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This mini-review on doping and heterojunctions for catalysis applications provides a comprehensive
overview of key aspects. Doping, when carried out adequately with a uniform distribution, creates a new
energy level that significantly enhances charge transfer and light absorption. This new level alters the
material's morphology and enhances intrinsic defects. For instance, ZnO, despite its exceptional band
edge concerning oxygen reduction and water oxidation redox potentials, faces the issue of electron—

hole recombination. However, forming a heterojunction can effectively aid charge transfer and prolong
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becomes crucial. Additionally, incorporating noble metals with S- and Z-scheme heterojunctions offers
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Introduction

ZnO, among several semiconductor catalysts, stands out due to
its unique properties. It has more positive potential than the
redox potential of water and more negative potential than the
redox potential of oxygen.' Applying ZnO in a photocatalytic
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reaction can reduce oxygen and oxidize water molecules to
generate an oxidizing agent. ZnO has high redox potential,
better chemical and physical stability at high temperatures,
good defect chemistry, and a considerable excitonic binding
energy of 60 meV.> Among the three crystal structures of ZnO,
wurtzite is thermodynamically stable. Besides, ZnO is also the
richest family of nano morphological structures, which is
beneficial for diverse applications.®* However, electron-hole
recombination and inadequate visible light absorption are the
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two main drawbacks of ZnO. This review focuses on ZnO as
a host material.

Doping and creating heterojunctions are commonly used to
modify the properties of ZnO. These modifications include
extending its ability to absorb visible light and reducing elec-
tron-hole recombination (EHR). The band gap of ZnO needs to
be reduced to capture visible light, which constitutes about 40%
of the solar spectrum. Doping introduces a mid-gap energy level
within the valence band (VB) and conduction band (CB) of
ZnO,** facilitating electron-hole transfer between semi-
conductors to achieve stability or reduce their thermodynamic
energies.*” Forming a heterojunction between semiconductors
with different band gap values can enhance the charge transfer
mechanism. Techniques such as XRD, PL, DRS-UV-vis, XPS, and
STEM are commonly used to understand the effects of dopants,
and Mott-Schottky analysis, DRS-UV-vis, XPS, and EPR are used
to realize charge transfer mechanisms within heterojunction
interfaces.** Doped ZnO exhibits low and high-angle peak
shifts compared to the host ZnO in XRD patterns. The low-angle
shift is attributed to including larger ionic-radius dopants,
while the shift towards a higher angle is due to including
smaller ionic radii dopants.**> Doped ZnO shows reduced PL
intensity compared to host ZnO, indicating diminished electron
and hole recombination due to interactions between the host sp
and dopant d states.">™ The reduction in intensity of the DRS-
UV-vis spectra for doped ZnO is linked to extended visible
light absorption. XPS also reveals a lower binding energy shift
for doped ZnO than the ZnO host. STEM, equipped with
different detectors, can show the substitution and scattering of
the dopant on the host surface.*

Many research publications have tried to understand the
changes in properties that occur when dopants are added to the
host matrix and when heterojunctions are formed. However,
there is a need for better mutual understanding and agreement
among these publications. This summary highlights the
changes in properties due to doping and heterojunctions,
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drawing on the authors' extensive experience and a recently
published literature survey. It starts by exploring the basics of
heterojunctions and doping, followed by a detailed discussion
and key concepts based on relevant articles. The focus is
specifically on metal ion doping and metal or metal oxide het-
erojunctions for clarity and comprehension.

Fundamentals of doping and
heterojunction

Photocatalysis is a surface reaction that occurs when light
irradiates a surface, causing the separation of electrons and
holes. Once the electrons absorb light, they excite to the first
excitatory state within a few femtoseconds. The excited elec-
tions precede vibrational relaxation in picoseconds and then
return to the ground state through fluorescence within nano-
seconds. The resulting photon-induced electron and hole pairs
should have significant reduction and oxidation potentials and
be trapped in metastable states. For an efficient photocatalysis
reaction, the photon-induced electron-hole recombination
should decrease, and the pairs should migrate to the surface
and react with surface-sorbed pollutant molecules.'® Addition-
ally, for these surface reactions, the band edge position of the
catalyst relative to the oxidation and reduction redox potential
is a critical consideration. The catalyst valence band (VB) and
conduction band (CB) edges should have more positive and
negative potential than the redox potential of water and oxygen,
respectively. Wurtzite ZnO, with a wide band gap of 3.23 eV,
possesses excellent optoelectronic and piezoelectric properties.
Its hexagonal crystal structure has lattice parameters of a =
0.3296 nm and ¢ = 0.520 nm, and it belongs to the P6;mc
(Hermann-Mauguin) or C'6v (Schoenflies notation) space
group.”” ZnO has a CB potential of —0.5 V and a VB potential of
+2.7 V versus a standard hydrogen electrode (NHE). The CB
potential is more negative than the reduction redox potential of
0,/°0,~ (—0.33 V), while the VB potential is more positive than
the oxidation redox potential of *OH/H,O (Fig. 1).*® Therefore,
0O, and H,O0 can be easily reduced and oxidized in the presence
of electrons and holes.
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Fig. 1 Band edge potentials and band gap of some selected semi-
conductors. The band edge potentials are shown relative to water and
oxygen's oxidation and reduction potentials, respectively.
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However, applying single ZnO as a photocatalyst has several
drawbacks, such as photon-generated electron-hole recombi-
nation (EHR) and inadequate solar energy absorption. Pure ZnO
has some drawbacks when used as a photocatalyst, such as
electron-hole recombination (EHR) and insufficient solar
energy absorption. High electron density differences between
the VB and CB cause the semiconductor's EHR." Depending on
various conditions, recombination can occur internally or on
the catalyst's surface.

Forming a heterojunction can reduce external EHR, while
impurity doping can reduce internal recombination by creating
new energy levels within the host energy gap. Besides, the EHR
also produces heat in the surrounding medium, which dimin-
ishes the sorption of pollutant molecules on the catalyst
surface. In the case of solar energy absorption, wide-bandgap
materials such as ZnO are activated only by UV light (about
4% of the total solar spectra).”® As a result, ZnO photocatalytic
performance under visible solar light irradiation is poor. These
single semiconductor material drawbacks can be improved by
dopant inclusion in the host lattice and forming
a heterojunction.

Doping is a process of VB elevation, CB lowering, or creating
localized energy levels with the host band gap. Depending on
the dopant and host work functions, dopants can be acceptors
or donors. The dopant, which has a lower work function than
the host, acts as a donor type and donates electrons to the host
CB. The dopant, which has a greater work function than the
host, acts as an acceptor type and accepts electrons from the
host CB.** Defects created very near the VB and CB are shallow
acceptor and shallow donor levels. While defects created by the
VB and CB are deep holes and deep electron traps® (Fig. 2). The
major dopant inclusion positions in the host matrix are inter-
stitial, substitution, and segregation.

These positions depend on factors such as dopant amount,
electronegativity, and ionic radii.® Morphology changes,
defects, and deformations also form during doping, essential
for different applications.

Forming a heterojunction involves aligning the bands of
semiconductors with different band structures, and it is one of
the most effective ways to separate photon-induced electron-
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Fig. 2 (a) Acceptor; (b) donor-type defects. The shallow donor and
acceptor cavities are located near the CB and VB, respectively. The
deep electron and deep hole trap defects were created next to the
shallow-level defects of CB and VB, respectively.
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hole pairs.* Various heterojunction mechanisms, such as the Z-
scheme, M-scheme, S-scheme, and staggered type, have been
proposed to prolong the lifetime of electrons and holes. When
two semiconductors form a heterojunction, three main cases
typically occur. First, electronic densities and Fermi levels are
redistributed until an equilibrium state is reached, followed by
the development of an internal electric field, or accumulated
layer, between the two semiconductor interfaces. Finally, band
edge bending occurs, which can create allowed and forbidden
charge transfer pathways within the semiconductor interfaces.

The separation of electron-hole pairs, the surrounding
charge density, and the charge transfer process impact a mate-
rial's local chemical properties and flat band potentials from
the standard position.*® Therefore, it is essential to study the
electronic structure and type of semiconductor to assess the
heterojunction properties of a material. The Mott-Schottky plot
analysis provides information on whether the material is n-type
or p-type and on the material's band edges. The n-type and p-
type characteristics can be easily determined from the positive
and negative slopes of the Mott-Schottky plot, respectively. The
CB of materials can be determined from the flat band potentials
(vs. NHE) by extrapolating the Mott-Schottky plot towards the x-
axis. With the CB from the Mott-Schottky plot and the bandgap
from the DRS-UV-vis analysis, the valence band (VB) can be
calculated using the formula VB = E,; + CB, where VB, CB, and E,
represent the valence band, conduction band, and energy gap
(bandgap) of the material.>* Additionally, it is possible to use
a combination of Mott-Schottky and ultraviolet photoelectron
spectroscopy to determine the flat band potentials. The relative
intensity vs. binding energy ultraviolet photoelectron spectros-
copy (UPS) plot can provide the VB potential of the material
directly. Then, the CB can be easily determined from the DRS-
UV-vis bandgap and VB values.” XPS analysis can determine
the direction of charge transfer by observing the shift in binding
energy associated with a change in the charge density over the
target element. A lower binding energy shift indicates an
increase in charge density, while a higher binding energy shift
indicates a decrease in charge density over the specific element.
Therefore, a lower shift indicates charge transfer towards that
particular element, and a higher shift indicates charge transfer
from the target element to the other attached semiconductor.>®

Doping

Extrinsically and intrinsically, defects in the host lattice create
a material with different optoelectronic and magnetic proper-
ties. Materials with a high dopant concentration in the host
matrix generate magneto-optoelectronic and optoelectronic
properties. Thus, the materials have electron spin and electron
charge properties. These electron spin and electron charge
properties are advantageous in various fields, such as infor-
mation recording and solar cells. The optical properties change
due to the sp-d host-dopant exchange interaction and
magnetic properties due to free electrons in the dopant 3d state,
which results in band gap deformation.*® Doping transition
metals (which have unfilled d or f orbitals) creates mid-gap
energy levels without changing the band gap of the host.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The created mid-gap benefits the electronic transition and
relaxation of holes and electrons without recombination. The
holes and electrons react with water and oxygen to generate
reactive oxygen species, which are beneficial in numerous
fields. The expected common transitions within doped material
include the VB-CB host transition, the d—d dopant transition,
the host CB-dopant d transition, and the host VB-dopant
d transition.*® However, there is a solubility problem, especially
with metal ions (p-type) in the host semiconductors. For
example, rare earth metals have a greater ionic size than Zn,
which makes their solubility in the ZnO lattice more difficult.
Transition metals (TMs) have comparable ionic sizes and good
solubility.** Because of perfect incorporation, the hexagonal
crystal structure of ZnO cannot be altered by doping with TMs.
Instead, doping affects the unit cell volume and lattice param-
eters due to the stress created within the crystal structure.*
Doping metal ions also leads to changing the morphology,
creating different defects, and increasing the surface area of the
materials.** However, the formation of over-aggregation and the
development of grain boundaries at high concentrations may
lead to increasing particle and grain sizes.

Optical properties

The improvement in the optical properties of ZnO based on the
doping of TM elements results from the interaction between
doped 3d electrons with the s or p host electrons (s-d or p-d).*
Photoluminescence (PL) and DRS-UV-vis are the most common
techniques used to understand the optical properties of doped
materials. Near-band edge emission (NBE) commonly occurs in
the PL spectra at about 380 nm. This NBE emission is a char-
acteristic property of ZnO and occurs due to direct EHR.
Besides, the typical broad peak of ZnO PL spectra in the visible
region is due to intrinsic defects created during synthesis.** The
decrease in intensity and wavelength shift are the two leading
indicators of doping in PL spectra. The decline in emission
intensity indicates a reduction in EHR due to the formation of
defects within the band gap of the host. Defect peaks may
increase during dopant inclusion, which supports the forma-
tion of more defects.?® At the same time, the shift towards
a longer wavelength is also due to the sp-d exchange interac-
tion, which results in a band gap change.?*® The defects may be
intrinsic (without other impurities) or extrinsic due to the
inclusion of impurities. They can act as an electron trapper in
the CB after excitation and in the VB during excitation. Intrinsic
defects include zinc vacancy (Vz,, emitting violet light at 410-
420 nm, with energy of 3.02 eV),*” zinc interstitial (Zn;, emitting
UV light at 380-400 nm, with energy of 3.30-3.34 eV), zinc
antisite (Og,, emitting light at 520 nm, with energy of 2.38 eV),
and oxygen interstitial (O;, emitting light at 540 nm, with energy
of 2.23 eV).* Other intrinsic defects are oxygen vacancy (Vo,
emitting light at 500-520 nm, with an energy of 2.43 eV),* and
oxygen antisite (Zne). The intrinsic ZnO defect peaks are related
to the electron donor (Vo and Zn;) and acceptor (Vz, and O;)
levels. These donor and acceptor levels occur below the CB and
above the VB of the host energy gap, respectively. Luminescence
emission bands such as violet-blue emission related to electron

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

transition between Zn; and host VB, blue between V,, and host
CB, green between V, and Vz,, and yellow associated with
recombination of holes trapped in O; and electrons in the CB
were observed. The extrinsic defects occur as a result of TM
impurities doping.

Magnetic properties

The magnetic properties of semiconductors are of interest to
electronic devices today. ZnO has fully filled Zn d-orbitals,
which are diamagnetic by nature. The magnetic properties of
ZnO are due to defects created during synthesis, which arise
from local spin exchange through the vacancies.*® Of course, the
magnetic properties of ZnO depend on the synthesis method*
and calcination temperature. Different models have explained
the reasons for enhancements in the magnetic behavior of
doped materials.

According to the Ruderman-Kittel-Kasuya-Yosida (RKKY)
model, it results from the host-mediated, well-aligned coupling
of spin-polarized magnetic electrons within dopant elements.
The second is the bound magnetic polarons (BMP) model,
which explains the magnetic properties of doped materials
based on the parallel alignment of localized spins and carriers
of dopants due to exchange interactions. The third spin-split
impurity band model explains the magnetic properties based
on the splitting of the dopant band and then its interaction with
the 3-d state.”” Of course, doped materials’ magnetic properties
depend on several factors, such as dopant amount, tempera-
ture, and dopant type. In general, for ferromagnetism proper-
ties, the following three requirements are needed: (i) the net
electron spin in the incomplete d shell of an atom; (ii) the
interaction of this d shell electron spin of the host atom with
adjacent d shells of dopant, which leads to antiferromagnetic
properties; and (iii) spin coupling between incomplete d shells
with conduction band electrons in the form of
ferromagnetism.*

The change in magnetic properties can be understood using
different analytical techniques. The EPR technique is one of the
sensitive techniques used to detect the intrinsic and extrinsic
defects created. For example, the electron paramagnetic reso-
nance (EPR) spectra for the ZnO signal at g = 1.960 are due to
the oxygen interstitial, and the oxygen and Zn vacancy signal at
g=12.006 is due to the surface defects.** The technique can show
other signals for extrinsic doping both in the core and surface
regions. This signal depends on the material characteristics, the
hyperfine coupling of spin, and the size of the particles. Of
course, the signal intensity varies with the dopant amount and
decreases as the amount increases due to increased doped ion
interaction. The spin-trapping EPR analysis is also essential to
understand the creation of ‘O, and "OH species in the pres-
ence of 5-dimethyl-1-pyrrolidine N-oxide (DMPO) based on the
DMPO-'0,  and DMPO-'OH signals that are detected in the
EPR spectra.

Transition metal doping

Manganese. The manganese ion (Mn>', 0.66 A) has a slightly
greater tetrahedral ionic radius than Zn®" (0.60 A), and this
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ionic radius results in an XRD pattern peak shift towards a lower
angle due to the lattice enlargement.* In addition, doping with
Mn®" ions creates different intrinsic defects (especially Zn; and
O,) that act as charge carrier traps. The trap centre occurring
increases their relaxation time for redox reactions.*® Several
reports show that the solubility of Mn is lower due to the
stronger metal-oxygen bond for Mn-O than that of Zn-O.
However, the magnetic (antiferromagnetic and ferromagnetic)
properties of Mn-ZnO are much better than those of Cu-ZnO
due to the presence of five unpaired electrons in d-orbitals.*”

Alsmadi et al.*® conducted detailed XPS and PL analyses to
confirm the inclusion of Mn in the ZnO lattice without affecting
the wiirtzite structure of the host ZnO. XPS analysis showed that
the oxygen vacancy concentration could be controlled by calci-
nating the materials in vacuum and air. When the sample was
calcinated under vacuum, the oxygen vacancy peak increased,
and in air, it decreased. The increase in vacuum confirmed the
creation of defects, and the decrease in air showed the filling of
oxygen defects by oxygen from the air. PL analysis showed
a deep-level emissions peak in the visible region. The intensity
increase for the green band with the dopant amount indicated
an increase in oxygen vacancy concentration. In the same
analysis, intense near-band-edge (NBE) shifted towards a longer
wavelength (red shift), signifying the incorporation of Mn in the
ZnO host lattice. Besides, all doped materials with different Mn
dopant concentrations showed ferromagnetic ordering proper-
ties. The ferromagnetic property was mainly due to the oxygen
vacancies created during doping, which increased as the doping
concentration increased. A slight low-angle XRD pattern shift
was also confirmed for Mn-doped ZnO compared to ZnO. This
shift resulted from slight unit cell expansion due to the greater
ionic radii of Mn.

Ali et al.*® also conducted a detailed theoretical and experi-
mental study on Mn-doped ZnO. The study confirmed the
ferromagnetism properties of Mn-ZnO material to be due to
zinc vacancy (Vz,). The presence of defects in the doped mate-
rial was analyzed using XPS. The analysis used different
concentrations of argon and oxygen atmospheres (20 Ar/80 O,
and 80 Ar/20 O, atmospheres). The shifting of Zn 2p;,, and Zn
2py,» peaks towards higher binding energy for doped materials
in the presence of a lower argon atmosphere confirmed the
domination of Vz,. In addition, the PL analysis showed a peak
at 410 nm, mainly due to the electron transition from V, levels
to the ZnO host CB. Another peak at 570 nm was associated with
the Vg defect.

Cobalt. Cobalt ion (Co?*, 0.58 A) has comparable ionic radii
with Zn*" (0.60 A) in tetrahedral coordination. Thus, incorpo-
rating Co”* ions in the ZnO lattice also results in an XRD pattern
with a higher angle shift.*® Besides, the solubility of Co** ions in
the ZnO lattice is much better than that of other metal ions.
Thus, Co doping with greater solubility creates new Co>" 3d
levels, or mid-edges. The doping also extends the visible light
absorption capacity due to the s-d and p-d interactions.*® Once
the Co®" 3d states are created, different charge transitions
occur. The transfer includes VB-CB, donor-type transition
(Co**®*, dopant to host CB), acceptor-type transition (Co>"*,
dopant to host VB), and dopant d-d transition (Fig. 3).*” Using
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Fig. 3 Scheme showing probable charge transfer within cobalt-
doped ZnO: valence to conduction band, cobalt(i) level to host
conduction band, cobalt(i) to host valence band, and dopant d—
d transition. The charge transfer enhances the electron—hole relaxa-
tion time and degrades dye pollutants such as methylene blue by
oxidising agents.

a green approach, Meky et al.** synthesized cubic-shaped Co-
ZnO NPs. The optical analysis using UV-vis DRS revealed three
unique light absorption bands in the visible region due to Co**
d-d transitions. These absorption bands observed at wave-
lengths of 655, 612, and 570 nm were due to the transition from
*A2 to *A1(G), to “T1(P), and to ’E (G), respectively.

This extrinsic inclusion of Co** ions in the ZnO lattice is due
to the s-d or p-d exchange interaction between the host band
electron and 3d localized dopant electrons, creating a new
energy level. The study also reported that a host lattice strain
was created with an increased Co amount, resulting in cluster
formation, morphological change, and enhanced defect
density. Chen et al.>* also obtained three absorption bands in
the visible region attributed to Co>* d-d electronic transitions,
indicating the proper substitution of Zn by Co®" ions without
affecting the host ZnO structure. The band gap analysis using
the Kubelka-Munk function confirmed the presence of two
regions for UV and visible light absorption.

The VB maxima, CB minima, Fermi tail, Fermi level, cut-off
tail, and band gap were determined by ultraviolet photoelec-
tron spectroscopy. This confirmed the dominance of VB
maxima by the O-2p orbital and the increase of CB minima by
Co atoms. The study also confirmed the formation of a mid-
state band gap to enhance visible light absorption.

Chehhat et al.>> used the sol-gel method to synthesize Co-
ZnO with a porous structure. The PL analysis showed a band
edge shift towards a higher wavelength than single ZnO. This
shift indicated the presence of s-d and p-d exchange interac-
tions due to the Co interchange by Zn. The PL analysis by
Kaphle et al.>® showed an intensity reduction with increased Co
concentration. This intensity reduction indicated a reduction in
electron-hole recombination due to the dopant acting as an
electron sink. The PL spectra of ZnO showed a broad, small
peak in the visible region due to intrinsic defect-related green
emission. The intensity of the broad emission peak increased
with Co concentration, indicating the formation of more
defects. Chanda et al** also reported an increase in defect-
related emission peak intensity with an increase in Co
amount, indicating an increase in defects. The PL analysis by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Kaphle et al.** also showed an increase in NBE emissions and
a decrease in visible emissions. Besides, the calcination
temperature affects both the formation of defects and crystal-
linity. An increase in temperature leads to an increase in EHR
and crystallinity and a decrease in defect formation. However,
high-temperature calcination in an oxygen-rich environment
results in an oxidation process that increases oxygen content.

Doping with Co also tunes ZnO's magnetic properties due to
cobalt's highest magnetic moments and positive magnetic
exchange coupling constant. Kazmi et al.®® confirmed the
ferromagnetic properties of Co-ZnO 1D nanowires. The ferro-
magnetic properties were confirmed based on the density
functional theory analysis. The Co 3d spin-polarised electrons
and host O-2p electron exchange integration caused the
magnetic property. The intrinsic defects and substitution
occurred without secondary Co-metal or Coz;O, phase forma-
tion. Salameh et al.*® confirmed the formation of defects
(oxygen vacancies) by XPS. The analysis showed a unique peak
at 531.0 eV, indicating the presence of electrons in the oxygen
vacancies. The intensity of this peak increased as the Co
concentration increased.

Copper. Copper ion (Cu®’, ionic radii 0.58 A in tetrahedral
and 0.73 A in octahedral coordination) also has comparable
ionic radii with Zn?*, 0.60 A in tetrahedral and 0.74 A in octa-
hedral coordination. The penetration and inclusion of these
slightly smaller ionic radii of Cu®*" ions result in lattice
shrinkage. This lattice shrinkage results in peak shifts towards
a high angle on the XRD pattern.”” Copper doping results in 3d
states (half-filled) in the ZnO band gap and acts as an electron
trap centre.”® However, many research reports show lower
solubility of Cu, indicating the occurrence of the oxide form of
Cu crystals as heterojunctions.> The magnetic properties of Cu
metal, CuO/Cu,0O, and Cu-ZnO are not of much interest since
the d-shell of Cu is filled. However, its promising photocatalytic
dye degradation property was reported in electromagnetic
radiation's visible and UV regions. In this study, the redshift in
the UV-vis-DRS analysis (decrease in the band gap) resulted in
increased visible luminescence properties. Decreasing the UV
resulted in superior degradation abilities.®® In doping science,
controlling the distribution of dopant single atoms is signifi-
cant for different applications, such as catalysis and photo-
catalysis.”* Rong et al.’® analyzed the distribution of the Cu
dopant using scanning transmission electron (STEM) micros-
copy hyphenated with a high-resolution, high-angle annular
dark field (STEM-HAADF) detector. They confirmed the substi-
tution and well-distribution of the Cu dopant in the ZnO host
lattice.

Silver. The silver ion (Ag") has a larger ionic radius than the
Zn** ion. Thus, substituting Ag" in the host ZnO increases the
unit cell volume. This results in shifting the XRD pattern
towards a lower 26 value. However, the solubility of Ag in the
ZnO matrix is difficult due to its larger ionic radii.®* Thus, it
forms separate crystals, or aggregates, as heterojunctions.
Trang et al.®® reported a small amount of Ag inclusion in the
host ZnO based on the XRD peak shift. However, the dominance
of heterojunctions (independent crystal formation)
confirmed. The Ag crystals form local contact with ZnO,

was
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facilitating the interface's in situ charge transfer process. This
charge transfer was confirmed based on the Ag" ion and Ag® 3d
XPS peak shifts compared to the single Ag. The Ag 3ds/, and 3d;,
» peak shifts towards lower binding energy were attributed to
the change in electron density due to transfer. Besides, Wang
et al.** also reported the dominance of independent Ag crystal
formation instead of its inclusion in the host lattice. Here, the
XPS Ag 3d peaks also shifted towards lower binding energy than
their bulk counterparts. The shift also confirmed the presence
of Ag/ZnO charge transfers.

Iron. Doping with iron also creates a mid-edge energy level
due to d and sp electron exchange interactions. Iron has
different oxidation states (II, III, and IV), which gives it a better
electron-hole trap and release center.® Rajan et al.*® studied the
detailed local structural analysis of Fe*'/Fe**~ZnO materials.
Here, dopant solubility of up to 10% was reported. The UV-vis
analysis shows a mid-absorption band in the visible region.
The band is mainly due to the doped Fe®" high-spin crystal field
transitions from the °Alg ground state. The Tauc plots also
showed redshift for Fe-ZnO due to the sp-d exchange interac-
tion. The peak edge position in the X-ray photoelectron spec-
troscopy (EXAFS) analysis is associated with Fe,0; (Fe**) states.
The edge shows the inclusion of Fe** in the ZnO lattice. Besides,
the XPS analysis showed the existence of the Fe*" states in the
lower dopant concentration, and they oxidized to the Fe** state
with increasing concentration.

Heterojunction

The three conventional heterojunction photocatalysts are the
straddling, staggered, and broken gaps. In the straddling gap
heterojunction, the VB and CB of semiconductor I (SI) are
higher than those of semiconductor II (SII). Thus, the electrons
and holes collected at a lower redox potential have a greater
chance of recombination. However, in the type II hetero-
junction, the CB and VB potentials of SI are higher than those of
SII; this causes electrons to diffuse from SI to SII and holes from
SII to SI, preventing the recombination process. In the type III
heterojunction, the bandgaps of SI and SII do not overlap,
making them unsuitable for charge separation. Therefore, the
type II heterojunction is the most effective for photon-induced
electron-hole pair separation and enhancing the photo-
catalysis application efficiency.

In a staggered-type binary heterojunction, when solar light
irradiates the semiconductors, electrons and holes are created
in the CB and VB of the materials due to the matching band
potential. The electrons and holes then move from the semi-
conductor with higher potential energy to the one with lower
potential energy (Fig. 4).°” The work function of SII is higher
(lower Fermi level) than that of SI. In this process, valence
electrons are transferred from the semiconductor with higher
potential energy to the one with lower potential energy, result-
ing in a built-in electric field at the interface. This electric field
inhibits further electron transfer, facilitating electron and hole
movement and inhibiting recombination. The internally built
electric field is directed from SI to SII. Thus, electrons are
transferred from SII's more negative potential to SI's less
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Fig. 4 The possible type Il (staggered type) charge transfer mecha-
nism within semiconductor | and semiconductor II: (a and b) before
and after contact, respectively; (c) during light irradiation and elec-
tron—hole generation; and (d) electron—hole migration.

negative potential, and holes move from SI to SII. However, this
junction type leads the electrons and holes to exist in positions
of low reducing and oxidizing redox energy. This low redox
energy is the main drawback of the type II mechanism.

The type-II heterojunction (n-n heterojunction) has a slower
electron-hole separation due to ultrafast electron-hole recom-
bination behavior and reduction and oxidation reactions with
lower potential and electrostatic repulsion. The properties of
the heterojunction and the photocatalysis mechanism depend
on the p-type and n-type characteristics and the semi-
conductors’ CB and VB potentials.

Besides, there is also an electrostatic repulsion between the
host and guest electrons and holes during transfer, which
makes the transfer process more difficult.*®

The p-n or n-p heterojunction was developed to address the
n-n heterojunction problem by creating an additional electric
field.® In the n-type (SI) and p-type (SII) heterojunctions, the
Fermi level of the p-type semiconductor is near the VB. As
a result, electrons can move from the n-type semiconductor to
the p-type semiconductor and holes from the p-type semi-
conductor to the n-type semiconductor until an equilibrium is
reached. This movement of electrons and holes creates an
internal electric field (space-charge region) before light irradi-
ation, and the electric field potential at the interface allows
electrons and holes to move in the opposite direction. The
developed electric field facilitates a faster electron-hole charge
transfer during light irradiation. Additionally, reduction and
oxidation reactions occur at higher potentials than in the type II
(n-n) heterojunction. The n-p heterojunction demonstrates
effective charge separation, rapid transfer, and more electron-
hole relaxation time. Electrons diffuse from SII to SI till the
equilibration state in the p-type (SI) and n-type (SII) hetero-
junction. The built-in electric field changes direction from SII to
SI and assists the electron-hole transfer process, similar to the
n-p heterojunction. In the p-type (SI) and p-type (SII) hetero-
junction, the SII has a higher Fermi level than the SI. Thus,
electrons diffuse from SII to SI up to the equilibration state.
However, the movement of electrons from SII to SI is sup-
pressed during light irradiation due to the development of
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a negative charge at the interface edge of SI and forbidden
electron movement due to band bending. As a result, the CB
electrons of SII and the VB holes of SI undergo a reduction and
oxidation process, respectively.”

Zhang et al.”* proposed the staggered-type heterojunction
between fluorinated TiO, (F-TiO,) and ZnO. The CB of ZnO has
a greater negative potential than F-TiO,, while the VB of ZnO
has a greater positive potential than F-TiO,. Under light irra-
diation, the electron migrates from the CB of ZnO to the F-TiO,
CB and the hole from the F-TiO, VB to the ZnO VB. Thus,
recombination is inhibited, and the electron reacts with oxygen
(reduction), and the hole reacts with water (oxidation). This
electron-hole reaction then generates ‘O,  and ‘OH for the
degradation of methyl orange dye better than single TiO,. The
extended electron-hole relaxation time was analyzed using PL.
The PL intensity peak for the composite was much lower than
that of single F-TiO,, indicating the EHR hindrance.

Das et al.® proposed the type II (staggered) mechanism
within the ZnO-In,0O; interface for efficient charge transfer and
photocatalytic degradation of methylene blue dye. In,O; (2.8 €V)
and ZnO are n-type semiconductors with 4.28 and 5.2 eV work
function values, respectively. The obtained CB and VB values for
ZnO were —0.29 eV and 2.87 eV, respectively. For In,0;, the
obtained CB and VB were —0.63 eV and 2.19 eV, respectively.
This band edge potential showed electron migration from the
more negative potential CB of In,O; to the less negative CB
potential of ZnO. The hole migrated from ZnO's more positive
VB potential to the less positive VB potential of In,0;. This
mechanism diminished the EHR and led to oxygen reduction
and water oxidation by electrons and holes.

The Z-scheme mechanism is the second, recently proposed,
and somewhat better heterojunction between two or more
semiconductors. SI has a higher work function (lower Fermi
level) in this mechanism than SII, causing electrons to transfer
from SII to SI until an equilibrium state arises. The internally
built electric field is directed from SI to SII. The developed
electric field also electrostatically attracts and recombines
electrons from SI to SII. However, the band edge bending
develops a forbidden electron transfer from SII to SI and
a forbidden hole transfer from SII to SI.”> The electrons are
transferred from the CB of SI and recombined with the holes of
SII. However, the electrons and holes, which have high ther-
modynamic energies on the CB of SII and VB of SI, are left
without transfer to accelerate the high reduction and oxidation
processes, respectively’>”* (Fig. 5).

Zhou et al.” synthesized nest- and core-shell-structured
ZnO/TiO, with Z-scheme heterojunction. Using the XPS
technique, the band edge positions were accurately deter-
mined. The study proposed that the CB potential of ZnO was
more negative than that of TiO,, while the VB potential of
TiO, was more positive than the VB of ZnO. This hetero-
junction led to recombining the CB electrons from ZnO with
the VB electrons of TiO,. Thus, the CB electrons of TiO, and
the VB holes of ZnO survived with high thermodynamic
energy. The holes and electrons could react with water and
oxygen and generate an oxidizing agent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The possible Z-scheme charge transfer mechanisms within
semiconductor | and semiconductor II: (a and b) before-and-after
contact; (c) during light irradiation and electron—hole generation; and
(d) allowed and forbidden electron—hole migrations.

Song et al.’ also proposed the Z-scheme mechanism within
the Ag,0/ZnO heterojunction. The band energies of ZnO and
Ag,0 were determined from Mott-Schottky analysis.

The VB of Ag,0 and ZnO were obtained to be 2.14 and
1.91 eV, and their conduction bands were 0.94 and —1.79 eV (vs.
NHE), respectively. Thus, based on this heterojunction, the
staggered type and Z-schemes were proposed as possible
mechanisms. From the EPR analysis, "O,~ was understood to be
the main oxidizing agent. However, in the case of the staggered
type, the electrons accumulated on the CB of Ag,O could not
reduce oxygen to ‘O, . This was because its CB potential was
more positive than the redox potential of oxygen to "0, ™, which
contradicting the EPR analysis. Thus, the study suggested the Z-
scheme mechanism as the most probable mechanism. This
meant that the CB Ag,O electron recombined with VB holes of
ZnO, while ZnO CB electrons reduced oxygen, and the VB Ag,0
hole oxidized water to produce oxidizing agent species.

Ruan et al.”® proposed the Z-scheme charge transfer mech-
anism within the CuO/ZnO heterojunction. The band-edge
potentials of CuO and ZnO were determined using the Mott-
Schottky plot. The CB positions for ZnO and CuO obtained were
—0.27 and —0.92 eV, respectively, and the VB potential obtained
was 3.01 and —0.49 eV vs. NHE. The work also proposed
a possible type II (staggered type) charge transfer mechanism
with this band edge potential. This meant that electrons could
migrate from the CB of CuO to the CB of ZnO, while holes could
migrate from the VB of ZnO to the VB of CuO. However, the CB
potential of ZnO (—0.27) was more positive than the redox
potential of 0,/°0,  (—0.33 eV), indicating that ZnO CB elec-
trons could not reduce O,. In addition, the VB potential of CuO
(—0.49 eV) was more negative than the standard redox potential
of "O/H,0 (—2.38 eV), indicating that CuO VB electrons could
not oxidize H,O. Hence, the type II mechanism contradicted the
composite's efficient photocatalytic acid orange 7 dye degrada-
tion ability. Consequently, the work chose the Z-scheme
mechanism as a charge transfer mechanism. In this Z-scheme
mechanism, the electrons from the CB of ZnO migrated and
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recombined with the hole on the VB of CuO. While the CuO CB
electron and ZnO VB electrons are present with high thermo-
dynamic energy to react with oxygen and water, respectively,
and produce the pollutant-reducing agent species (‘O,~ and
‘OH).

Fu et al.® proposed the Z-scheme mechanism for ZnO/MoS,
heterojunction. In the composite of ZnO (3.37 eV), a wide band
gap material, and MoS, (1.8 eV), a narrow band gap material,
the work function of ZnO (5.2 eV) was greater than that of MoS,.
Electrons migrated from the CB of MoS, to the ZnO CB, and the
Fermi-level equilibrium stage was achieved. It was shown that
the CB of MoS, had more negative potential than the ZnO CB,
and after irradiation, electrons migrated from the ZnO CB to the
VB of MoS, and recombined through the Z-scheme mechanism.
Moreover, the available electrons and holes with high thermo-
dynamic energy produced species such as 'O,  and ‘OH by
reacting with oxygen and water, respectively.

The main drawback of the Z-scheme mechanism is the loss
of electrons and holes with low thermodynamic reduction and
oxidation energy due to recombination.”” This drawback can be
diminished using a proper charge mediator between the two
semiconductors, including noble metals such as gold and
silver, as illustrated in Fig. 6. The electrons and holes present at
low thermodynamic energies can then be transferred to the
noble metals, preventing recombination. The inclusion of noble
metals has also been shown to show surface plasmon resonance
(SPR) characteristics. This SPR property, which means the
oscillation of electrons with the electric field, assists materials
in extending visible light absorption (40% of the total solar
spectrum). Besides, SPR also extends the life of separated
excitons, which is beneficial for catalysis applications.”®
However, in the presence of the noble metals between the
semiconductors, the Fermi level of the three components is
rearranged depending on the work function values and
becomes complex.

Mahyoub et al.* confirmed charge transfer within Ag-CeO,-
ZnO composites based on photocurrent, PL, and electro-
chemical impedance spectroscopy (EIS) analysis. The XPS
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Fig. 6 The possible Z-scheme charge transfer mechanism in the
presence of noble metals within semiconductors | and Il: (a) before
contact; (b) during light irradiation and electron—hole generation in
the existence of noble metal as an electron sink; and (c) allowed and
forbidden electron—hole migration.
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analysis showed shifts of the CeO, and ZnO peaks in the
composites compared to those of single ZnO and CeO,. The
peak shifts indicated electron transfer from ZnO to CeO,. The
reduction in PL spectra intensity for the composites compared
to neat CeO, and ZnO confirmed EHR hindrance, further veri-
fied by the highest photocurrent strength of the composites
compared to single ZnO and CeO,. EPR analysis of the
composites in the presence of DMPO as a radical trapping agent
showed stronger EPR signals for both DMPO-"0, and DMPO-
‘OH, indicating that they produced greater ‘O,” and "OH
species than single ZnO and CeO,. The band edge positions of
ZnO and CeO, were determined, and the charge transfer
mechanism was proposed. Ag metal in between acted as an
electron conduction/transfer bridge to transfer electrons
(through the Schottky barrier) from the ZnO CB to the CeO, VB.

Additionally, silver Ag acts as a visible light absorber through
the SPR effect, separating electron-hole pairs from ZnO and
CeO,. Consequently, reduction occurs in the CB electrons of
CeO,, while oxidation is observed in the VB holes of ZnO.
Generally, semiconductor-metal heterojunction, or Schottky
contact, is an effective method for improving charge separation.
In this type of junction, the metal has a higher work function
than the semiconductor, causing electrons to move from the
semiconductor to the metal until reaching an equilibrium state
upon contact. The metal is an electron sink during light irra-
diation, preventing recombination.”

Xu et al.* proposed a mechanism somewhat different from
the Z- and S-schemes and staggered-type heterojunction
mechanisms for TiO,/ZnO/Ag heterojunction based on the work
function. It was proposed that since the CB of ZnO had more
negative potential than TiO,, and the VB of TiO, had more
positive potential than ZnO, during light irradiation, electrons
were transferred from ZnO to TiO,, and holes from TiO, to ZnO.
Silver formed a heterojunction with ZnO (TiO,/ZnO/Ag), trans-
ferring electrons from ZnO CB to Ag. Thus, the electrons on the
CB of TiO, and Ag metal reacted with oxygen, and the holes on
ZnO reacted with water to produce ‘O, and 'OH, degrading
methylene orange dye.

The other is the S-scheme electron transfer mechanism,
a staggered heterojunction type with an unusual charge transfer
mechanism.*" In this mechanism, SI has a higher work function
than SII, leading to an upward Fermi level shift for SI and
a downward shift for SII until equilibrium. Thus, the negative
charge densities become greater in SI and the positive in SII
(Fig. 7), and as a consequence of this, band bending and electric
fields assist in the electrostatic attraction. The quenching of
electrons from the CB of SII and holes from SI by this mecha-
nism has been studied.®” It was shown that the electrons on the
CB of SII and the holes on SI have high thermodynamic energy.
Unlike the staggered type, this high thermodynamic energy had
a more significant redox pollutant degradation potential.

Jiang et al.® developed the S-scheme mechanism within WO,
and ZnO heterojunctions. During contact, the electrons were
transferred from ZnO with more negative potential to WO; with
less negative potential until the equilibrium stage, when band-
bending and an interfacial internal electric field developed.
During irradiation, the electrostatic attraction force drove the
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Fig. 7 The possible S-scheme charge transfer mechanisms within
semiconductor | and semiconductor II: (a and b) before-and-after
contact; (c) during light irradiation and electron—hole generation; and
(d) allowed and forbidden electron—hole migration.

EHR from the less thermodynamic WO; CB to ZnO VB. Thus,
the electrons and holes with high thermodynamic energy on the
WO; and ZnO completed the reduction and oxidation reactions.
The DMPO test showed that the DMPO-"0, " signal in the EPR
of ZnO was much greater than that of WOj;, confirming the
proposed S-scheme mechanism, indicating that the oxygen
reduction reaction potential for WO; is less efficient than that
for ZnO. For this reason, the reduction redox reaction occurred
on the ZnO, as proposed in the mechanism.

Jia et al.®* also proposed the S-scheme mechanism for ZnO/
CdS/MosS, heterojunction. The Mott-Schottky plots, E; = Evg —
Ecp equation, and UV-vis-DRS were used to determine the
material band edge potential. The CB potentials of MoS,, ZnO,
and CdS were —0.37, —0.27, and —0.98 eV, respectively. The VB
potentials of ZnO, MoS,, and CdS were calculated to be 2.68,
0.66, and 1.29 eV vs. NHE, respectively. ZnO, having a work
function larger than Cd, migrates electrons from CdS to ZnO
during contact, and within the interface, band bending and
internal electric fields were developed. EPR tests were con-
ducted in the presence of DMPO to detect ‘O,  and ‘OH free
radicals, and the DMPO-"OH EPR peak confirmed the potential
of ZnO VB holes, which converted H,O to ‘OH radicals. This was
impossible for the type II mechanism since the VB potential of
CdS (1.29 eV) was more negative than the H,O oxidation
potential to generate ‘OH radicals. Besides, the DMPO-"0,"
EPR peak confirmed the potential of CdS CB electrons con-
verting O, to "O, " radicals, which is also impossible for the type
II mechanism since the CB potential of ZnO (—0.27 eV) was
more positive than the reduction potential of O, to 'O, radi-
cals. In the study, MoS, acted as an electron capture cocatalyst
from the CB of Cds.

Park et al.” also proposed the S-scheme mechanism between
Cu,O0 and ZnO. UV-vis-DRS, XPS, and Mott-Schottky plots
determined the semiconductors’ band gap and flat band edges.
The band gap obtained by UV-vis-DRS for Cu,O and ZnO was 1.9
and 3.2 eV, respectively, and the valence band maximum
determined by XPS was 0.26 and 2.51 eV, respectively. The Mott-
Schottky plots of ZnO and Cu,O had positive and negative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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slopes, respectively, indicating that they were n- and p-type
semiconductors. The CB minimum potential energies were
determined using the E, = Eyg — Ecp equation, and the CB
potentials for Cu,0O and ZnO were —1.64 and —0.69 eV,
respectively. To estimate whether type II or S-scheme mecha-
nisms occurred, spin-trapping EPR analysis showed that the
EPR DMPO-'0O,  signal intensity corresponding to ZnO was
undetectable, while the DMPO-'O,  signal for Cu,0O was
observed, which confirmed that oxygen reduction was much
better on the CB of Cu,O than the CB of ZnO, unlike that of the
type-II mechanism. Besides, the composite's EPR DMPO-"0O, "
and DMPO-"OH signals were strong, confirming the presence of
charge transfer and synergistic effects. Thus, the S-scheme
mechanism was the most possible mechanism between the n-
type ZnO and p-type Cu,O junctions.

Conclusions

This mini-review summarizes critical ideas about doping and
heterojunction that are interesting to a wide readership. Zinc
oxide (ZnO) has a more negative conduction band (CB) potential
than the reduction redox potential of O,/°0,~ (—0.33 V). Addi-
tionally, it has a more positive valence band (VB) potential than
the oxidation redox potential of "OH/H,O (2.38 V), meaning
that oxygen and water can be easily reduced and oxidized to
produce reactive oxygen species. However, ZnO has an electron—
hole recombination problem. This issue can be solved through
doping and heterojunction mechanisms, which improve charge
transfer and extend visible light absorption properties (consti-
tuting 40% of the solar spectrum). Extrinsic doping creates
a new mid-edge energy level associated with the host sp state
and dopant 3d state, which forms a strong exchange interac-
tion. On the other hand, heterojunctions improve electron-hole
relaxation time without recombination. Unlike type II, the S-
and Z-scheme heterojunctions can contribute electrons and
holes with higher thermodynamic energy. However, electrons
and holes present with low thermodynamic energy edge
potential are lost by recombination and quenching. Including
a noble metal mediator improves charge transfer and visible
light-harvesting mechanisms. Sin-trapping electron para-
magnetic resonance (EPR) analysis gives information on elec-
tron and hole transfer ways based on the DMPO-'O,  or/and
DMPO-"OH signals.

Further research is required to develop cost-effective,
straightforward methods for industrial applications to create
highly efficient, stable, and scalable light absorbers and proper
charge transfer heterojunctions. Additionally, future investiga-
tions should focus on detailed characterization and control of
semiconductor interfaces, electron-hole diffusion direction,
and theoretical simulations for photocatalytic reaction
feasibility.
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