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ABSTRACT: Cu-doped ZnO has long been discussed for its optoelectronic
properties, and, more recently, renewed interest has been prompted by applications
in heterogeneous photocatalysis. In this study, we investigate copper defects,
namely, substitutional (CuZn) and interstitial (Cui), in bulk ZnO and at its (101̅0)
surface using advanced electronic-structure calculations. In the bulk, CuZn and Cui
are found to feature deep donor and acceptor states, respectively. This explains
why achieving p-type conductivity through Cu doping is highly unlikely, while the
characteristic green luminescence of Cu-doped ZnO is induced by donor-related
transitions involving CuZn. The physical picture appears remarkably different on
the surface: by aligning the energy levels of Cu defects at the semiconductor−water
interface, it is observed that surface CuZn, possessing both donor and acceptor
states suitably aligned with the redox potentials of aqueous species, can promote
both the reduction and oxidation processes of the water-splitting reaction. Instead,
surface Cui, while sizably stabilized at higher Cu concentrations, is predicted to
have a less advantageous or even detrimental impact on the photocatalytic activity of ZnO. These results indicate that the relative
population of substitutional and interstitial surface defects, tuned by the experimental conditions, is a key factor in determining the
efficiency of Cu-doped ZnO for photocatalytic water splitting.

1. INTRODUCTION
Wurtzite zinc oxide, ZnO, is a transparent semiconductor that
has been subject to extensive research,1−3 in virtue of its
optoelectronic properties, which, coupled with its earth-
abundance and chemical stability, make it suitable for a variety
of technological applications. These include light-emitting
diodes,4,5 solar cells (mainly as an electron transport layer or
transparent electrode),6−10 sensors for a wide variety of gas
species,11−13 piezoelectric devices,14,15 phosphorescent thin
films,16 and photocatalysis.17−20 ZnO possesses a fundamental
band gap in the UV region (3.44 eV at 4 K,21 3.37 eV at room
temperature22) and relatively high exciton binding energy (60
meV1). It shows a native tendency to be a n-type semi-
conductor, i.e. its Fermi level is usually pinned close to the
conduction band edge as a consequence of intrinsic defects
and impurities, which also make p-doping of the material
extremely arduous.23,24 For these reasons, appropriate doping
of the material is often key to its effective inclusion in
optoelectronic devices.23,25−27

Among the plethora of possible dopants,1 Cu has been
studied since the early 1960s28,29 and has remained a topic of
discussion ever since.30−39 Interest for Cu inclusion in ZnO
was initially fueled by attempts of p-doping this material.1

Although a few reports claimed p-type conductivity of Cu-
doped ZnO samples,40 electronic-structure calculations and

spectroscopic measurements seem to convene that incorpo-
ration of Cu in the ZnO lattice induces deep donor and/or
acceptor states in the band gap of the oxide,28,29,32−39

apparently ruling out copper-induced p-type conductivity.
The optoelectronic properties of Cu-doped ZnO have also

caused great interest in the scientific community. The seminal
work of Dingle in 1969 showed intense emission peaked at
2.48 eV in samples bearing copper, advancing Cu as a viable
source for green luminescence (GL).29 This prompted a large
number of subsequent studies that confirmed and expanded
these findings (e.g., refs 39 and 41). Furthermore, a lively and
ongoing debate about the origin of the emission spectrum has
been ignited.32,33,42,43 The mechanism primarily proposed by
Dingle29 describes GL as a two-step mechanism initiated by
the reduction of Cu2+ to Cu+, due to a photogenerated
electron, and subsequent recombination with a hole at a
shallow acceptor level. Such an interpretation, seemingly
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supported by calculations and measurements suggesting the
occurrence of a Cu-related acceptor level below the edge of the
ZnO conduction band33,36,39,44 has long been unquestioned.
However, alternative explanations based on novel experimental
and theoretical results have recently challenged this
view.32,42,43 In particular, the involvement of the Cu3+ oxidized
state has been hypothesized either as the final state of the GL
process43 or as the state undergoing recombination with a free
electron at the defect site.32 Complex defect states have also
been invoked to interpret the experiment but it has been
argued that they should be excluded on the basis of symmetry
considerations.33

Nowadays, one of the major current research directions for
Cu-doped ZnO involves its possible application in heteroge-
neous photocatalysis.17,18 In fact, ZnO band edges are suitably
aligned with respect to the redox potentials of the water-
splitting reaction, namely the reduction of H+(aq) to H2(g)
and the H O( )2 oxidation reaction to O2(g).

19,20 This, in
addition to its straightforward deposition on inorganic and
organic substrates (e.g., via atomic layer deposition45−47),
renders ZnO a useful additive in photocatalytic devices, as it
shields the light absorber from corrosion, enhances charge
separation, and facilitates redox reactions at the solid−liquid
interface.48−52 In this context, moderate inclusion (typically
1−5 at %) of Cu in the oxide has been found to boost their
activity toward both photoreduction and photooxidation
processes, whereas unsatisfactory performances are recorded
at higher concentrations.53−57 Furthermore, Cu-doped ZnO is
water-stable, as evidenced by reusability studies showing robust
performance over multiple catalytic cycles and minimal copper
loss.58−60 It has been suggested that the superior performances
of doped ZnO may ensue from improved optoelectronic
properties (e.g., reduced charge recombination) and direct
catalytic effects (i.e., promotion of radical formation at the
heterogeneous interface).53−57 Nevertheless, an in-depth
mechanistic explanation of Cu role in augmenting the
photocatalytic efficiency of ZnO is still lacking.
Overall, definitive answers to the open questions just

outlined are intimately related to the identification and
appropriate description of the Cu defect states in bulk ZnO
and at its relevant surfaces. Emission channeling measurements
indicate that 60−70% of the copper embodied in ZnO
occupies the ideal Zn lattice site.61 For this reason,
substitutional copper, CuZn, has been linked with the
spectroscopic features29,39,44 and has been modeled in several
computational studies.30−37 The calculated energy levels
attributed to CuZn span a broad interval in the literature,
largely depending on the adopted level of theory.30−33,35−37

For example, the acceptor level, related with the capture of an
extra electron on the neutral defect site [i.e., reduction of Cu2+
(3d9) to Cu+ (3d10)] has been predicted to lie between 0.7 and
4.40 eV above the valence band maximum (VBM) of
ZnO.30−33,35−37 In view of the band gap of ZnO (3.44 eV),
different physical interpretations are achieved, as levels above
the conduction band minimum (CBM) indicate that the defect
should be electronically inert. Further, the occurrence of a
donor level [i.e., oxidation to Cu3+ (3d8)] has been reported,
with values ranging between 0.36 and 1.14 eV above the
VBM,31,32,37 and has been related with GL.32 In addition to
CuZn, the interstitial defect Cui might be (at least partially)
responsible for the observed optoelectronic and photocatalytic
properties. In fact, although largely overlooked, Cui may still
represent a significant fraction of Cu assimilated in the oxide,61

particularly under O-poor conditions.37 Finally, in stark
contrast with bulk properties, Cu energy levels at the surface
of ZnO have received far less attention, with most of the
current studies focusing on clustering and Cu overlayers on the
surface rather than analyzing the effect of copper in the doping
regime.62−64

In the present article, we employ advanced electronic-
structure calculations to investigate the energetics and
electronic properties of CuZn and Cui in bulk ZnO and at its
relevant (101̅0) surface. We first show that substitutional Cu in
ZnO behaves as a deep donor but cannot accept electrons.
Moreover, the defect levels of Cui lie either deep (acceptor) or
below (donor) the VBM of ZnO. This explains why achieving
p-type conductivity through Cu doping is highly unlikely. The
optical response of Cu-doped ZnO, principally the character-
istic green luminescence, is consistent with donor-related
transitions involving CuZn, at variance with earlier interpreta-
tions based on shallow acceptor states of the defect. Then, our
study of Cu defects at the surface of ZnO unveils striking
differences if compared with the bulk, mainly (i) surface CuZn
displays both donor and acceptor levels, and (ii) interstitial
Cu2+ ions are remarkably stabilized when adsorbed on the
surface and favored over substitutional Cu in a wider range of
conditions. Alignment of the Cu energy levels and redox
potentials of aqueous species at the semiconductor-water
interface reveals that surface CuZn can facilitate electron and
hole transfer to aqueous species, supporting both reduction
and oxidation in the global water-splitting reaction, whereas
surface Cui is largely inactive toward electron transfer and only
partially aligned for hole injection under alkaline conditions.
These findings explain the experimental trends showing better
performances for ZnO samples with low Cu content and
suggest that the balance between substitutional and interstitial
surface defects governs the photocatalytic efficiency of Cu-
doped ZnO, with substitutional Cu playing the primary role at
low concentrations of the dopant.
The article is organized as follows: in Section 2 we present

the theoretical formulation employed to calculate the
formation energies of Cu defects in ZnO; in Section 3, we
report the computational details of the performed electronic-
structure calculations; in Sections 4 and 5, we discuss the
results obtained on Cu doping for bulk ZnO and for the apolar
(101̅0) surface, respectively. The conclusions are drawn in
Section 6.

2. THEORY
To properly describe the energetics and the electronic
properties of Cu-related defects in ZnO from first-principles,
it is mandatory to accurately evaluate the respective formation
energies. To this end, here we employ the grand-canonical
formulation of defects in crystalline materials65,66 which has
been also extended to the study of solutes in aqueous solution
and adsorbates at the solid−liquid interface.67−69 Within this
theory, the formation energy of a defect X with charge q in the
relaxed nuclear coordinates Rq, Ef[Xq(Rq)], reads as

65,66,70

[ ] = [ ] [ ] +

+ + + [ ]

E X R E X R E n

q E X R

( ) ( ) bulk

( ) ( )

q
q

q
q i i

e
q

q

f

v corr (1)

where E[Xq(Rq)] is the total energy of a periodic supercell of
the host material, containing a single defect Xq(Rq), E[bulk]
the total energy of the pristine bulk supercell. The term ϵv + μe,
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including the VBM of the perfect crystal and the electron
chemical potential, respectively, represents the electron
reservoir, required by the grand-canonical ensemble when
dealing with charged defects (i.e., q ≠ 0). Similarly, μi is the
chemical potential of the species i added/subtracted from the
supercell ni times. Ecorr[Xq(Rq)] is a correction term, which
applies to the total DFT energy of charged supercells that carry
a localized electron density, and eliminates spurious electro-
static interactions between periodic replicas.65,66,71 We adopt
the Freysoldt−Neugebauer−Van de Walle (FNV) scheme65,66

which defines this term as the model correction for a charge q
screened by a static dielectric constant ε0:

=E q R E q( , ) ( , )qcorr m 0 (2)

We here use the measured value for ZnO, ε0 = 9.3.72 The
calculated correction terms for the supercell employed in this
study are given in Table S1 of the Supporting Information
(SI).
Therefore, the formation energies of the substitutional and

interstitial Cu defects in ZnO are given, respectively, as

[ ] = [ ] [ ]

+ [ + ] +

+ [ ]

E R E R E

q

E R

Cu ( ) Cu ( ) ZnO

(ZnO)

Cu ( )

q
q

q
q

e
q

q

f Zn Zn

v Zn Cu

corr Zn (3)

[ ] = [ ] [ ] + [ + ]

+ [ ]

E R E R E q

E R

Cu ( ) Cu ( ) ZnO (ZnO)

Cu ( )

q
q

q
q e

q
q

f i i v

Cu corr i (4)

From eqs 3 and 4, it is evident that the formation energies of
Cu defects depend on the chemical potential of the
constituting elements of ZnO and of the dopant. The values
that these quantities can assume are bound by the
thermodynamic stability condition of the host material:

= +H (ZnO)f Zn O (5)

where ΔHf(ZnO) is the formation enthalpy of ZnO, ΔμZn and
ΔμO represent the deviations of μZn and μO chemical potentials
from their standard states, which, in turn, give the following
upper bound limits:

= 0Zn Zn Zn
0

(6)

= 0O O O
0

(7)

In eqs 6 and 7, μZn
0 is defined as the total energy per atom of

metallic zinc and μO
0 is the energy of O in the O2 molecule.

Both are here calculated with DFT calculations (cf. Section 3).
Zn-rich/O-poor conditions correspond to ΔμZn = 0, i.e., μZn =
μZn
0 . Therefore, from eq 5, ΔμO = ΔHf(ZnO); conversely, O-

rich/Zn-poor conditions with ΔμO = 0, entail ΔμZn =
ΔHf(ZnO). Stoichiometric Zn/O-intermediate conditions
can be simulated by taking the values at the midpoint of the
ZnO stability region, i.e., ΔμZn = Δμ0 = ΔHf(ZnO)/2. The
chemical potentials of Zn and O also constraint that of Cu,
which must remain within values that do not ensue the
formation of secondary phases. Therefore, the following
additional inequalities must hold:

+H (CuO)f Cu O (8)

+H (Cu O) 2f 2 Cu O (9)

+H (ZnCu)f Zn Cu (10)

which set the boundaries against the formation of Cu oxides or
of the intermetallic CuZn alloy, for O-rich and Zn-rich
conditions, respectively, and complement the obvious upper
bound given by Cu standard state, i.e., metallic copper:

= 0Cu Cu Cu
0

(11)

All quantities required to estimate the chemical potentials of
Zn, O, and Cu are here calculated from first-principles for
consistency (cf. Section 3) and are reported in Section S2 of
the Supporting Information along with the estimated ΔμZn,
ΔμO, and ΔμCu under O-rich/Zn-poor, O-poor/Zn-rich, and
intermediate conditions, respectively.
Calculation of the formation energies at different charge

states allows us to determine the adiabatic energy levels
connected with the capture/donation of one of more electrons
by the defect. An adiabatic charge transition level (CTL) is
formally defined as the value of the electron chemical potential
at which Ef[Xq(Rq)] = Ef[Xq′(Rq′)]:

65,66

=
[ ] [ ]

+

X X
E X R E X R

q q
E R q E R q
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v

(12)

Similarly, when dealing with vertical transitions, such as those
that can be probed with optical measurements, in which the
nuclear coordinates of the defect are preserved to those of the
initial charge state, i.e., Ef[Xq(Rq)] = Ef[Xq′(Rq)], we can define
a vertical charge transition level:

=
[ ] [ ]

+

X X
E X R E X R

q q
E R q E R q

q q

( / )
( ) ( )

( , ) ( , )

q q
q q

q
q

q
q

q q

opt

corr corr
v

(13)

where μq→q′
opt denotes a vertical transition from q to q′ at Rq

fixed. In eq 13, Ecorr(Rq, q′) is the finite-size correction of the
supercell upon vertical variation of charge state. Ecorr(Rq, q′) is
here evaluated with the method developed in ref 71, which
gives the following operative expression:70,71

= +

+ +

E R q E q E q q

E q q

( , ) ( , ) ( , )

( , )

qcorr m 0 m pol

m pol (14)

where ε∞ is the high-frequency dielectric constant of the
material (3.74 for ZnO73), qpol is the ionic polarization charge,
deriving from the response of the medium and defined as71

i
k
jjjjj

y
{
zzzzz=q q 1pol

0 (15)

It is important to underline, from eq 14, that this term is not
null for q′ = 0, because of the ionic polarization charge,
remaining in the neutral supercell, after vertical removal/
injection of an electron.70,71,74 The calculated values for
electrostatic-finite correction of vertically reduced/oxidized
systems are given in Table S1 of the Supporting Information.
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The formulation presented here for the bulk is applied also
to calculate the adiabatic energy levels at the surface of ZnO.
The sole key difference lies in the method employed to correct
the electrostatic finite-size error arising for a charged point
defect at the surface of the periodic slab. In this case, we utilize
the method specifically developed by Komsa and Pasquarello
to account for the varying dielectric profile across the
semiconductor-vacuum interface.75 The correction is defined
as75

= +E R q E E q V( , )qcorr
slab

iso per (16)

where Eper is the electrostatic energy modeled for the periodic
supercell, Eiso that of the isolated charge assuming uniform
scaling of all the three dimensions of the supercell (including
the vacuum layer), and ΔV an alignment term accounting for
the shift between model and DFT potentials.75

3. COMPUTATIONAL METHODS
All density functional theory (DFT) calculations presented in this
article are carried out with the freely available CP2K-QUICKSTEP suite of
codes.76−78 We employ Goedecker−Teter−Hutter pseudopoten-
tials79 for core electrons and we use MOLOPT double-ζ polarized
basis set77 for valence electrons, both explicitly designed for hybrid
functionals.78 A cutoff of 600 Ry is set for the plane waves. Hybrid
functionals calculations are carried out at a reasonable cost by taking
advantage of the auxiliary density matrix method,80−82 as available in
CP2K. We make use of the cFIT auxiliary basis set,82 which entails
both accuracy and affordable computational time.74 Calculations
involving unpaired electrons are performed adopting the unrestricted
Kohn−Sham formalism and, in some cases, specifying the desired
system multiplicity (vide inf ra).

Our choice for the density functional is guided by the need to
neutralize the self-interaction error, typical of standard DFT methods,
which would cause an incorrect description of charge localization in
semiconductors.83,84 For this reason, we employ a piecewise linear
(PWL) hybrid functional belonging to the PBE085,86 family. The
fraction of Fock exchange to be included in this global hybrid
functional has been determined in refs 87 and 88 from the fulfillment
of the generalized Koopman’s condition and was calculated to be
equal to 25% for ZnO (i.e., in this particular case, equivalent to the
original PBE0 formulation85,86). This functional somewhat under-
estimates the band gap of ZnO (3.13 in ref 88, 3.20 eV in this study,
to be compared with 3.44 eV21). In order to preserve the quality of
the electronic structure achieved with the PWL functional, while
avoiding its band gap error, we refer (i.e., via the average electrostatic
potential) the PWL energy levels against the VBM and CBM of ZnO,
as obtained when tuning the fraction of Fock exchange to reproduce
the experimental band gap.19,20 This can be safely performed, as it has
been demonstrated that the position of charge transition levels is
robust against the fraction of Fock exchange included in the global
hybrid functional, as long as the band gap is not too largely
underestimated.67,74,89,90

In Table S2, we report the structural parameters of the supercells
employed to simulate bulk ZnO, along with those of metallic Cu, Zn,
Cu2O, CuO and CuZn, required to define the chemical potential of
Zn, O and Cu (cf. Section 2 and Table S2 of Supporting
Information). For CuO, we calculate the antiferromagnetic ground
state.91 For all these materials, we perform structural relaxations of the
nuclei, while the lattice vectors are kept fixed to those of the
experimental references. In addition, we calculate the total energy of
the isolated O2 molecule, again at the hybrid functional level, to avoid
the unsatisfactory description of the ground-state triplet, typical of
standard DFT methods.

In Figure 1a,b, we illustrate the 4 × 4 × 3 supercell (192 atoms)
employed to simulate bulk ZnO and highlight the positions of the
studied Cu defects. For Cui we consider insertion of copper in the
octahedral cavity of ZnO, which was predicted to be by far the most

stable site for Zn interstitials in previous DFT studies.23 Analogously,
in Figure 1c, we depict the slab employed to model the ZnO-vacuum
interface. We here consider the stable apolar (101̅0) surface92,93 and
construct a 144-atoms orthorhombic slab with a = 10.40 Å, b = 9.66
Å, and c = 46.73 Å, the latter including a 30.0 Å layer of vacuum,
which ensures that the computations are not affected by spurious
interactions among periodic replicas (cf. Figure S1 for plane-averaged
electrostatic potential of the slab). The Cu concentrations used in our
calculation are 3.86 × 1020 atoms/cm3 (1.04 at %) and 9.95 × 1013
atoms/cm2 (1.4 at %) in the bulk and in the slab ZnO structures,
respectively. Such a setup was found to provide well-converged
electronic properties in previous studies.19,20 For modeling defects in
the slab, see Figure 1c, we test three sites for CuZn: substitution on (i)
a undercoordinated surface Zn, (ii) a subsurface Zn, and (iii) a bulk-
like site. In a similar fashion, we model Cui by inserting an extra Cu
into surface and subsurface and bulk-like cavities.

4. CU DOPING IN BULK ZNO
We first discuss the modeling of Cu incorporation in bulk
ZnO. In Table 1, for clarity, we schematize the electronic
structure of Cu defects in the various charge states. For the
substitutional defect, we perform calculations on three charge
states q = +1, 0, −1: the charge-neutral substitution, i.e., CuZn0
corresponding to Cu2+ (3d9) and the respective oxidized (q =
+1) and reduced (q = −1) states. Similarly, for Cuiq, we
simulate the analogous defect charge states entailing the same
electronic configurations of Cu, i.e., q = +3, +2, +1. We do not
include in the discussion neither CuZn−2 nor Cui0, both
representing atomic Cu, as the 4s orbital is much above the
CB of ZnO and hence unable to accept an electron.
For the substitutional defect, the charge-neutral CuZn0 , shown

in Figure 2a, displays three equal Cu−O bonds of 1.98 Å and a
shorter one of 1.91 Å along the c axis. This is consistent with a
local symmetry reduction from Td, typical of Zn in wurtzite
ZnO, to C3v, induced by the Jahn−Teller distortion of Cu2+.

Figure 1. Stick-and-ball representation of the hexagonal supercell (a =
b = 12.88 Å, c = 15.60 Å) employed to model bulk ZnO [panels (a)
and (b)] and of the orthorhombic slab (a = 10.40 Å, b = 9.66 Å, and c
= 46.73 Å) employed to model the apolar (101̅0) surface [panel (c)].
Zinc in gray, oxygen in red. Atoms highlighted in green and faded
blue represent the substitutional Cu doping sites and the positions in
which an extra Cu has been inserted to simulate the interstitial defect,
i.e., surface (S), subsurface (SS), and bulk-like (BL).

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.5c05337
Energy Fuels 2026, 40, 3397−3407

3400

https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.5c05337/suppl_file/ef5c05337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.5c05337/suppl_file/ef5c05337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.5c05337/suppl_file/ef5c05337_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.5c05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The localized spin density is consistent with the doublet spin
multiplicity expected for a 3d9 configuration. We note that it
protrudes toward the coordinating oxygen atoms, denoting a
certain degree of Cu−O hybridization. Interestingly, inspection
of the electronic density of states as well as of the highest
occupied and lowest unoccupied molecular orbitals (cf. Figure
2b) reveals that neutral Cu substitution does not induce any
localized state within the gap of the oxide, as Cu 3d states are
resonant with those of the host material.
Next, we focus on CuZn+1, i.e., formally oxidation to d8 Cu3+.

As a matter of fact, injection of an extra hole alleviates the
Jahn−Teller distortion, as we find all the oxygen atoms relaxing

toward the central Cu, with bond lengths comprised between
1.88 and 1.90 Å, see Figure 2c. We notice both spin
localization, ensuing from the triplet state, and a localized
energy level above the VBM of ZnO, which is congruous with
stabilization of the hole upon electron detachment, cf. Figure
2c,d. Such a triplet electronic configuration is found to be 1.11
eV more stable than the corresponding singlet, consistent with
the strong Cu character of the associated state (as Hund’s rules
dictates that d8 Cu3+ should be more stable as a triplet).
Nevertheless, closer inspection of the spin moment reveals that
54% of it is localized on Cu (to be compared with 87%
estimated for the CuZn0 ), whereas the remaining 46% is
distributed among O first neighbors. This suggests that d9 Cu2+
is somewhat preserved in the CuZn+ defect. Therefore, the
injected hole is mainly localized (hloc+ , cf. Table 1) on the
surrounding O atoms, in a fashion similar to that observed in
coordination complexes.94

Finally, we move on the reduced CuZn−1 species, for which we
observe a marked elongation of all bond lengths, when
compared to the neutral case, − up to ≈0.25 Å for the axial
Cu-bond − generated by the filling of antibonding orbital. This
is accompanied by electron localization on the CuO4 moiety,
see Figure 2e,f. However, we note that the singlet state of Cu
d10 is not the most stable configuration for the negatively
charged supercell. In fact, we find the triplet state to be more
stable by as much as 0.59 eV. In the latter, the extra electron
does not fill the 3d of Cu2+ but is assimilated in the conduction
band edge of ZnO, i.e., the system modeled is actually CuZn0 +
e−(CB) rather than CuZn−1. This is confirmed by observation of
the structural features and the localized spin density, which are
close to those of CuZn0 , cf. Figure S2. Furthermore, the DOS is
devoid of any in-gap state and the highest singly occupied
molecular orbital (SOMO) is completely delocalized, Figure
S2, corresponding to the bottom of the ZnO CB. This hints at
the possibility that substitutional Cu may not really accept
electrons.
For the interstitial Cu, Cui+2, i.e., the d9 ion, relaxation upon

insertion in the octahedral site (see Figure 1) causes a
conspicuous rearrangement of the cavity accommodating the
defect. This results in large outward displacements of Zn atoms
as Cu coordinates six lattice O atoms in a highly distorted
octahedron, see Figure 3a with bond lengths ranging from 1.98
to 2.33 Å. At variance with CuZn0 , the system has an energy
level very close to the VB, corresponding to a semilocalized
state, cf. Figure 3b. As done previously, we then consider
possible oxidation (Cui+3) and reduction (Cui+) of the defect:
in addition to distortions affine to those displayed by the
interstitial − i.e., shrinking and elongation of Cu−O bonds,
respectively − we note a remarkable reorganization of the
cavity adjusting for the different charge state, particularly in the
case of Cui+, see Figure 3c,e. We also individuate in-gap states,

Table 1. Details of the Cu Defects Studied in This Work: Formal Charge q, Formal Ionic Charge and Electronic Configuration
of Cu in the Supercell, and Spin Multiplicity of the System (S for Singlet, D for Doublet, and T for Triplet), cf. Main Text for
More Detailsa

defect CuZnq Cuiq

q +1 0 −1 +3 +2 +1

ionic charge Cu2+ + hloc+ Cu2+ Cu+ [Cu2+ + e−(CB)] Cu2+ + hloc+ Cu2+ Cu+

configuration 3d9 3d9 3d10 [3d9 + e−(CB)] 3d9 3d9 3d10

spin multiplicity T D S (T) T D S
aFor CuZn−1, we consider, in addition to the d10/Cu+ defect, also a state in which an extra electron is added to the conduction band of ZnO (in
parentheses), cf. main text.

Figure 2. Stick-and-ball representation of CuZnq for neutral [q = 0
panel (a)], oxidized [q = +1, panel (c)], and reduced species [q = −1,
panel (e)], highlighting the relevant Cu−O bond lengths (given in Å).
Zn in gray, O in red, and Cu in blue. The respective isodensity
representation (isovalue: 0.001 au) of the spin density is included
where appropriate (cf. main text). Projected electronic densities of
states for each system are given in panels (b), (d), and (f), including
both spin populations. The contributions of Cu to the DOS are
artificially enhanced for the purpose of the presentation. Insets of the
panels include isodensity representations of either the singly highest
occupied molecular orbitals (for CuZn0 and CuZn− ) or the lowest
unoccupied molecular orbital (for CuZn+ ).
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with Cui+ exhibiting a pronounced localization on the impurity
whereas the oxidized Cui3+ presents a diffuse electron density,
in line with a higher degree of hybridization with the host
states, cf. Figure 3d,f.
In Figure 4a−c, we report the formation energy diagrams for

CuZnq and Cuiq. Our results reveal a clear competition between
the substitutional and interstitial defects, with the former being
favored in O-rich conditions, whereas a higher concentration
of the interstitial may be expected when Zn-rich samples are
achieved, e.g., after annealing or following a postgrowth
vacuum/reducing treatment.61 Interestingly, intermediate
conditions should still favor the substitutional, notwithstanding
the sizable drop in formation energy for the interstitial. Still, for
a typical n-type ZnO, the neutral substitution represents, by
far, the Cu defect with the lowest formation energy (and hence
the most abundant), regardless of the conditions. However, for
samples in which the Fermi level is pinned deeper in the gap of
the material, the interstitial defect, as Cui2+, displays formation
energies comparable to those of CuZn0 . This suggests that the
copper incorporated in the oxide should be more evenly
distributed among lattice and interstitial sites. Finally, for a p-
type oxide, the interstitial defect should dominate for a wide
range of chemical potentials, except those associated with
extreme oxygen abundance.

The calculated adiabatic CTLs, cf. Figure 4d, indicate that
substitutional Cu may only act as deep donor, i.e., losing a e−

in the oxidation process CuZn0 → CuZn+ + e− and cannot accept
electrons. In fact, it presents μad(CuZn+ /CuZn0 ) at 0.49 eV above
the VB of ZnO, while the donor level μad(CuZn0 /CuZn− ) falls
0.51 eV deep within the CB of the oxide, ruling out any
capability of capturing electrons. At variance with this, for the
interstitial, we calculate (i) a donor level μad(Cui+3/Cui+2) =
2.21 eV, pointing to electron-trapping properties of the defect,
and (ii) an acceptor level, μad(Cui3+/Cui2+), 0.35 eV below the
VBM of ZnO, excluding oxidation of the interstitial Cu.
In Figure 4d, we report the vertical energy levels, which can

be related with the optical transitions measured in absorption
and emission spectra of Cu-doped ZnO. The physical picture
resulting from our computational analysis is schematized with
the configuration coordinate diagrams given in Figure 4e,f, for
the substitutional and interstitial defects, respectively. Since
CuZn0 cannot be reduced, we consider the optical processes for
the (+1/0) couple, for which we calculate μ0→1

opt = 0.07 eV and
μ1→0
opt = 1.06 eV, respectively. The substantial dissimilarity

between vertical and adiabatic levels derives from the
prominent difference in the equilibrium structures of the
defects in the neutral and positive charge states. Then, the GL
of Cu-doped ZnO can be rationalized assuming a two-step
process composed by (i) photo-oxidation of CuZn0 to CuZn+ , (ii)
subsequent radiative recombination with a photogenerated e−

in the CB of ZnO, i.e., vertical reduction (cf. Figure 4e). From
the calculated values of μ1→0

opt and μ0→1
opt and the band gap of

ZnO (3.44 eV), we infer an energy of 3.37 eV for the vertical
excitation of an electron from CuZn0 into the CB, while
recombination should occur with emission at 2.35 eV, cf.
Figure 4e. The latter value is in very good agreement with the
position of the measured PL peak, ranging from 2.39 to 2.48
eV,29,39,41 thus corroborating the validity of our approach. At
variance with this, spectroscopic signatures of the interstitial
may be detected considering (i) photoreduction Cui2+ to Cui+
upon excitation of an electron from the VB and (ii) oxidation
of Cui+ with a photogenerated hole, with corresponding μ2→1

opt =
3.17 eV and μ1→2

opt = 0.65, respectively, cf. Figure 4d,f, possibly
linked with UV and infrared signals in Cu-doped samples.1

We conclude this section by discussing the present findings
in the context of previous studies on the subject. The defect
physics emerging from our modeling consolidate the view that
p-type ZnO may hardly be obtained through Cu doping.1 We
note that the Cu interstitial has a (+3/+2) CTL slightly below
the valence-band maximum of ZnO. This suggests that, in
principle, p-type conductivity could still be attained, if the
transition level is shifted by complex defect formation (for
example with native defects or impurities). However,
interstitial Cu is favored in Zn-rich conditions, where
compensating defects, such as the O vacancy and Zn
interstitial, are abundant.23

Concerning the optical properties, we provide robust
evidence to support the GL mechanism of Cu-doped ZnO
involving a deep donor state, originally proposed in ref 32.
However, differently from ref 32, in which the Dingle
mechanism was ruled out on the basis of a discrepancy
between acceptor levels and the experiment, we here assert
that, actually, CuZn cannot accept electrons, as the related CTL
falls in the CB of ZnO, in line with a recent study.37 This
finding contrasts with earlier assignment of an acceptor state
for CuZn at ≈0.2 eV below the CB of ZnO, based on
admittance spectroscopy.44 However, we note that alternative

Figure 3. Stick-and-ball representation of Cuiq for q = +2 (a), for the
oxidized [(q = +3, panel (c)], and reduced species [q = +1, panel
(e)], highlighting the relevant Cu−O bond lengths (given in Å). Zn in
gray, O in red, and Cu in blue. The respective isodensity
representation (isovalue: 0.001 au) of the spin density is included
where appropriate (cf. main text). Projected electronic densities of
states for each system are given in panels (b), (d), and (f), including
both spin populations. The contributions of Cu to the DOS are
artificially enhanced for the purpose of the presentation. Insets of the
panels include isodensity representations of either the singly highest
occupied molecular orbitals (for Cui+2 and Cui+) or the lowest
unoccupied molecular orbital (for Cui3+).
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explanations to the signal may involve either native defects,
hydrogen impurities, usually present in ZnO samples,23 or Cu
defect complexes. Furthermore, interface/surface traps (vide
infra) may appear as shallow levels close to the CB edge.1

5. CU DOPING ON THE (101 ̅0) SURFACE OF ZNO
Having demonstrated that our approach allows for an accurate
characterization of the bulk Cu defects, we next examine the
physics of Cu defects at the stable, apolar (101̅0) surface, cf.
Figure 1c, with a clear focus on the consequences of our
investigation for the photocatalytic applications of Cu-doped
ZnO. For the neutral CuZn0 , the tricoordinated Cu2+ ion has
two equal Cu−O bonds with a length of 1.90 Å and a shorter
1.84 Å bond, cf. Figure 5a. Similarly to the bulk case, upon

oxidation to CuZn+ , we observe a slight shortening (≈0.02 Å) of
all the Cu−O bond lengths while the reduced CuZn− shows a
sizable elongation (up to 2.27 Å), as a consequence of the
depletion/filling of antibonding orbital, cf. Figure S3. We
pinpoint that, also for slab calculations, we have considered the
triplet spin state for the q = −1 supercell: in this case, the latter
is calculated to be 0.72 above in energy with respect to the

singlet, which ensures that d10 Cu+ is the true ground state for
the q = −1 supercell.
To understand the stability of CuZn at (101̅0) surface of

ZnO, we compare the total energies of the neutral defects
inserted on surface, subsurface and bulk-like sites, cf. Figure 1c
and Table S5. We find the slab having the substituent Cu in its
bulk-like region to be the most stable by at least 0.63 eV. This
suggests that concentration of CuZn on the surface might be
lower than that in the inner bulk region of the material.
However, we note that Cu insertion on an under-coordinated
surface Zn site is energetically favored over the subsurface
substitution by as much as 0.40 eV, indicating that surface
copper may be readily available to form bonds with aqueous
species at the heterogeneous interface.
In contrast, when considering interstitial Cui2+, there is a

smaller difference (0.167 eV, see Table S5) for insertion on a
surface or a subsurface site. This is due to the fact that, in both
cases, Cu does not remain in the original position, Figure 1c,
but instead raises above the surface plane and bridges two O
atoms with Cu−O bond lengths of 2.09 Å, cf. Figure 5b,
signifying that the system should be described as an adsorbed
ion. Comparison with the total energy of the Cui2+ defect in the
bulk-like region of the slab (Table S5) reveals that the surface
Cu is more stable by as much as 1.65 eV. Again, we consider
possible oxidized (Cui3+) and reduced (Cui+) defects. For the
former, we see bond elongation (up to 0.04 Å), i.e., weakening
of Cu−O interactions as copper becomes less positive and a
partial localization of electron density on the interstitial, cf.
Figure S3. Contrariwise, for the latter, Cu−O bonds are
sensitively shortened (up to almost 0.1 Å), in virtue of the
enhanced Cu ionic charge.
Building on this preliminary analysis, we hence focus on the

formation energies and CTLs for the surface substitutional and
interstitial defects, which are evaluated within the same
theoretical framework detailed in Sections 2 and 4 but
considering the pristine (101̅0) slab as our reference system.
The formation energy diagrams, depicted in Figure 6, unveil a

Figure 4. Formation energies of substitutional and interstitial Cu in bulk ZnO, as calculated for (a) O-rich/Zn-poor, (b) intermediate, and (c) O-
poor/Zn-rich conditions. Adiabatic and vertical CTLs (d). Calculated configuration coordinate diagrams for CuZn and Cui in ZnO [panels (e) and
(f), cf. main text].

Figure 5. Stick-and-ball representation of (a) CuZn0 and (b) Cui2+,
highlighting the relevant Cu−O bond lengths (given in Å). Zn in gray,
O in red, and Cu in blue, along with the isodensity representation
(isovalue: 0.001 a. u.) of spin densities.
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striking difference with respect to the bulk with a general
stabilization of the interstitial over the substitutional. Though
O-rich/Zn-poor conditions should be dominated by the
substitutional defect throughout a large span of Fermi energies,
both intermediate and O-poor/Zn-rich see a remarkable shift
toward the inclusion of Cu on the surface of ZnO as a bridging
interstitial.
As far as the energy levels are concerned, surface CuZn

displays both a donor and an acceptor state, at 0.36 and 3.11
eV above the VB, respectively, cf. Figure 7, in contrast with

what has been observed for the bulk. The latter is consistent
with a state ≈0.2 eV below the CB of ZnO, as probed by
admittance spectroscopy,44 thus hinting at a possible surface
nature of the measured energy level. Concerning the
interstitial, we find that surface Cui2+ becomes inert toward
the acceptance of electrons as μad(Cui2+/CuZn+ ) CTL falls inside
the CB of ZnO. At variance, the stabilization of the oxidized
species at the surface lifts μad(Cui3+/CuZn2+) 0.78 eV above the
VBM of the oxide, cf. Figure 7.
We conclude this section discussing the obtained results in

view of the measured photocatalytic activity of Cu-doped
samples. In Figure 7, the band edges of ZnO are provided with
respect to the vacuum level19 and, for consistency, with the
computational standard hydrogen electrode developed in refs
67 and 95, which is placed at 4.56 eV below the vacuum level,
in excellent accord with the commonly accepted value

proposed by Trasatti (4.44 eV).96 In addition to the CTLs
of Cu defects, the diagram contains the energy levels of
aqueous species, namely (i) the H+/H2 redox potential and (ii)
the redox level associated with the first step of the water
oxidation reaction under either acidic (H2O/OH·) or alkaline
(OH−/OH·) conditions. For the latter levels, we include the
accurate computational estimates at 6.16 and 6.96 eV,
respectively.67,70 The presented alignment of energy levels
reveals that surface CuZn can facilitate both the reduction and
oxidation processes of the overall water splitting reaction: in
fact, the (+1/0) level lies well below those related with the
oxidation of water and hydroxide to hydroxyl radical, while the
H+/H2 redox level is predicted to be only 0.09 above the
acceptor (0/−1) CTL of CuZn. Therefore, both holes and
electrons captured by the defect can be easily transferred to
aqueous species. At variance with this, the surface Cui cannot
capture electrons and its (+3/+2) donor level is suitably
aligned only with the OH−/OH· redox potential, which limits
the feasibility of hole transfer to alkaline solutions.
Also in view of the beneficial impact that charge localization

on the surface is expected to have on photocatalytic processes
at the water-semiconductor interface,97−99 our analysis
suggests that substitutional Cu doping at the surface of ZnO
may be related with the boost in photoconversion efficiencies
measured at low concentrations of the dopant.53−57 At higher
concentrations of the Cu, i.e., higher Cu chemical potentials,
the dopant is more likely to be assimilated as Cui, as evidenced
by the formation energy diagrams in Figure 6. However,
surface Cui (i) cannot contribute to reduction processes, (ii)
covers surface O sites that inhibit adsorption of protons, and
(iii) is expected to have only a minor impact on water
oxidation. Overall, the present results can rationalize the
experimental trends for the efficiency of Cu-doped ZnO
samples and show that the competition between substitutional
and interstitial surface defects may be key in determining the
photocatalytic activity of ZnO-based systems. We conclude
remarking that the present discussion on the photocatalytic
activity of Cu-doped ZnO is based on thermodynamic aspects,
and, therefore, the occurrence of kinetic barriers in the
reaction, and hence overpotentials, cannot be excluded.
However, while not sufficient, a suitable alignment of the
energy levels is indeed necessary for a good photocatalytic
activity and will be complemented by mechanistic studies in
future work.

6. CONCLUSIONS
In conclusion, we provided a comprehensive understanding of
Cu defects in bulk ZnO and at its surface. In the bulk,
substitutional acts as a deep donor but is unable to accept

Figure 6. Formation energies of substitutional and interstitial Cu on the (101̅0) surface of ZnO, as calculated for (a) O-rich/Zn-poor, (b)
intermediate, and (c) O-poor/Zn-rich conditions.

Figure 7. Valence band (VB) and conduction band (CB) edges of
ZnO aligned with the band edges of liquid water and with the redox
levels associated with the reduction of aqueous protons and the
oxidation of water and aqueous hydroxide. Energies are reported vs
both the vacuum level and the computational SHE of refs 67 and 95.
Adiabatic charge transition levels of surface defects in the band gap of
ZnO are included in the energy diagram (green for CuZn and blue for
Cui). Values inside the diagram, close to each level, refer to the
alignment with respect to vacuum.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.5c05337
Energy Fuels 2026, 40, 3397−3407

3404

https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337?fig=fig7&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.5c05337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrons, while interstitial Cu introduces levels either deep in
the gap or below the valence band, explaining the difficulty of
achieving p-type conductivity via Cu doping. The characteristic
green luminescence of Cu-doped ZnO has been assigned to
donor-related transitions of CuZn, rather than shallow acceptor
states. At the surface, notable differences emerge: substitu-
tional Cu exhibits both donor and acceptor levels, whereas
interstitial Cu is strongly stabilized as an adsorbed ion and
should dominate at high Cu concentrations. Alignment of the
energy levels at the semiconductor−water interface suggests
that surface CuZn can provide hot-spots to mediate both
electron and hole injection toward aqueous species involved in
the overall water-splitting reaction. On the other hand, surface
Cui may be less beneficial or even detrimental for the
photocatalytic activity of Cu-doped samples. These results
rationalize experimental observations of enhanced photo-
catalytic performance at low Cu concentrations and highlight
that the interplay between substitutional and interstitial surface
defects is critical for the photocatalytic efficiency of Cu-doped
ZnO. Natural continuation of the present work will involve the
detailed inspection of the mechanistic aspects of photocatalytic
processes on Cu-doped ZnO and the role of the surface defects
in influencing the overpotentials of the reactions.

■ ASSOCIATED CONTENT
Data Availability Statement
All the relevant data (inputs, outputs) used to produce the
computational results presented in this work are available at
the following public repository: https://github.com/
Michi12Michi/Cu-ZnO-Supporting-data.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.energyfuels.5c05337.

Structural parameters of Cu, Zn, CuO, and CuO2
estimating the range of chemical potentials for Cu in
ZnO; details on the considered defect charge states and
multiplicity for each defect; and additional electron and
spin densities for selected defects (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Francesco Ambrosio − Dipartimento di Scienze di Base e
Applicate (DISBA), Universita ̀ degli Studi della Basilicata,
85100 Potenza, Italy; orcid.org/0000-0002-6388-9586;
Email: francesco.ambrosio@unibas.it

Author
Michele Loriso − Dipartimento di Scienze di Base e Applicate

(DISBA), Universita ̀ degli Studi della Basilicata, 85100
Potenza, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.energyfuels.5c05337

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
F.A. and M.L. thankfully acknowledge PRIN 2022-PNRR grant
(P2022W9773) for funding. The authors also acknowledge the
CINECA award under the ISCRA initiative, for the availability

of high-performance computing resources: projects MHP-DEF
(HP10CNQAEA), Photofix (HP10C2S6ML) and PAWS-ZnX
(HP10CTDQYG).

■ REFERENCES
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