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To improve the photocatalytic activity of Cu,O for hydrogen production through water splitting, the band edges of Cu,O should
be modified to meet the electronic transition of angular momentum selection rules (Al = +-1) and match with the hydrogen or
oxygen production levels. By analyzing the band structure of Cu;O and the chemical potentials of the dopants, we show that
passivated codopants such as (Sn+B) can induce the superior modification to the band edges of Cu;O: the conduction band edge is
changed from the d band character of Cu atoms to the p band character of the Sn atom and shifted slightly downwards, while the
valence band edge keeps the d band character of the Cu atoms and energy unchanged, indicating that the stringent requirements
get satisfied. Moreover, the optical absorption spectrum of (Sn+B) codoped Cu,O shows a greatly improved absorption of visible
light. The calculated defect formation energy shows that the codoping is energetically more favorable than mono-doping due to

the Coulomb interactions and charge compensations effect.

1 Introduction

Since TiO; was firstly reported to have the ability to split water
into hydrogen and oxygen in 1972, the semiconductor based
photocatalysis has attracted extensive concern both in experi-
mental and theoretical studies>. The water splitting process
utilizes both the reducing and oxidation powers of a semi-
conductor. The first and foremost concern of any semicon-
ductor based photocatalyst for water splitting is its band posi-
tion with respect to the water oxidation and reduction poten-
tial®. The most important thermodynamic criteria are the wa-
ter reduction and oxidation potentials must lie between the va-
lence band maximum (VBM) and conduction band minimum
(CBM). The reducing power is measured by the CBM energy.
The closer the CBM energy to the vacuum level, the stronger
the reducing power. On the other hand, the oxidizing power
is measured by the VBM energy. The lower the VBM energy,
the higher the oxidizing power'?. Cu,O, with an intrinsic di-
rect band gap of 2.17 eV !, making it one of the most promis-
ing photocatalysts for environmental clean up, photogenera-
tion of hydrogen from water, and solar energy utilization, has
been tested as a visible-light driven photocatalyst directly for
splitting water and degradation of organic pollutants '>!3. Fur-
ther advantages are nontoxicity, low-cost production process-
ing and the fact that its component elements are very abundant
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in the earth’s crust'4. Moreover, the band alignments of Cu,O
satisfy the requirement as mentioned above with a CBM (-
1.4 eV) far above the hydrogen production level (-0.65 eV)
and VBM (+0.77 eV) slightly below the water oxidation level
(+0.57 eV) at pH=7 (see Figure 1)°.
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Fig. 1 Position of the band edges of Cu,O relative to the levels of
hydrogen production and water oxidation at pH=7.

Unfortunately, the practical application of Cu,O in solar hy-
drogen production is still severely hindered by its low pho-
tocatalytic efficiency due to two major reasons: Firstly, the
even-parity symmetry of the CBM and VBM states in Cu,O
prohibits the band-edge radiative transition, which has hin-
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dered its potential use in optical applications'1%17  Sec-

ondly, the recombination between excited electrons and holes
of Cu,0 is rapid and Cu,O could be deactivated by pho-
tocorrosion '31°, To address the former drawback, different
ions doping have been recently attempted to modify the band
structure of CuyO. Experimental studies have shown that the
dipole-forbidden rule of the electronic transition for Cu,0O is
disabled in the films of N-doped Cu,O?° and first principle
studies show that Cu,;O doping with metal results in the re-
duction of band gap?', as well as the recombination of the
carriers. As for photocorresion, some electronic sacrificial
reagents are usually added to the reaction system in that they
can provide electrons to neutralize the excited holes of Cu;0O,
and prevent the oxidation of Cu,0 to CuO to some extent 2224,
However, the cationic or anionic mono-doping associates with
extra holes or electrons to the systems which generates donor
or acceptor states in the band gap, which behaves like a re-
combination center, thus reducing the efficiency of the pho-
tocatalysis 2>, Instead of anionic or cationic mono-doping, the
co-doping in photocatalytic materials is getting much more at-
tention for removing such unwanted states to improve the ef-
ficiencies of the photocatalysis. Recent reports have proposed
the use of the N/H, Sm/N and so on codoping to improve the
visible-light photocatalytic efficiency of TiO, due to the band
gap narrowing?%?7, and the codoping is also effective for en-
hanced phtocatalysic activity of other semiconductors, such as
Bi, WOy, ZnS and so onZ82% Therefore, the charge compen-
sated codoping effect on the electronic structure of Cu,0O is
worthy of attention, which might eventually help understand
the photocatalytic activity of doped CuO and design high-
efficient photocatalyst.

For most metal oxides considered, the cationic-anionic pas-
sivated codoping approach is very efficient to reduce the band
gap since such a codoping lifts the VBM upwards significantly
and thus place the band edges at proper positions with respect
to the redox of water. However, for Cu,0O, the main consider-
ation is not the reduction of the band gap, but the modification
of the d character of either CBM or VBM as the p character
so that the electronic transition of angular momentum selec-
tion rules (Al = £1) can be allowed. Whether this codoping
approach is still effective for CuyO to solve the problem as
mentioned above is under discussion. Motivated by these re-
sults, we have firstly done the nonmetal atoms (B and C) and
metal atoms (Ga, Ge, In and Sn) mono-doping into Cu,O as
we considered that it is necessary to understand more deeply
the nature of such mono-doping, and then we explored the the
nonmetal and metal atoms passivated codoping effect on the
electronic structure of CuyO which is expected as a way to
impact on the band gap and the band edge components. To
check whether the codoping approach can really improve the
photocatalytic efficiency or not, we have calculated the op-
tical absorption spectrum. Then, we calculate the formation

energies for the mono- and co-doping systems to find out the
possibility of such doping. The relative stabilities between the
mono- and co-doping Cu;0O systems are compared from their
respective binding energies.

2 Computational details

In our calculations, the experimentally observed structure >
of Cuy0 is used. There are two molecules in the unit cube
(four Cu atoms and two O atoms), where each Cu atom has
only two close oxygen neighbors, while each oxygen atom is
surrounded by a tetrahedron of Cu atoms (see Figure 2).

Fig. 2 Crystal structure of CuyO. Red and gray circles represent
oxygen and copper atoms, respectively.

All the density-functional theory (DFT) calculations were
performed using the projector augmented wave (PAW) meth-
ods3132 ag implemented in the CASTEP code333*,  The
exchange-correlation potential is formulated by the general-
ized gradient approximation (GGA) with the Perdew-Buke-
Ernzerhof (PBE) scheme>. The interactions between valence
electrons and ion cores are described with the ultrasoft pseu-
dopotential. The Monkhorst-Pack grid k points are used for
the Brillouin zone sampling. The cutoff energy for the plane-
wave basis set is 380 eV. A 48-atom 2 x 2 x 2 supercell is
employed. For the Brilloum zone integration, a 2 x 2 x 2
Monkhorst pack k-point mesh is used; a more refined 3 x 3 x 3
k-point mesh is used for the density-of-states (DOS) plots. Its
convergence criteria are set as follows: the force on the atoms
is less than 0.01 eV A~ the stess on the atoms was less than
0.02 GPa, the atomic displacement was less than 5 x 10744,
and the energy change per atom is less than 5 x 107 eV. We
have considered the low doping concentration for our study,
for which we have substituted one of O atoms in the center
of the bulk by one anionic atom (B and C) and one of Cu
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atoms by one cationic atom (Ge, Ga, In and Sn) in the 48
atoms (2 x 2 x 2) supercell of Cu,O, which corresponds to
the doping concentration of 2.08 %. It is well known that the
GGA method introduces the underestimated band gap because
the Kohn-Sham potentials lack pronounced atomic shell struc-
tures of accurate potential, which are too shallow in the molec-
ular region and decay faster than Columbic asymptotic behav-
or?®. However, because GGA does not significantly change
the wave-function characters at the band edges, the charac-
ters of the near-band-edge optical transitions are not affected
by the GGA band gap error!”, and the trend of the band gap
variations are expected to be reasonable and reliable.
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Fig. 3 The GGA-calculated total and atom-projected DOS of Cu;O.
The highest occupied state is chosen as the Fermi energy and is set
to zero.

For primitive Cu, 0O, the optimized lattice parameters is a =
4.30 A and bulk modulus is B = 112 Gpa, which are in good
agreement with experimental values of a = 427 A and B =
112 Gpa?®0, respectively. In addition, the spin-polarized cal-
culation indicates that magnetic moment of pure Cu,O is 0.
The calculated band gap is 0.527 eV which is much smaller
than the experimental band gap of 2.17 eV in that it was
well-known that the traditional DFT method usually under-
estimated the band gap for semiconductors. However, in this
study we focus on the change of the band edge components
after doping and, the absolute value of the band gap is not a
significant concern. The electronic structure of pure CuyO is
presented in Figure 3 by plotting their total density of states
(TDOS) and partial density of states (PDOS). The highest oc-
cupied state is chosen as the Fermi energy and is set to zero.
The band gap is defined as the energy difference between the
highest occupied level and the lowest unoccupied level. It is
found that both the valence band edge (VBE) and conduction
band edge (CBE) of Cu;0O consist mainly of Cu 3d and 4s
states which do not meet the electronic transition of angular

momentum selection rules (Al = =£1), and it is the reason for
the preventing of electrons’ jumping from the VBE to the CBE
directly, and both of them have the O 2p character. Therefore,
to make the forbidden rule of the electronic transition be dis-
abled and reduce the band gap of Cu,O, we should choose
dopants with different atomic p energies than O to modify the
band edges.

To verify whether the band edge components are affected
by computational methods or not, we have also performed
the plane wave pseudopotential method based on bybrid-
DFT with PBEO formalism>’, which is implemented in the
CASTEP code for pure Cuy;O. The PBEO calculated DOS
compared with the GGA calculations are displayed in Fig 4.
The calculated band gap is 2.197 eV, which is a little larger
than the experimental value, but in greatly agreement with the
previous calculation (2.184 eV) 18 From Fig 4, we can see
clearly that there is little difference in the band edge compo-
nents between GGA and PBEO methods, the main difference
is that the conduction band integrally moves upwards with the
PBEO method compared with that calculated with the GGA
method, indicating that GGA could be used for studying the
variation of the band edge components. As our conclusions
are mostly based on trends rather than on the absolute values
and the hybrid method are computationally much more expen-
sive, we only adopt the GGA method in the calculations.

1
EnergyleV

Fig. 4 The partial DOS of Cu,O calculated with GGA (a) and PBEO
(b). The highest occupied state is chosen as the Fermi energy and is
set to zero.

3 Results and discussion

3.1 Monodoping in Cu, 0

Now we focus on the effect of mono-doping on the electronic
structure. We choose B and C substituting for the O site as the
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p-type dopants and 3d metals Ga and Ge, and 4d metals In and
Sn substituting for the Cu site as the n-type dopants. Figure
5 shows the calculated DOS for anion mono-doped Cu,O. As
expected, the incorporation of B or C on oxygen lattice sites
induces acceptor states above the VBM of Cu,0, and lifts the
CBE slightly upwards. The position of the acceptor level with
respect to the VBM, which has O 2p character, is largely de-
termined by the anions’ 2p orbital energies. The neutral 2p
orbital energy of boron and carbon are 5.9 and 3.8 eV higher,
respectively, than O 2p orbital energy. Therefore, the accep-
tor levels induced by B is deep inside the gap of Cu,O [Fig-
ure 5(a)], whereas the C acceptor level is relatively shallow
[Figure 5(b)]. The CBE which is dominated by Cu 3d states
lifted up is attributed to the p — d interactions. For these an-
ion dopants, C has two less valence electron than O, so it is a
double acceptor, whereas B is similarly a triple acceptor.
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Fig. 5 The GGA-calculated total DOS for monodoped Cu,O (red)
compared with pure CuyO (black) and the partial DOS for impurity
atoms(blue).

The calculated electronic structures of the cationic doping
systems are presented by plotting the TDOS and PDOS in Fig-
ure 6. Figure 6(a) shows that doping with Ga results in the
CBE moving upwards and the VBE keeping unchanged, thus
the band gap gets increased significantly. The In doped Cu,O
system has almost the same results with those of Ga as shown
in Figure 6(b). It is found from Figure 6(c) that a significant
perturbation occurs at the CBM, and the Fermi level becomes
a few tenth of an eV above the conduction band, showing that
the Ge-doped Cu,O possesses a typical n-type semiconductor
behavior. In addition, the CBE is dominated by the p states
(Ge 4p and O 2p), so the forbidden rule of the transition for
Cu,0 is disabled in the Ge doped system. However, the CBE
moves downwards by more than 0.96 eV compared with the
pure CuyO which results in the losing of the oxidation ability
of CuyO for water splitting. There is not any difference be-

tween Sn and Ge doping systems [see Figure 6(c) and Figure
6(d)]. Therefore, the Ge and Sn monodoped systems are not
suitable for visible light photocatalyst. To understand these re-
sults, we calculated the p orbital energies of these metals and
find that the 4p orbital energies of Ga and Ge are 7.4 and 5.7
eV higher than O 2p orbital energy, respectively, the Sp or-
bital energy of In is 7.5 eV higher, whereas the Sn 5p orbital
is 6 eV higher than O 2p orbital energy. As both the VBM
and CBM have largely O 2p states, the position of the created
donor state near the CBM depends on the p orbital energy of
the dopants. Therefore, the results of Ga and In monodoped
systems are understandable. The CBM moves upwards can be
attributed to the elimination between the p and d states. The
most interesting dopants are Ge and Sn, whose p orbital ener-
gies are much higher than that of O 2p. When Cu is replaced
by Ge or Sn, the Fermi level steps into the CBM, and the de-
fect level near the CBM are mostly p character. Therefore, Ge
and Sn are ideal n-type dopants. For these metal dopants, both
Ga and In have two more valence electrons than Cu, so they
are double donors, whereas Ge and Sn are triple donors.

3.2 Passivated codoping in Cu,O

All of the above-mentioned monodoped systems create par-
tially occupied impurity levels in the band gap of Cu,O that
can facilitate the formation of recombination centers, and thus
reduce the PEC efficiency. To avoid this problem, we have
done anionic and cationic doping simultaneously to keep the
total number of electrons unchanged. Four different codop-
ing systems, (Ga+C), (In+C), (Ge+B) and (Sn+B) have been
considered. In these cases, the electrons on the donor lev-
els passivate the same amount of holes on the acceptor levels,
so the systems still keep semiconductor character. We also
test near and far configurations for the four codoping cases.
The total energy calculations show that the cationic and an-
ionic dopants tend to get together, so in our calculations, we
only consider one configuration that the cationic and anionic
dopants are next to each other. Similar cases happen for other
metal oxides like LayTiO7? and TiO, 1°. Figure 7 shows the
TDOS of codoping systems and compares the results with that
for pure Cu;0. The shifts of VBM (AE,), CBM (AE,) and the
change of band gap (AE,) are listed in Table 1.

Table 1 The calculated AE,, AE,, and AE, for CuyO doped with
different passivated impurity pairs. Positive number indicates an
increase in energy with respect to pure Cu,O.

Page 4 of 9

Systems AE, AE, AE,

Cu0:(Ga+C) 0 -0.136 -0.136
Cu;O:(In+C) 0 -0.129 -0.129
Cu0:(Ge+B) 0 -0.054 -0.054
Cu0:(Sn+B) 0 -0.135 -0.135
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Fig. 6 The GGA-calculated total DOS for monodoped Cu;,O (red)
compared with pure Cu;O (black) and the partial DOS for impurity
atoms(blue and green).

Evidently, we can see that the band-edge shifts caused
by the donor-acceptor passivated codoping follow the same
chemical trends as that observed in the corresponding mon-
odoped cases and there is not any impurity states in the band
gap as expected. Therefore, the cationic and anionic codoped
Cu;0 would show both the advantages of the corresponding
anion and cation monodoped cases mentioned above, making
it very efficient to improve the PEC performance. To see a
more distinct result and the change of band edge components
caused by codoping, we have plotted the PDOS of the codop-
ing systems in Figure 8. Figure 8(a) shows the PDOS for pure
Cu;0, evidently, both the VBE and CBE are dominated by d
states which come from Cu 3d orbital. Figure 8(b) and 8(c)
display the PDOS of (Ga+C) and (In+C) codoped Cu,0O sys-
tems, respectively. The component of CBE has changed a
little, the DOS of p states are much larger than that of pure
Cu; 0 but still smaller than d states, while the VBE keeps un-
changed. This is because the DOS of the p states of both dou-
ble acceptor Cp and double donor Gac, around the CBM are

50,
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Fig. 7 The GGA-calculated DOS of (Ga+C), (In+C), (Ge+B) and
(Sn+B)-codoped Cu,0O. The Fermi level of pure Cu;O is displayed
with a dashed line.

much larger than that of O 2p orbital, and it is also the case
for (In+C) codoping. However, it has changed a lot in the
(Ge+B) and (Sn+B) codoped systems as shown in Figure 8(d)
and 8(e). In these systems, the DOS of p states which derive
from Ge (or Sn) and B at the CBM has become much larger
than that of d states, respectively, which can be accounted for
by the relatively large DOS of both the triple acceptor By and
triple donor Gec,. It is also found that the Fermi levels of
[(Ge+B) and (Sn+B)] codoped Cu, O shift to the top of VBM,
corresponding to an intrinsic semiconductor behavior of these
systems. This may be due to the compensation effect between
cationic donor and anionic acceptor. To improve the PEC ef-
ficiency of Cu,0 for water splitting, not only do we need to
reduce its band gap to match with the visible-light region, but
also we need to break the dipole forbidden rule. This means
that we should make either VBE or CBE be dominated by p
states. In view of this requirement, Cu,O with (Ga+C) and
(In+C) codoping are not suitable, as both the VBE and CBE
of them are still dominated by d states, although the codoping
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reduce the band gap by 0.136, 0.129 eV, respectively, (Ge+B)
and (Sn+B) codoped would be better choices as the CBE are
mainly p states and the VBE are still dominated by d states.
However, the effect of (Ge+B) on the band-gap narrowing is
smaller than that of (Sn+B): about 0.08 eV. So, among all the
systems, CuyO: (Sn+B) has the highest figure of merit for PEC
water splitting and it would be a good candidate for PEC water
splitting.
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Fig. 8 The GGA-calculated partial DOS of undoped Cu,0O and
(Ga+C), (In+C), (Ge+B), (Sn+B)-codoped CuyO. The Fermi level
of pure Cu;O is displayed with a dashed line.

3.3 Optical properties

Optical properties are determined by the frequency dependent
dielectric function €(®) = € (®) + i€ (w), which is mainly a
function of electronic structure. The imaginary part of the di-
electric function, €;(®), can be calculated from the momen-
tum matrix elements between the occupied and unoccupied

wave functions with selection rules 3849,

(@)= 25 Y |(wila-rlwl) PO(ES — B —ho), (1)

ngkvc

where Q is the volume, |yf{) and |y}) denote the unoccupied
and occupied wave functions at point k in reciprocal space and
i1 is the vector defining the polarization of the incident electric
field. The real part €; (@) can be evaluated from the imaginary
part £, () by the famous Kramer-Krong relationship*!

e (@) =1+ P/ %“(dew )

The corresponding absorption spectrum was estimated using
the following equation*?

I(0) =2 0{[e}(0) + &3 ()] —ei1(@)}2. ()

The optical properties are determined by the band gap and
so its underestimation by DFT will lead to significant errors,
the refractive index will be overestimated. These can be re-
moved by correcting the gaps empirically*?, thus the scissors
operation of 1.643 eV for Cu,0 has been carried out in op-
tical absorption, in which the scissor operation is the differ-
ence between the calculated band gap and the experimental
value. The calculated optical absorption spectra for (Ga+C),
(In+C), (Ge+B), (Sn+B) codoped and pure Cu,O are plotted
in Figure 9. It can be seen clearly that pure CuyO will ab-
sorb mainly UV light with only weak absorption peak, and
the absorption edges of codoped Cu,O systems are substan-
tially red-shifted to the visible light region. This may be due
to the band gap reduction caused by these codoped pairs. Fig-
ure 9 also shows that both (Sn+B) and (Ge+B) codoped Cu,O
exhibit much more favorable visible light absorption than ei-
ther (Ga+C) or (In+C) codoped systems, although the band
gap reductions of (Ga+C) and (In+C) codoping are almost the
same as (Sn+B), and even larger than that of (Ge+B) codoped
Cu;0. We have known that the band edge components of these
codoping systems are different, the CBE of both (Ge+B) and
(Sn+B) codoped Cu,O are changed from the d band charac-
ter of Cu atoms to the p band character of the Sn atom, while
the VBE keeps the d band character of Cu atoms, thus the
direct electronic transition rule gets satisfied and the energy
difference between d states at the VBE and p states at the
CBE becomes much less than that of pure Cu,O, however,
in (Ga+C) and (In+C) codoped systems, the band edge com-
ponents have not been changed. As the band gap reduction of
(Sn+B) codoped Cu,O is larger than the (Ge+B) codoped, the
(Sn+B) codoped exhibits the largest absorption region of the
visible light among all the codoped systems. Meanwhile, we
can find that the intensity of optical absorption of Cu,O has
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been improved significantly by (Ge+B) and (Sn+B) codoped
pairs. This is also due to the variation of the DOS at band
edges of these codoped systems, the DOS of d states at the
VBE becomes much larger than that of the pure one and the
CBE is dominated by p states, which can facilitate much more
electrons to transit between the CBM and VBM. The larger
the DOS of at band edges, the better the intensity of opti-
cal absorption. Therefore, the compensated (Sn+B) codoping
system would be a nice choice for improving the absorption of
visible light. The enhancement of optical absorption under the
visible light region may promote the utilization of solar light,
which may consequently enhance the visible light photocat-
alytic efficiency of Cu,O.
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Fig. 9 The calculated optical absorption curves of pure Cu, O and
(Ga+C), (In+C), (Ge+B), (Sn+B)-codoped Cu, 0.

3.4 Defect formation energy

The stabilities of mono- and co-doped Cu,O in neutral charge
state can be deduced from the defect formation energy, which
is defined as 2044

Ef:Edef_Eid_Z”iﬂh 4
i

where E;; and By r are the total energies of the same supercell
size of 48 atoms for the pure and doped systems, respectively.
The last term is the energy originating from the difference in
the number of atoms from the pure system, where n; is the
number of atoms transferred to or from a chemical reservoir,
which is positive for the added atoms and negative for the re-
moved atoms, and y; is the chemical potential of these atoms
added or removed. Since the formation of defects relates to
the experimental growth or annealing environment, the defect
formation energy must depend on the chemical potential of
the host atoms reflected by the environment. When Cu,0 is

in equilibrium with reservoirs of Cu and O atoms, the chem-
ical potentials of O and Cu satisfy the relation: 2c, + Uo
= Ucuyo(puik) = -14.729 eV. Under Cu-rich and O-poor condi-
tions, the Cu is assumed in thermodynamic equilibrium with
their bulk solid phase, so that the chemical potentials are fixed
at its bulk values, namely Ucy = Ucy(pur) = -4.291 eV, and
thus the lower limit for o is determined as pp = -6.147 eV.
Under Cu-poor and O-rich condition, to prevent the forma-
tion of CuO, the upper bound of o is limited® by uc, +
Ho < Hcuo(puix) = -10.286 eV, which yields picy, = -4.443 eV;
Uo = -5.843 eV. For dopants, we suppose that the bulk Ga,
Ge, In, Sn and B, C act as reservoirs, so we can set the upper
limits of the dopant chemical potentials as their bulk values
which are calculated from bulk Ga, Ge, In, Sn, B and C, re-
spectively”.

Table 2 Defect formation energies of monodoped and codoped
Cu,0 systems (in eV).

Doped models Dopants Defect formation energy(eV)
Cu - rich O - rich

Monodoped B 3.3569 6.2042
C 3.1264 5.9737
Ga 0.0648 -0.6329
Ge 0.7803 0.0826
In 0.1065 -0.5912
Sn 0.4415 -0.2562

Codoped Ga+C 2.4264 4.576
In+C 2.7023 4.8519
Ge+B 1.9213 4.0709
Sn+B 1.7969 3.9475

The calculated formation energies for all monodoped and
codoped Cu,O are presented in Table 2. Cationic Ga/Ge/In/Sn
monodoping is energetically more favorable than the anionic
B/C monodoping under O- and Cu-rich conditions, respec-
tively. The Ga monodoping is the stablest in comparison with
Ge/In/Sn monodoping at either the Cu-rich or O-rich condi-
tion. Table 2 shows that at the Cu-rich condition, the codop-
ing is energetically more favorable and the (Sn+B) codoping
is the stablest of all the codoping systems.

The relative stability of codoping systems with respect to
their monodoping system can be deduced by the defect pair
binding energy '%*, which is defined as

Ey=Ef(X)+Ef(Y)—Ef(X+Y), ©)

where the sign has been chosen such that a positive binding en-
ergy corresponds to a stable and bound complex. E¢(X) and
E;(Y) are defect formation energies of X and Y monodoping
systems, and E¢(X +7Y) is the defect formation energy of the
(X+Y) codoping system with the same supercell, respectively.
The calculated binding energy E; for the (Ga+C), (In+C),
(Ge+B), (Sn+B) pairs are 0.7548, 0.5306, 2.2159, and 2.0015
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eV under either Cu-rich or O-rich condition, respectively. The
positive value indicates that the codoping is more favorable in
comparison to the monodoping in Cu,O. The large binding en-
ergy results from charge transfer from donors to acceptors and
the associated strong Coulomb interaction between positively
charged donors and negatively charged acceptors.

4 Conclusions

The first-principles density functional calculations are per-
formed to investigate the electronic and optical properties of
pure, mono- and co-doped Cu,O. To improve the photocat-
alytic activity of Cu,O for hydrogen production through wa-
ter splitting, the band edges of Cu,O should be modified to
meet the electronic transition of angular momentum selection
rules (Al = £1) and match with the hydrogen or oxygen pro-
duction levels. By analyzing the band structure of Cu,O and
the chemical potentials of dopants, we propose that passivated
codopants such as (Sn+B) can induce the superior modifica-
tion to the band edges of Cu;O: the CBE is changed from
the d band character of Cu atoms to the p band character of
the Sn atom and shifted slightly downwards, while the VBE
keeps the d band character of the Cu atoms and energy al-
most unchanged, indicating that the stringent requirements
get satisfied. Moreover, the optical absorption spectrum of
(Sn+B) codoped Cu,O shows a greatly improved absorption
of visible light, thus the photocatalytic activity of Cu,0 is ex-
pected to get enhanced. Our defect pair binding energy cal-
culations show that such anionic-cationic codoping is ener-
getically more favorable as compared to their mono-doping
systems, and the defect formation energy indicates that the
codoping systems is more easily synthesized under the Cu-
rich condition. We believe that our findings will encourage
the experimentalists to investigate the (Sn+B) codoped Cu,O
as the highly efficient visible light photocatalyst.
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