absorption spectra of the three
structures, the blue area indicates the visible

light energy range.
Compared with Cu,O, the amplitude values at the low energy region are significantly different for

the doping systems. For Cu;O-1Co system, a peak appears at 0.15 eV, and the amplitude values is
significantly enhanced. By the analysis of figure 4, the Co 3d state passes through the Fermi level, so
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the Co 3d electrons can transfer from the occupied state below the Fermi level to the non-occupied
state above the Fermi level, the energy required for the intraband transition is smaller than the
transition from valence band to conduction band of Cu,0, so the electronic transition in the low energy
range is mainly caused by the electronic intraband transition of the Co 3d state for Cu,O-1Co.

Compared with Cu,O-1Co system, noteworthy, the Cu,O-2Co system has an extremely strong peak
at the low energy region (near 0.30 eV). According to the analysis of the DOS and PDOS in figure 4,
the Co 3d state of the Cu,O-2Co is significantly stronger than that of Cu,O-1Co, indicating that more
electrons can participate intraband transition through small energy. The peak at 0.30 eV is also mainly
caused by the intraband transition of Co 3d state electrons.

In order to further analyze the photocatalytic properties of the three systems, the absorption
spectrum is calculated as shown in figure 6, the scissors approximation with the value of 1.68 eV is
used for the calculated absorption edge to fit the experimental value [24]. It can be seen from figure 6
that the absorption ranges of the three systems are quite wide, and the main absorption part locates at
the UV region, and the amplitudes in the UV region are almost the same, which indicates that doping
has little effect in the short wavelength range.

Corresponding to the intensity of the imaginary part of the dielectric function in the visible light
region, it also can be seen from figure 6 that, the intrinsic Cu,O has little absorption, while the
absorption peaks of Cu,O-1Co and CuyO-2Co are enhanced with different degrees owing to the
electronic intraband transition of the Co 3d state. With the increase of doping concentrations, the
absorption intensity and the photocatalytic efficiency of Cu,O are enhanced.

4. Conclusion

First-principle calculations have been performed to study the electronic structure and optical properties
of intrinsic CuxO, Cu0O-1Co and CuyO-2Co systems. The results show that the intrinsic Cu,O is a
direct band gap semiconductor with low absorption intensity in the visible region; both doping systems
show metallic characteristics, and the light absorption in the visible region is stronger than that of the
pure Cu,0O; as the Co doping concentration increases, the absorption intensity enhances in the visible
region; different doping concentrations mainly affect the physical properties of CuyO in the long
wavelength range, but have little effect in the short wavelength range. Based on the above studies, Co
doping can improve the photocatalytic efficiency of Cu,O in the visible region, which provides
experimental reference and theoretical basis for the development of Cu,O in photocatalysis.
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