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Abstract

A comprehensive first-principles investigation of bulk and surface Cu defects in Zn-based
chalcogenides (ZnO, ZnS, and ZnSe) is presented, aimed at assessing the effect of Cu
doping on the optoelectronic properties of these materials and at addressing the photocat-
alytic activity towards the hydrogen evolution reaction (HER). Defect formation energies,
adiabatic and optical charge-transition levels of the bulk materials are determined, and
their dependence on growth conditions and Fermi-level position is analysed. The results
indicate that, whereas ZnO supports both donor- and acceptor-like Cu defects with pro-
nounced Jahn-Teller distortions, ZnS and ZnSe predominantly stabilise substitutional Cu
as a mid-gap acceptor with weaker electron-lattice coupling and similar absolute transition
levels. Calculated vertical transition energies rationalise the characteristic emission of
Cu-doped samples in terms of defect-mediated optical cycles. The focus is then placed
on surface energetics, which differ markedly from bulk behaviour and critically influence
photocatalytic performance. Explicit modelling of HER demonstrates that Cu substitution
dramatically reduces the overpotential on ZnS and ZnSe by tuning hydrogen adsorption
toward the Sabatier optimum, while in ZnO the beneficial effect of Cu doping is dimin-
ished by the excessive strengthening of the adsorbate-surface interactions. Finally, the
measured HER activities are rationalised by proposing a defect-mediated mechanism
involving electron trapping at the surface Cu site, cooperative proton adsorption, and
hydride formation. These findings establish defect thermodynamics and surface charge
localisation as key design parameters for optimising materials engineering strategies in
photocatalytic applications.

Keywords: defect chemistry; density functional theory; heterogeneous photocatalysis;
hydrogen evolution reaction

1. Introduction

Zinc chalcogenides of general formula ZnX (X = O, S, Se, Te) are wide band-gap
semiconductors of great potential for a variety of applications [1-4]. These include but are
not limited to light-emitting diodes, photovoltaics, transparent thin film transistors, and
photocatalytic devices [5-10]. In particular, recent applications of ZnO, ZnS, and ZnSe in
heterogeneous photocatalysis have been prompted by their suitable band alignment against
redox potentials associated with reactions of interest, such as water splitting, nitrogen
fixation and a reduction in carbon dioxide [11-14]. Furthermore, their high water resistance
and stability [15,16], coupled with ease of deposition on different substrates [17,18], make

Nanoenergy Adv. 2026, 6, 17

https:/ /doi.org/10.3390/nanoenergyadv6020017


https://crossmark.crossref.org/dialog?doi=10.3390/nanoenergyadv6020017&domain=pdf&date_stamp=2026-06-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanoenergyadv
https://www.mdpi.com
https://orcid.org/0009-0000-5958-1768
https://orcid.org/0000-0002-6388-9586
https://doi.org/10.3390/nanoenergyadv6020017

Nanoenergy Adv. 2026, 6, 17

2 0f 23

these materials ideal as overlayers, used to protect the light-absorbing elements of the
photocatalytic system [19-21].

In this framework, materials engineering strategies are usually implemented in the
attempt to boost the performance of ZnX-containing systems [6,22]. In particular, het-
eroatom doping can be effectively deployed in order to (i) achieve the desired type of
conductivity [23,24], (ii) reduce the band gap of these materials, thus extending their
absorption capacity in the visible region of the spectrum [25,26], and (iii) enhance the pho-
tocatalytic efficiency by providing catalytic sites for reactions at the semiconductor-water
interface [27,28]. Among the plethora of possibilities, the doping of zinc chalcogenides with
Cu has received considerable attention [29-32]: with copper being directly on the left side
of zinc in the Periodic Table, it is expected to be easily incorporated, due to the minimal
lattice mismatch, and to provide shallow defect energy levels and adapt to improve the
opto-electronic properties of these semiconductors [33]. Specifically, seminal studies on Cu
doping in zinc chalcogenides aimed to achieve p-type conductivity, which was found to be
quite challenging, since these materials tend to be native n-type semiconductors [34,35]. For
instance, while ZnS and ZnSe have been p-doped via Cu insertion [36,37], this method was
found to be unsuccessful for ZnO [38—40], thus hinting at sensitive differences in the defect
physics of Cu in ZnX materials [31]. Cu-doped ZnX samples have also sparkled interest in
the research community for their peculiar photoluminescence (PL), if compared to those of
the pristine materials: ZnO and ZnS were found to show distinct green emission [29,41],
whereas a Cu-related red band was observed for ZnSe [42]. Different interpretations of
the measured signals have been proposed, but a consensus has not been reached yet: for
ZnO, the originally proposed mechanism involving a Cu acceptor state (see Ref. [29]) has
recently been questioned, on the basis of ab initio calculations, suggesting the involvement
of donor states [39,43]. At variance with this, ZnS and (particularly) ZnSe have been far
less studied and, while the experimental emission is thought to be related to Cu levels [44],
a precise mechanism has not been defined yet; also, because of the wide variability in the
reported PL spectra, e.g., Cu-doped ZnS samples may also feature red luminescence [45].
Finally, it is well documented that Cu incorporation in the lattice of zinc chalcogenides
has a marked impact on their photocatalytic properties. The inclusion of Cu in ZnO was
found to be highly concentration-dependent, with a low—moderate (abundant) addition
of copper improving (deteriorating) the photoconversion efficiency [46-50]. Similar con-
siderations have also been advanced for ZnS and ZnSe, with a particular focus on the
careful control required to tune the optimal percentage of Cu and avoid the formation of
secondary phases [51-53]. In this context, it is worth noting that Cu doping of ZnO was
observed to produce a roughly six-fold increase in photocatalytic H, production, from ~7.5
to ~41.5 pmol g~ 'h~! [49], while higher rates may be achieved using sacrificial agents,
e.g., glycerol in Ref. [46]. The effect was found to be substantially more pronounced for
ZnS: Cu-enriched samples have recently been found to reach H, conversion rates of up to
8 mmol g 'h~!, compared with the tenths of umol g~'h~! produced by the pristine mate-
rial, signalling an improvement of up to three orders of magnitude [54-57]. Such a large
difference calls for an in-depth analysis of the defect physics and the reaction mechanism
at the heterogeneous interface.

In this work, a comprehensive and comparative first-principles investigation of Cu
defects in ZnO, ZnS, and ZnSe is presented, addressing their bulk and surface energetics,
electronic structure, optical signatures, and their role in the hydrogen evolution reaction
(HER). By combining a rigorous grand-canonical treatment of charged defects with hy-
brid density functional theory (DFT) and the computational hydrogen electrode approach,
the study reveals a qualitative distinction between ZnO and the heavier chalcogenides.
Whereas ZnO supports both donor- and acceptor-like Cu defects with pronounced elec-
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tron-lattice coupling and Jahn-Teller distortions, ZnS and ZnSe exhibit a markedly different
defect physics, characterised by substitutional Cu acting as a mid-gap acceptor with similar
absolute charge-transition levels in the two hosts and interstitial Cu being largely electri-
cally inactive in the bulk. The reduced ionicity and enhanced covalency of ZnS and ZnSe
drives a transition from hole localisation in ZnO to electron trapping. At surfaces, defect
energetics and charge-transition levels are substantially modified with respect to the bulk,
with important implications for photocatalytic activity.

Building on this defect-level analysis, the HER mechanism on pristine and Cu-doped
surfaces is explicitly modelled. It is shown that the catalytic response is governed by
how Cu incorporation reshapes hydrogen adsorption thermodynamics: in ZnO, doping
reinforces already strong H binding and increases the overpotential, whereas in ZnS and
ZnSe, it stabilises otherwise weak adsorption and drives the system toward the Sabatier
optimum. On this basis, a defect-mediated reaction pathway is proposed in which photo-
generated electrons are trapped at surface substitutional Cu, enabling cooperative proton
adsorption and subsequent hydride formation at the surface. Modelling of the reaction
steps within such a mechanism explains the superior performance for HER of Cu-doped
ZnS with respect to ZnO and further advances ZnSe as a viable alternative to be used in
photocatalytic devices well. Overall, this work connects defect thermodynamics, optical
activity, and catalytic performance, providing a coherent picture of Cu doping in Zn chalco-
genides and establishing defect engineering as a strategy to tune hydrogen adsorption and
photocatalytic functionality in wide band-gap semiconductors.

The remainder of this paper is organised as follows: In Section 2, a theoretical frame-
work, which takes advantage of electronic-structure calculations, is described to calculate
(i) the formation energy and relevant energy levels of Cu defects in the bulk of zinc chalco-
genides and at their surface, and (ii) the overpotential associated with the HER taking place
at the surface of ZnX materials. Section 3 provides the computational details for the large
variety of electronic-structure calculations carried out in this work; Section 4 presents and
critically discusses the key results of the investigation. Finally, Section 5 summarises the
main conclusions of this work.

2. Theory
2.1. Formation Energies of Cu Defects in ZnX Chalcogenides

In order to describe the energetics and electronic properties of Cu defects in ZnX
materials from first principles, the grand-canonical formulation of defects in crystalline
materials is employed [58,59], which allows for a proper evaluation of their formation
energies. Within this theoretical context, the formation energy of a defect, X, with charge
state g in the relaxed nuclear coordinates Ry, Ef[X7(Rg)], is provided by the following
equation [58-60]:

Ef[xq(Rq)] = E[Xq(Rq)] — E[bulk] + ¥ nip; + ey + pe) + Ecorr(Rq/Q)r 1)

where E¢[X9(R;)] is the total energy of a periodic supercell containing the defect X7,
E[bulk] the total energy of the pristine bulk supercell. The summation term }_; n;4; holds
the chemical potentials of the species 7, ;, which are added (subtracted) to (from) the
bulk material #; times. Given that the formation energies of Cu defects are constrained
by the chemical potentials of the components of ZnX chalcogenides, as well as by that
of the dopant itself (i.e., pzn, yx, and pcy), their evaluation is of great importance to
establish the defect formation energies under different growth conditions [cf. Section S1 of
the Supplementary Information (SI) for details]. The term ey + p, entailing the valence
band maximum (VBM) of the perfect material and the chemical potential of the electron, is
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required by the grand-canonical ensemble when dealing with charged defects and defines
the electron reservoir. Ecorr(Rg, q) is an energy correction to be applied to the DFT total
energy of a charged supercell containing localised electron density, whose purpose is to
obviate the spurious electrostatic interaction among periodic replicas [58,59,61]. According
to the Freysoldt-Neugebauer—Van de Walle correction scheme [58,59], employed in this
work, this term corresponds to the model correction for a charge g screened by the static
dielectric constant €g:

Ecorr(Rq/ Q) =Ep (Qr GO)- (2)

Correction terms up to 0.16 (0.11) eV are calculated for the charged supercells of ZnS
(ZnSe) used in this study, adopting the experimental values of €y (8.32 for ZnS and 9.2 for
ZnSe [62]). An evaluation of the different terms in Equation (1) for each studied charge
state allows us to assess:

*  The adiabatic charge transition levels (CTLs), defined as the electron chemical potential
that satisfies E¢[X7(R,)] = E¢[X (R,)] [58,59]:

Ef[X9(R)]—Ef[X7 (R.1)]  Ecorr(Rg7)—Ecorr(R 1,4
ad _ “f 9 q q q
Harq 7-q q'—q v ©)

Equation (3) allows the definition of eventual donor or acceptor defect levels in the
band gaps of the studied semiconductors, which in turn can be related with the
measured electronic properties.

e Vertical charge transition levels involving the defect in the charge states g and g at
fixed R, or R; coordinates, which can be connected with spectroscopic signatures of
defects in semiconductors [39,43,44], are defined as:

opt _ Ef[X9(Rg)]—E¢[X" (Ry)]

I/{ Ecorr (Rqrq) —Ecorr (Rqrq,)
q—=q 7=

q'—q

+ — €v, (4)

where Ecorr(Rq, q') is the electrostatic finite-size correction of the supercell associated
with the defect in the relaxed coordinates R, vertically brought to the charge state g’
(i.e., upon oxidation/reduction). The latter term is calculated according to the method
developed in Ref. [61], which provides the following operative definition:

ECOI‘I'(RI]I q/) - Em(q/ €O) - Em(q + qpol/ eoo) + Em(q, + qpoll €0<>)/ (5)

where €« is the high-frequency dielectric constant of the material and g, the ionic
polarisation charge, defined as:
dpol = _Q( - e%) (6)
The calculated correction terms for the supercells employed in this study are found to
exiguous (below 0.1 eV in all the studied cases).

Adjiabatic energy levels for the ZnS and ZnSe surfaces are determined according to the
Equation (3), with the sole differences being that ey now refers to the valence band edge
of the pristine slab and that a different technique is employed to correct the electrostatic
finite-size error. In this case, a method which accounts for the varying dielectric profile
across the semiconductor-vacuum interface is employed, defining the correction as [63]:

Egg}?(Rq, q) = Eiso — Eper +qAV, (7)

where Eper and Ejg, are the electrostatic energies of the slab and that of the isolated charge
(under the assumption of uniform scaling of all dimensions of the supercell, including the
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vacuum layer), and AV is an alignment term which accounts for the shift between DFT
potentials and model. Higher corrections up to 0.4 eV are calculated for charged slabs with
this method, as a consequence of the reduced screening.

2.2. Hydrogen Evolution Reaction at the Surfaces of Zinc Chalcogenides

HER on the surfaces of zinc chalcogenides is investigated according to the DFT-based
computational hydrogen electrode (CHE) approach outlined in Refs. [64,65], which has
been extensively employed in the description of electrochemical processes via the modelling
of reaction intermediates [66—69]. The CHE is based on the assumption that the reduction
reaction affording gaseous hydrogen:

H(aq) + e~ = jHa(g) 6)

is reversible (i.e., AGy = 0) at the potential of the standard hydrogen electrode (SHE) at
298 K, 1.0 - 10° Pa and pH = 0. In these conditions, the following equality holds:

u[H* (aq)] + ple”] = suHa(g)], ©)

which effectively allows for the replacement of the chemical potentials of H' (aq) and e~
with that of Hy(g). The HER is then modelled via a two-step process outlined as follows:

*+HT(aq) + e~ = Hiy

(10)
was TH(aq) +¢~ = x+Ha(g),

where the chemical specimen denoted as an asterisk (*) refers to an active site on the surface
of ZnX. The Gibbs free energy variation for the first step, AGy, can be written as:

AGy = p[Hyyg) — pl¥] — p[H" (aq)] — ple™], (11)

and consequently, from Equation (9):

AGy = p[Hzg] — ul¥] — 3u[Ha(g)), (12)

whereas:
AGy; = AGy — AGy = —AG;. (13)

The value of AG; and, in turn, that of AG, are influenced by the adsorption energies of
H species on the surface of the catalyst: strong (weak) adsorption leads to more negative
(positive) values for AG; (AGy). The overpotential of the HER process, iR, can then be
defined as [69]:

1THER = ‘Aecll (14)

The value of each chemical potential in Equation (11) can be approximately defined as [70]:
p = EPFT + ZPE — TS + AU"T. (15)

In Equation (15), EPFT is the DFT total energy of the system, ZPE is the zero-point energy of
the free or adsorbed species, calculated under the harmonic approximation. S is the entropy
of the system which, for the free species, entails rotational, vibrational, and translational
contributions. For adsorbed species, the entropy S includes solely the vibrational term.
AU’~T is the variation of internal energy accompanying the temperature change from 0 K
(i.e., the reference temperature of DFT total energies) to T. Overall, the latter contributions
allows conversion of DFT total energies into Gibbs free energies at finite temperature. It is
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noted that uncertainty in hydrogen adsorption free energies within the CHE computational
framework is typically on the order of 0.1 eV, based on comparisons between DFT and
experiment [71]. Furthermore, solvent-related effects are generally below 0.2 eV for H
adsorption [72]. The precise definition of each term in Equation (15) and the respective
calculated values for the systems under investigation in this study are given in Section S2
of the SL

3. Computational Details

Section S3 of the SI reports the structural parameters of the supercells and slab models
employed to investigate the defect physics and the HER mechanism on ZnX chalcogenides,
as well as those of metallic Zn, Cu, and competing phases, which are essential for the
definition of the chemical potentials in Equation (1). In all cases, geometry optimisa-
tion are carried out, by relaxing the position of the nuclei while preserving the lattice
constants of each material to the experimental value. In particular, bulk ZnS and ZnSe
are modelled employing 3 x 3 x 3 supercells containing 216 atoms. Doped systems are
investigated (i) substituting a single lattice Zn with Cu, in the case of Cuyzy, (ii) adding
a single Cu ion in an octahedral void of the supercell for Cu;. These correspond to Cu
concentrations of 2.34 - 10%° atoms/cm? (0.93 at.%) for ZnS and 2.03 - 102 atoms/cm?
(0.93 at.%) for ZnSe, in line with previous work on ZnO [43]. For the slabs, the most stable
apolar surfaces are considered, namely the (1010) for ZnO and the (110) for ZnS and
ZnSe [73-76]. The Cu concentrations used for slab calculations are 6.04 - 10!3 atoms/cm?
(1.04 at.%) for ZnS and 5.50 - 10'3 atoms/cm? (1.04 at.%) for ZnSe. The investigated Cu
defect concentrations are consistent with the experimental values reported in the literature
for Cu-doped chalcogenides, for which doping regime is maintained for concentrations
below 3-6 at.% [46,48,54], while secondary phases are found to appear above this thresh-
old [23,77,78]. Slab calculations also allow for the alignment of the band edges of the con-
sidered semiconductors against the vacuum level via an evaluation of the potential energy
profile across the material-vacuum interface (as reported in Section S3 of the SI). This, in
turn, permits the definition of absolute charge transition levels from Equations (3) and (4),
by referring ey to the vacuum level.

All DFT calculations are performed with the freely available CP2K-QUICKSTEP
package [79-81]. Norm-conserving pseudopotentials developed by Goedecker, Teter and
Hutter [82] are employed for modelling core electrons, and MOLOPT double-{ polarised
basis sets [80] are used for valence electrons. Both pseudopotentials and basis sets are
specifically designed for hybrid functionals [81]. A cutoff of 600 Ry is set for the plane
waves. Hybrid DFT computational costs are alleviated by taking advantage of the auxiliary
matrix method [83-85], implemented in CP2K, and by making use of the compact cFIT aux-
iliary basis set [85], generally yielding results fairly in agreement with those achieved with
larger and more computationally expansive sets [86]. The unrestricted Kohn—-Sham (UKS)
formalism is adopted for all calculations involving unpaired electrons. A piecewise-linear
(PWL) hybrid functional of the PBEO family [87-90] is employed, representing a suitable
choice for mitigating the self-interaction error typical of standard DFT methods [91,92],
which would otherwise lead to an incorrect description of charge localisation in semicon-
ductors [93]. In particular, for each chalcogenide, the fraction of Fock exchange « satisfying
the generalised Koopman condition [94-96] is used, as described in Ref. [97]. Energy levels
obtained via the PWL functional are then referenced to the VBM and the CBM of each mate-
rial, as obtained when tuning the fraction of Fock exchange to reproduce the experimental
band gaps. This is done to completely silence the remaining band gap error of the PWL
functional (up to 0.8 eV for ZnSe, see Section S3 of the SI), which may affect the evaluation
of optical transitions involving both defect energy levels and the band edges of the host
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materials, in line with previous work [43]. Since it has been proven that charge-transition
levels are robust with respect to the fraction of Fock exchange included in global hybrid
functionals, this procedure can be safely employed, provided that the band gap is not
severely underestimated [86,98-100].

Vibrational frequencies, required to estimate ZPE and vibrational entropy in Equation (15),
are computed within the harmonic approximation using the finite displacement method.
In order to reduce the computational cost, all substrate atoms are kept fixed, and only the
adsorbed H atom is displaced. Consequently, three vibrational modes are obtained for
each adsorbed configuration. Energy barriers associated with proton migration from one
surface site to another, which are predicted to occur during HER (vide infra), are calculated
using the linear transit method to construct intermediate structures connecting reactants
and products along a linear path [101].

4. Results and Discussion

The properties of Cu defects in the bulk materials are first discussed. It is known that
Cu inclusion in ZnX materials may mainly result in either the substitution of lattice Zn
(Cugzy, in defects nomenclature) or the interstitial incorporation of the heteroatom inside the
octahedral voids of the host (Cu;) [39,43,102]. For the neutral substitution, Cu%n, entailing
d’ Cu(1I), Jahn-Teller distortions cause the four-fold coordinated Cu?* ion to display three
roughly equal Cu-X bonds and a longer one [cf. Figure 1a for a schematic representation
and Section 54 of the SI for illustration of all the relaxed structures of ZnS and ZnSe]. Upon
reduction (oxidation), provided that the electron (hole) is indeed localised on the defect
moiety, the distortions are expected to be alleviated, and the bonds are elongated (shrunk),
due to the filling (depletion) of anti-bonding orbitals. Similar considerations generally also
hold for the interstitial defect [cf. Figure 1b], featuring a highly distorted d° Cui2+ and a
less asymmetric microstructure in the reduced/oxidised states. The present results indicate
that the extent of Jahn-Teller distortions is found to be strongly material-dependent; see
Figure 1c,d. In particular, for Cu)_, a decreasing trend is observed along the chalcogens
group, with ZnO featuring the largest difference in bond lengths (~=5%), while the effect
is sensitively reduced for ZnS and ZnSe (below 2%). This can be rationalised with the
increased covalency of the Cu-5/Se bonds, which reduces the electron-lattice coupling,
thereby decreasing the energetic gain from symmetry breaking and leading to progressively
weaker distortions from ZnO to ZnSe.

The structural reorganisation upon variation of charge state follows an analogous
trend: the reduced Cuj,, featuring d'° Cu(I), shows a pronounced bond elongation (up to
0.3 A) in ZnO, while it is exiguous (0.02-0.03 A) in ZnS and ZnSe. Finally, upon oxidation,
no structural change is observed for ZnS and ZnSe [cf. Figure 1c]. Indeed, differently
from ZnO, the injected hole does not localise on the defect moiety, as is also confirmed by
an inspection of both the spin density, resembling that of Cu$_, and the lowest occupied
molecular orbital, showing no localisation (cf. Section 54 of the SI). This is expected to be
due to a sizeable difference in the absolute position of band edges among the three materials,
with ZnS and ZnSe featuring VBM values much closer to the vacuum level (vide infra).

The dissimilarity between ZnO and other chalcogenides is even more marked when
the interstitial defect is examined. In fact, in stark contrast with what has been observed
for the oxide refs. [39,43], neither Cuf’+ nor Cuier is stable in ZnS and ZnSe. No spin
localisation is envisaged for both the charge states (cf. Section S4 of SI), and the structural
features of the defect moiety are essentially unchanged with respect to those observed for
Cu;" [cf. Figure 1d]. This clearly indicates that the latter, representing d'° Cu(l), is the only
stable charge state, while d° Cu(Il) is not supported by these host materials. In fact, for
interstitial defects, the absence of a pre-existing Madelung potential minimum leads to
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a much larger Coulomb penalty for higher charge states, making their stability strongly
dependent on the host’s ionicity. This justifies the absence of highly charged interstitial
defects in the less ionic environment formed by S and Se. Overall, Cu; can be assumed to
be electrically inactive in ZnS and ZnSe.

(a) o (b)

&

Cu interstitial

Cu substitutional

(c) 28 — ZnO — ZnS — ZnSe (d) 28 — ZnO — ZnS — ZnSe
2 q=+1 q=0 q=-1 q=+3 q=+2 q=+1
<
=)

[9)]
Cos 2.4
€2 :
T
S22 22
Q0

20 20

Figure 1. Schematic representation of Cuyz, (a) and Cu; (b) in Zn chalcogenides. Cu in blue, Zn in
grey, and chalcogen X (O, S, Se) in yellow. Cu-X bonds are highlighted in cyan and blue to distinguish
between shorter and longer bonds, respectively, as ensuing from Jahn-Teller distortions, cf. main
text. Histogram representation of the longest and shortest Cu-X bond lengths for Cu%n [panel (c),
g=+1,0,—1]and Cuiq [panel (d), g = 43, 42, +1]. Data from Ref. [43] are considered for ZnO. Bars
are given in red for ZnO, green for ZnS, and blue for ZnSe.

Figure 2a reports the absolute band edges of ZnO, ZnS and ZnSe, along with the charge
transition levels of Cu defects. It is first noted that the computational protocol provides highly
accurate ionisation potentials and electron affinities of bulk semiconductors, with differences
with respect to the experiment below 0.1 eV [103,104], thus ensuring the reliability of the
predictions on defect levels. These latter reveal again a contraposition between the oxide and
the other chalcogenides: the former presents both deep donor (substitutional) and acceptors
(interstitial) levels, while the other materials only feature a mid-gap acceptor level associated
with Cugzy, at almost the same absolute position (5.52 vs. 5.57 eV), thus corroborating a physical
picture which sees ZnS and ZnSe display a very similar defect physics [31]. Because the (0/—1)
transition level lies ~2 eV (1.4) above the valence band maximum of ZnS (ZnSe), Cu acts
as a deep acceptor. Therefore, significant equilibrium p-type conductivity from isolated Cu
dopants is not expected at room temperature, and the observed p-type behaviour is likely
associated with non-equilibrium growth conditions, the suppression of compensating donors,
or defect complex formation, rather than shallow acceptor ionisation of isolated Cu centers.
The evolution of charge transition levels for Cuz, along the chalcogenides series reflects a
crossover in carrier localisation. In ZnO, the strong electron-lattice coupling and the low-lying
VBM stabilise hole localisation. In contrast, the increased covalent character of ZnS and ZnSe,
along with their higher VBM, suppresses hole trapping while favouring electron localisation.
This results in a (0/ —1) level within the gap, in line with seminal DFT studies on the subject,
in which, nevertheless, the band gap problem of DFT was only partially mitigated [31].
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Figure 2. (a) Adiabatic charge transition levels of substitutional and interstitial Cu in ZnX materials,
represented by blue and green horizontal lines, respectively. Band edges of ZnO, ZnS, and ZnSe, cor-
responding for each material to the respective experimental value [103,104], are aligned with respect
to the vacuum level. (b) Calculated values of AE Y (cf. main text for definition) for different materials
under different growth conditions and considering p-type, intrinsic, and n-type samples. Negative
(positive) values indicate that the substitutional (interstitial) Cu is more stable. (c) Configuration
coordinate diagrams for Cuz, consistent with the experimental characterisation (cf. main text) for
different ZnX materials. Data from Ref. [43] are considered for ZnO. All values are given in eV.
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Considering the sizeable differences in the electronic properties associated with Cuz,
and Cu; in ZnX, it is of utmost importance to determine how the growth conditions and
Fermi levels of the materials can influence the relative abundance of the two defects. To this
end, the difference in formation energies between Cuy, and Cu; is calculated; it depends
upon }, the chemical potentials of the constituting elements (Zn and the chalcogen X) and
that of the Cu dopant. At fixed atomic and electron chemical potentials, the formation
energy difference, considering for each defect the most stable charge states, is defined as:

AEP™ (pe) = Ef™[Cul,; pre] — EF™[Cuf’; re). (16)

1

1
for most stable charge state for the substitutional (gs) and the interstitial (g;) defect at a

In Equation (16), EM"[Cul, ;] and EM[Cuf’; pi.] are the formation energies calculated

given p.. These values can be easily extrapolated from formation energy diagrams (see
Section 54 for ZnS and ZnSe and Ref. [43] for ZnO). For clarity of presentation, the analysis
is restricted to three representative growth conditions (Zn-rich, intermediate, and Zn-poor)
and to three limiting regimes of conductivity, namely p-type (Fermi level close to the VBM),
intrinsic (mid-gap Fermi level), and n-type (Fermi level close to the CBM). Calculated
values, illustrated in the histogram of Figure 2b, shed light on three key aspects:

* Interstitial defects are generally more stable under Zn-rich and stoichiometric condi-
tions, because of the increased cost associated with removing lattice Zn (see Section S1
of SI), thus suggesting that such conditions should be avoided to prevent Cu; from
being the dominant defect;

¢ In this framework, it should be noted that Cu; is expected to be more abundant in
p-type/intrinsic samples, while its concentration should be negligible in the more
commonly produced n-type materials;

. Finally, it is evident that Cu; is more easily formed in ZnS and ZnSe, with respect
to ZnO. This is possibly due to the combined effect of (i) larger octahedral voids
attenuating the hindrance associated with ion insertion and (ii) the reduced Coulomb
term for ZnS/ZnSe in which the defect is only stable in the +1 charge state.

The present analysis is also connected with the optical properties of Cu-doped ZnX
samples. With the interstitial being electrically inactive, it is not expected to contribute
directly to the measured PL and instead may be related with the PL drop-off observed at
increasing Cu content, refs. [41,42,105] plausibly due to a larger concentration of Cu;. As a
matter of fact, the typical green emission of Cu-doped ZnO and ZnS and the red emission of
Cu-enriched ZnSe samples are generally interpreted in terms of optical transitions involving
Cuzy [39,43,44]. In ZnO, the PL has been demonstrated to originate from radiative recom-
bination between photogenerated Cu  and electrons in the CB of ZnO, see Figure 2c [43].
In contrast, the calculations indicate a qualitatively different mechanism in ZnS and ZnSe.
Specifically, it is found from the calculated optical levels reported in Section S4 of the SI, that
consistency with experimental emission energy is achieved considering a two-step mech-
anism involving (i) photo-oxidation of Cu,  and (ii) its subsequent reduction mediated
by a photogenerated electron. Within this picture, optical transition levels are estimated
at 2.20 eV for ZnS and at 1.72 eV for ZnSe [cf. Figure 2c], both in fair agreement with
available measurements and a previous computational study, in which, however, finite-size
corrections on optical levels were not accounted for [44]. Naturally, such a mechanism
may be operative primarily for n-type materials, where the Fermi level lies closer to the
CBM and Cu,,, is the dominant charge state [see Figure 2a]. This physical picture is further
supported by seminal electron paramagnetic resonance (EPR) measurements on Cu-doped
ZnS and ZnSe, which do not show signals attributable to Cu?"t [106,107]. This absence has
been interpreted as evidence that substitutional copper should occur predominantly in a

https:/ /doi.org/10.3390/nanoenergyadv6020017


https://doi.org/10.3390/nanoenergyadv6020017

Nanoenergy Adv. 2026, 6, 17

11 of 23

compensated Cu™ ground state. At the same time, optically detected magnetic resonance
(ODMR) experiments demonstrated that Cu?*-like configurations are involved transiently
during radiative recombination processes [107], in full agreement with the present compu-
tational characterisation. Conversely, it is predicted that an enhanced p character of the
material may result in lower-energy emission. Under the assumption that Cu)_ in ZnS
(ZnSe) is present in the electrically neutral sample, the energy of the photons emitted upon
vertical oxidation of photo-generated Cu,,  is estimated to be ~1.40 (0.9) eV (see Section 54
of SI). Therefore, variations in growth conditions, unintentional doping, or post-growth
treatments that shift the Fermi level may thus change the relative weight of competing
Cu-related emission channels without altering the chemical identity of the defect. This
sensitivity provides a natural framework to rationalise the pronounced variability in the
PL spectra reported for Cu-doped ZnX materials, ref. [45] and suggests that control over
the electronic environment may be used to selectively favour specific Cu-related optical
transitions.

The results achieved for the surface Cu defects, which are potentially relevant to the
photocatalytic properties of doped zinc chalcogenides, are next presented. As in the bulk,
Cu at ZnX surfaces can occur in both substitutional and interstitial configurations, and in
all cases considered here, the defect is undercoordinated. In particular, in Cu%n, i.e., charge
neutral substitution, Cu presents a somewhat distorted configuration characterised by
one longer and two shorter bonds for all investigated chalcogenides; see Figure 3a for a
schematic representation of substitutional Cu doping on the (1010) surface of ZnO and
on the (110) surface of ZnS and ZnSe. Again, the elongation/shortening of these bonds
are expected upon reduction/oxidation, as monitored by the analysis of the bond lengths
presented in Figure 3b. While the expected trend holds for the negatively charged Cu,,,
no appreciable geometry relaxation is observed upon hole injection for ZnS and ZnSe.
This indicates that, similarly to the bulk, the surface defect does not trap the positive
charge, which is instead delocalised in a VB state (as is also evident from the isodensity
representations reported in Section S5 of the SI) The defect chemistry of surface interstitial
Cu is more complex and host-dependent: on the apolar (1010) of ZnO, the extra Cu atom
is found to display two-fold coordination, as it bridges two undercoordinated O atoms,
cf Figure 3a, with the predicted differences in bond lengths across different charge states
[see Figure 3c]. Interestingly, on the ZnS and ZnSe (110) surfaces, the interstitial Cu atom
adopts a mixed coordination environment, forming two bonds with surface chalcogen
atoms and an additional bond with a surface Zn atom [see Figure 3a]. Surface Cu{! is found
to be stable in both the g = +2 and q = +1 charge states, corresponding to d° Cu(Il) and
d'® Cu(l), respectively, again with marked differences in bond lengths, cf. Figure 3c. This
behaviour can be attributed to the reduced coordination and enhanced structural flexibility,
of the surface defect: in particular, the formation of a mixed Cu-X/Cu-Zn coordination
at the surface provides an efficient stabilisation mechanism for Cu?", as it allows partial
charge delocalisation and enhanced local screening, which in turn lower the energetic cost
associated with the higher oxidation state.

The peculiar features of surface defects are reflected in charge transition levels dis-
playing large shifts with respect to their bulk counterparts, cf. Figure 4a. In particular, for
ZnO, the (0/—1) acceptor level of the substitutional defect is shifted at higher energies
(by ~0.4-0.5 eV) and, hence, inside the band gap. This transition level is instead pushed
towards the vacuum level for ZnS and ZnSe, and such a result is consistent with a larger
stability region for the oxidised Cu?* ion, when assimilated at the surface. The surface-
induced variations are even more marked for Cu;, which becomes inactive as an acceptor
on the ZnO (1010) surface. Conversely, surface Cu; gives rise to (+2/+1) energy levels at
4.32 and 4.22 eV below the vacuum level on the (110) surfaces of ZnS and ZnSe, respectively.
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Figure 3. (a) Schematic representation of surface Cuz, and Cu; in Zn chalcogenides. Cu in blue, Zn
in grey, O in red, and Se/S in yellow. Cu-X and Cu-Zn bonds are highlighted. The left panels display
the illustration for the defects on the (1010) surface of ZnO, right panels for the (110) surfaces of
ZnS and ZnSe. Histogram representation of the longest and shortest Cu-X bond lengths for surface
Cu%rl [panel (b), g = +1,0, —1] and surface Cuiq [panel (c), g = +3,+2, +1]. Data from Ref. [43] are
considered for ZnO. Bars are given in red for ZnO, green for ZnS, and blue for ZnSe.

A re-evaluation of AEM™ (y,) [cf. Figure 4b] for the surface defects shows that the
stability region of the interstitial is widened for ZnO, whereas it is shrunken for ZnS
and ZnSe, with respect to the bulk. In detail, for the heavier chalcogenides, the surface
interstitial is expected to be appreciably present only in materials with pronounced p-
type character. In the oxide, the increase in the inert Cu interstitials, at the expense of
electrically active substitutional, may be detrimental for interface photocatalytic properties
(vide infra). At variance, both the substitutional and the interstitial may in principle accept
electrons at the (110) surface of ZnS and ZnSe and serve as hot-spots for reactions at the
heterogeneous interface.
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Figure 4. (a) Adiabatic charge transition levels of substitutional and interstitial Cu at the (1010)
surface of ZnO and at the (110) surface of ZnS and ZnSe. Levels associated with the substitutional
(interstitial) Cu defect are represented by blue (green) horizontal lines. Band edges of ZnO, ZnS, and
ZnSe, corresponding for each material to the respective experimental value [103,104], are aligned
with respect to the vacuum level and then referred to the standard hydrogen electrode via the
alignment proposed in refs. [98,108]. (b) Calculated values of AE Ji (cf. main text for definition) for
different materials surfaces under different growth conditions and considering p-type, intrinsic, and
n-type samples. Negative (positive) values indicate that the surface substitutional (interstitial) Cu
is more stable. Data from ref. [43] are analysed for ZnO. (c) AG; of the HER, as calculated from
electronic-structure calculations on pristine and doped slabs of ZnO, ZnS, and ZnSe.

When considering the alignment of the calculated defects’ energy levels with the
H* /H, redox potential [cf. Figure 4b], it is noted that, for ZnO, the (0/ —1) level of Cug,, is
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favourably placed with respect to the H' /H; reduction level [43]. This is not the case for
ZnS and ZnSe, for which the (0/ —1) CTL is observed to lie more than 1 eV below the H* /H,
potential, a result which would imply a substantial energy barrier for electron transfer.
Differently, Cu; (+2/+) levels are found to be suitably placed, as they are found at 0.24 and
0.34 eV above the H' /H, redox level for ZnS and ZnSe, respectively. However, defect
formation energies indicate that interstitials might be far less abundant on ZnS and ZnSe
surfaces. Moreover, the available experimental data suggest a more marked effect of Cu
doping on the photocatalytic efficiencies of ZnS [54-57] , which cannot be truly rationalised
in terms of the calculated defect energy levels. Overall, while charge transition levels
may provide hints at defect-mediated photocatalytic activity, understanding its genuine
mechanism, which could differ from those usually proposed for metal catalysts [109,110],
deserves further investigation.

Therefore, this issue is examined in greater detail by modelling the energetics and
the mechanism of HER. To this end, the overpotential of the reaction is first calculated
using the CHE. In detail, both the pristine slabs and those bearing a surface Cu defect
(either substitutional or interstitial) are considered for all the investigated materials. When
calculating u[H?, ] in Equation (12), adsorption of H is evaluated on X and Zn surface site
for pristine slabs, and adsorption on X, Zn and on the surface Cu defect for the doped
slabs. The total energy of the most stable structural configuration is then included in
Equation (12). Computations on the slabs with surface Cu}  are initiated from g = 0,
while g = 42 is considered for Cug,, i.e., d? Cu(Il) in both cases. The calculated values
of AG; are given in Figure 4c for pristine and doped slabs. First, the performance of the
pristine materials is discussed. For ZnO, AG; = —0.85 eV and, hence, r7igr = 0.85 V are
computed, meaning that the reaction is hindered by the strong interaction between the
surface and the adsorbate, making the second step of the mechanism decidedly uphill.
An opposite situation is observed for ZnS and ZnSe: AG; values exceeding 2 eV result in
likewise dramatic overpotentials. Therefore, in this case, the limiting step of the reaction is
given by poor H adsorption. This is consistent with the reduced electronegativity of S and
Se, if compared with O at the surface of the oxide, resulting in weaker surface-adsorbate
interactions. When moving to the doped systems, surprisingly, AG; (and hence #ygRr) is
observed to substantially rise from 0.85 up to 1.55 eV when comparing pristine and Cugz,-
bearing ZnO slab. In stark contrast, both ZnS and ZnSe see a sizeable stabilisation in the
adsorbate when a surface Cuy, is present at the surface. This lowers AG; and hence brings
to overpotentials reduced by as much as 2 V. Finally, the overpotential remains substantial
for all the materials (above 1 eV) for the reaction occurring at the interstitial site and is
again determined by the second step of the reaction, i.e., H formation and desorption.
Therefore, the present analysis reveals that the dopant generally enhances the stability
of the adsorbate-+slab system. However, H is already bound too strongly on the pristine
ZnO surface and, hence, the increased stability due to Cu entails a higher value of 7ygg.
On the other hand, H is poorly adsorbed on both the pristine surfaces of ZnS and ZnSe
(AGy > 2 eV), and the Cu-induced stabilisation, in the case of substitutional defect, brings
AG; very close to zero, i.e., the sweet spot for HER as formulated by the Sabatier principle.
Refs. [71,111,112] For comparison, optimal co-catalysts in state-of-the-art photocatalytic
systems give effective overpotentials on the order of 0.1-0.3 V [71].

To understand the origin of such a large effect on AG; and, hence, on #ygR, the struc-
tural and electronic features of the adsorbates on the slab are investigated. The pristine
materials are first discussed, with the most stable structures being depicted in Figure 5a.
In ZnO, the lowest-energy structure features a proton adsorbed on an undercoordinated
surface O, while the extra electron is assimilated in a delocalised CBM state. This is moti-
vated by the strong ionic character of the O-H bond, which impedes reduction. Oppositely,
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radical H' is preferentially formed on a Zn surface site for ZnS and ZnSe, see Section S6 for
the relative stability of different adsorption sites. The computed spin densities, strongly
localised on H, confirm the radical nature of the adsorbate.
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Figure 5. Stick and ball representation of the most stable structural configurations for slabs of zinc
chalcogenides with an extra proton and electron. Panel (a) for pristine slabs, (b) for surface Cu;, (c) for
surface Cugy,. (d) energy profile for H migration from a surface chalcogen site to a Cu, as calculated
from linear transit simulations. For each chalcogenide, energies are referred to that of the initial state.
(e) Stick and ball representation of the most stable structural configurations for Cuz,-bearing slabs
with an extra proton and two electrons, entailing the formation of a surface hydride (cf. main text).
H atom is portrayed in white, Zn in grey, Cu in blue, S in yellow, and Se in orange. Lengths of the
bonds involving the adsorbate are also reported (in A). Isodensity representations of the spin density
(isovalue = 0.001) are shown in green, when appropriate.

In doped slabs, the chemisorption of H is found to be completely changed: the addition
of HT and e~ to Cu; results in the adsorbate bridging the Cu dopant and a lattice Zn, see
Figure 5b. However, such strong interactions over-stabilise the adsorbate, resulting in
highly negative AG; values, corresponding to overpotentials above 1 V. More interestingly,
upon the substitution of a surface Zn with a Cu, the adsorbate binds preferentially to a
surface, X, close to the dopant in all the chalcogenides, while displaying strong interactions
with the neighbouring Cu. These are evidenced by remarkable surface reconstruction
bringing the two ions together; see Figure 5b; In particular, Cu-H distances of ~2.8 A
are recorded for ZnO and as small as ~2.1 A for ZnS and ZnSe. Furthermore, no spin
localisation is envisaged. These observations distinctly indicate that such a structural
configuration does not correspond to radical H' but coincides with a strongly interacting
couple formed by adsorbed H* and reduced Cu,, . This is also confirmed by inspection of
the doped slabs bearing only an adsorbed H' on a surface X, in which such interactions
are absent (see Section S7 in SI), signifying that the reduction in the defect, upon capture of
an electron, is at the root of the remarkable energy gain with respect to pristine systems.

The present results achieved for Cugz,, which are decidedly promising for ZnS and
ZnSe, call for a further inspection of the reaction mechanism. In fact, while giving low
AG;, the product of the reaction does not correspond to radical H', as envisaged by the
standard HER mechanism. Therefore, it remains unclear how H; can be produced, given
that the photo-generated electron is captured by the dopant, consistently with the position
of the energy levels presented in Figure 4a. In particular, it is considered whether the
addition of a second electron, which is possible under photocharging conditions, may allow
the formation of a reduced H species. Interestingly, when carrying out calculations on
slab with an extra H* and two electrons, two possible energy minima are obtained, with
the adsorbate bound (i) to surface X [very similar to the structures shown in Figure 5c]

https://doi.org/10.3390 /nanoenergyadv6020017


https://doi.org/10.3390/nanoenergyadv6020017

Nanoenergy Adv. 2026, 6, 17

16 of 23

and (ii) to Cuz,, on which it forms a hydride. In the latter case, spin localisation also
suggests the defect has reverted back to d” Cu(1l) typical of CuJ,_; see Figure 5e. Notably,
for ZnO, formation of the hydride is strongly disfavoured by as much as 0.60 eV, while itis a
favourite for ZnS and ZnSe, for which the surface H™ is found to be slightly more stable by
0.60 and 0.30 eV, respectively. Furthermore, the migration of the adsorbate from surface X to
Cu implies the crossing of an energy barrier, which is here estimated, via the linear transit
method, to be 0.9, 0.41, and 0.28 eV for ZnO, ZnS, and ZnSe, respectively; see Figure 5d.
Including the zero-point energy (ZPE) of the adsorbed hydrogen in the initial state (cf.
Section S2 of the SI) substantially modifies the effective activation barriers. Subtracting the
harmonic ZPE contribution (0.41, 0.30, and 0.17 eV for ZnO, ZnS, and ZnSe, respectively)
yields residual barriers of 0.49 eV for ZnO and only ~0.11 eV for ZnS and ZnSe. At room
temperature, the latter corresponds to thermally accessible activation energies, whereas in
ZnO proton migration remains strongly kinetically hindered. These results indicate that
Cu substitution renders hydride formation on ZnS and ZnSe dynamically viable under
photocatalytic conditions, while the stronger H-O interaction in ZnO further worsen the
kinetics of the HER reaction.

Overall, in virtue of the comprehensive ab initio investigation presented so far, the
following mechanism for the global HER reaction on Cu-doped ZnX is proposed, as
schematised in Figure 6, and consisting of the following steps:

* A reduction in the surface substitutional Cu operated by a photogenerated electron:
Cud, +e~ — Cuy, (17)

which takes place, as the acceptor level is within the band gap of each material.
e adsorption of H on a surface X site close to the defect:

H* (aq) + Xsurf - H:ds@xsurf (18)

It is noted that, in the case of ZnO, this step is expected to occur already before Cu
reduction, as protons are likely to be adsorbed in appreciable concentration on the
charge-neutral surface (see Refs. [113,114]). For ZnS and ZnSe, which are far less
reactive, as indicated by the highly positive AG1 values of the pristine slabs, adsorption
of protons is prompted by strong interactions with the reduced surface defect.

¢ Upon the injection of a second electron, the adsorbate can migrate towards the defect
site, which is concomitantly oxidated:

H, @Xgyrs + Cuy, + ¢ — Hoy @Cud, + Xqu. (19)

This reaction step is expected to be endothermic on the (1010) surface of ZnO and
exothermic on the (110) surfaces of ZnS and ZnSe. It is argued that the faster comple-
tion of this reaction step, as evidenced by the lower energy barrier associated with it,
is at the root of the superior performances registered experimentally for Cu-enriched
ZnS, with respect to the doped oxide.

*  Hj is produced by a swift reaction between surface hydride and aqueous protons and
then migrates from the electrode to the gas-phase.

H_,.@Cul, +H" (aq) — Ha(g) + Cu},.. (20)

This step, which frees the surface Cu to initiate another reaction cycle, is associ-
ated with the residual overpotential (below 0.2 V) of the reaction on Cu-doped ZnS
and ZnSe.
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from Cu,, i.e., if the Fermi level of the material lies close to the CBM, and hence, the
defect is already in its reduced form under charge-neutral conditions [see Figure 4a]. In
such a case, the cycle is simply shifted by one step, and hence, it is prompted by adsorption
of protons near the defect site and closed by a photogenerated electron restoring Cu,,,

cf. Figure 6.

Figure 6. Schematic representation of the proposed HER mechanism on zinc chalcogenides’ surfaces
bearing a surface Cuy,. Red (green) numbers indicate the sequence of steps for CuOZn (Cuy,).

5. Conclusions

In this work, a comprehensive and comparative first-principles investigation of Cu
defects in ZnO, ZnS, and ZnSe has been presented, addressing their bulk and surface
energetics, electronic structure, optical signatures, and role in the hydrogen evolution
reaction. By combining a rigorous grand-canonical treatment of charged defects with
hybrid DFT calculations and the CHE approach, a unified microscopic picture of Cu
doping across the ZnX chalcogenide series has been provided. The results revealed a clear
qualitative distinction between ZnO and the heavier chalcogenides. While ZnO supports
both donor- and acceptor-like Cu defects and exhibits strong electron-lattice coupling with
pronounced Jahn-Teller distortions, ZnS and ZnSe display a markedly different defect
physics. In these materials, substitutional Cuz,, behaves as a mid-gap acceptor with similar
absolute charge-transition levels in both hosts, whereas interstitial Cu is electrically inactive
in the bulk. The reduced ionicity and enhanced covalency of ZnS and ZnSe suppress hole
localisation and stabilise electron trapping, leading to a crossover in carrier localisation
along the series. At the surface, defect energetics and charge-transition levels undergo
substantial shifts with respect to the bulk, profoundly impacting photocatalytic behaviour.
It is found that surface substitutional Cu is the key electronically active defect for ZnS and
ZnSe under realistic conditions, while interstitial Cu may become stabilised only in specific

https://doi.org/10.3390 /nanoenergyadv6020017


https://doi.org/10.3390/nanoenergyadv6020017

Nanoenergy Adv. 2026, 6, 17

18 of 23

regimes. The alignment of defect levels with the H' /H, redox potential has suggested
a defect-mediated boost of photocatalytic activity but was found to be insufficient to
rationalise the experimentally observed trends.

The explicit modelling of the HER mechanism revealed the microscopic origin of
the markedly different catalytic responses by invoking defect-mediated mechanism in
which photogenerated electrons are first trapped at Cuy,, followed by a cooperative
interaction between the reduced defect and adsorbed protons, ultimately enabling hydride
formation and Hj evolution. The calculations showed that Cu substitution in ZnS and ZnSe
simultaneously fulfils both the criteria for optimal HER activity, i.e., hydrogen adsorption
free energies close to thermoneutral conditions, together with kinetically accessible reaction
pathways. In fact, in these materials, the Cu site was found to tune the hydrogen adsorption
toward the Sabatier optimum, while the exiguous energy barrier for H migration renders
hydride formation thermally accessible at ambient conditions. In contrast, in ZnO the
stronger H-O interaction leaves a residual barrier of 0.49 eV, kinetically hindering transfer
to the Cu site, and thus limiting catalytic turnover.

More broadly, the findings demonstrated that the catalytic impact of doping can be
envisaged from band alignment considerations, but the accurate determination of defect
thermodynamics, charge localisation, and surface reaction energetics is required to ratio-
nalise experimental trends. The present study establishes defect engineering as a powerful
tool to tune hydrogen adsorption thermodynamics in wide band-gap chalcogenides and
provides design principles for optimising Cu-doped ZnX materials for photocatalytic
applications. The natural continuation of the present study will extend the employed
methodology to different systems and photocatalytic reactions, as well as performing
simulations of complete semiconductor water interfaces to study the reaction mechanism
under realistic conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nanoenergyadv6020017/s1, Electronic Supplementary Information
includes additional analysis of the data. Section S1 provides the theoretical framework for the
evaluation of chemical potentials of constituent elements of ZnS, ZnSe, and the Cu dopant, as
well as the calculated enthalpies of formation for ZnS, ZnSe and the competing phases considered.
Section S2 supplies the energy correction terms outlined in Equation (15) and the calculated vibrational
frequencies for adsorbed H' on both pristine and doped materials. Section S3 provides the structural
parameters employed for the modelling of both the bulk and slab materials, as well as their energy
gaps and the calculated electrostatic potentials for the surfaces. Sections S4 and S5 delve into the
structural and electronic properties of the Cu-doped ZnS and ZnSe bulk and (110) slabs, respectively.
Section S6 provides the energetics of the H™ adsorption on the pristine surfaces of Zn chalcogenides,
and Section S7 outlines the H* adsorption on the Cu-doped ZnX surfaces. Additional refs. [115-127].
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