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-based doped porous nanocrystal
frameworks

Buzuayehu Abebe * and H. C. Ananda Murthy *

Colloidal nanocrystals play a vital role in several applications. The doping of cations in the nanocrystal matrix

enhances the optical, electrical, and magnetic properties. The number and well-defined distribution of the

dopant are crucial to protect the nanocrystal from clustering. The XRD, XPS, and XAS instruments reveal the

change in the lattice parameters, chemical states, and local coordination environment information. In

addition of detecting the position and distribution of the dopant, the 4D-STEM detector mode gathers all

types of real-space atomic-resolution images by collecting all diffraction datasets from each electron probe

with high-speed and efficient detection. Dopant–host ligand type, reactions conditions, and reaction time

optimization during synthesis are critical for the host and dopant reactivity balance. Pearson's hard/soft

acids/bases theory would be a base for balancing the solubility of the dopant–host in the given solvents/

surfactant. In addition, tuning the colloidal nanocrystals to secondary structures, which enhances the mass-/

ions transport, can contribute a combination of properties that do not exist in the original constituents.
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Table 1 Experimental hardness (h) values of cations and ligands/bases
that can be used in cation-exchange (CE) reactions25

Lewis acid h Lewis base h

Cu(I) 6.3 Aniline (C6H5NH2) 4.4
Pd(II) 6.8 Benzenethiol (C6H5SH) 4.6
Ag(I) 7.0 Phenolate (C6H5OH) 4.8
Fe(II) 7.2 Pyridine (C5H5N) 5.0
Hg(II) 7.7 Acetone (CH3COCH3) 5.6
Sn(II) 7.9 Acetaldehyde (CH3CHO) 5.7
Pt(II) 8.0 Dimethylformamide (DMF) 5.8
Co(II) 8.2 Trimethylphosphine ((CH3)3P) 5.9
Cu(II) 8.3 Phosphine (PH3) 6.0
Au(III) 8.4 Dimethyl sulde ((CH3)2S) 6.0
Pb(II) 8.5 Formaldehyde (CH2O) 6.2
Co(III) 8.9 Formamide (HCONH2) 6.2
Mn(II) 9.0 Trimethylamine ((CH3)3N) 6.3
Ge(II) 9.1 Methyl formate (HCO2CH3) 6.4
Cd(II) 10.3 Acetonitrile (CH3CN) 7.5
Zn(II) 10.9 Chloromethane (CH3Cl) 7.5
Fe(III) 12.1 Dimethyl ether ((CH3)2O) 8.0
In(III) 13.0 Ammonia (NH3) 8.2
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1. Introduction

Nanotechnology is a progressive area of science used for
manufacturing nanoscale materials.1 Among different nano-
materials, semiconductor metal oxides are highly stable, non-
toxic, inexpensive, and have superior catalytic properties. ZnO,
a wide bandgap semiconductor (3.37 eV), has all the above-
mentioned properties; however, it cannot degrade pollutants
under visible light.2 The photocatalytic properties of the mate-
rials could be further enhanced by doping noble metals as an
electron reservoir.3 Industrially, the incorporation of impurities
in the host matrix for improved device functionality is
expensive.4,5

The unique properties of nanoscale materials (NMs) such as
electronic density, charge distribution, and lattice distortion
have great impacts on their applications.6 The effective doping
of metal or metal ions, which creates either an n-type or p-type
dopant, is one of the main ways to tune the optical, magnetic,
and optical properties. Besides, the incorporation of impurities
also increases the surface-to-volume ratios, creates crystal
defects, and traps charge carriers.7–9 However, the dopant
should substitute the host atoms effectively so that decent
dopant–host balance reactivity occurs. The selection of suitable
host–dopant type, synthetic approach, solvent, and surfactant
are crucial parameters for balancing the reactivity. For the
successful incorporation of the dopant in the host lattice, the
host–dopant type is essential. According to Pearson's hard/so
acids/bases (HSAB) theory, for the successful diffusion of the
dopant ions into the host lattice, the hardness of the dopant
should be less than that of the host in a hard base solvent such
as water.10,11

The doping process may be under the control of either
kinetic or thermodynamic equilibrium.12–14 Compared to the
former, the latter synthetic equilibrium process creates stable
and efficiently doped nanocomposites.15 Several synthetic
approaches such as single-source precursors, nucleation-
doping, growth-doping, and cation diffusion follow either the
thermodynamic or kinetic equilibrium process. Nowadays, the
cation diffusion technique is a progressive approach.16

The properties of the doped materials can be understood
using advanced analytical techniques. The XRD pattern
conrms the formation of a local heterojunction and interstitial
or/and substitutional incorporation depending on the angle
shi. The optical properties of the doped materials were
understood from the DRS/UV-vis and PL techniques. So Lewis
acid dopants (such as Ag and Cu) improve the light absorption
efficiency and also condense the bandgap by creating an inter-
band between the valence band (VB) and conduction band (CB)
of the host.17 Intensity reduction in the PL spectra is an indi-
cation of the electron–hole recombination diminishing prop-
erties of the materials,18 which enhances its application,
especially in photocatalysis. XPS and XAS techniques give the
composition, chemical state, local coordination environment,
and oxidation states of the doped material.19,20 In addition,
a radical instruments such as ADF-STEM and EELS-STEM detect
© 2022 The Author(s). Published by the Royal Society of Chemistry
the atomic level incorporated dopants based on the
contrasts.21,22

In addition, tuning the material to have a secondary struc-
ture during synthesis (ordered porous crystalline frameworks)
boosts the mass-/ion-transports of the materials toward precise
applications such as energy devices.10,23 For the development of
decent ordered porous crystalline frameworks, selecting a suit-
able solvent, reaction temperature, nanocrystal tethering, and
pore generating architecture-directing agent (ADA) is vital.
Herein, this review also provides awareness about the dopant–
host reactivity balance, characterization techniques for the
doped materials, and porous crystalline frameworks. The paper
also gives detailed insight into Cu- and Ag-doped and co-doped
ZnO-based materials using crucial analytical techniques.
Besides, the photocatalytic and antibacterial activities of the
doped materials, and the mechanisms involved in these activ-
ities have also been discussed.

2. Dopant–host reactivity balances

The host–dopant reactivity balance is highly dependent on
sufficient time for effective dopant trapping, surface
morphology, shape, dopant host ligand type, and reaction
conditions.16 The HSAB theory helps in tuning the solubility
balance by the careful selection of metal ions to the ligands/
solvents affinity.24 According to the HSAB theory, hard acids
favor hard bases, while so acids favor so bases to bind and
yield ionic and covalent complexes, respectively. The HSAB
absolute hardness (h) of some cations and ligands are given in
Table 1. Besides, Fig. 1 also groups the so, borderline, and
hard acids/bases and molecular recognition based on the HSAB
theory. Hard/borderline Lewis acids such as Zn(II) ion are easily
exchanged with so acids such as Cu(I) and Ag(I) ion when hard
base solvents (alcohols and water) are used. On the other hand,
Ga(III) 17.0 Fluoromethane (CH3F) 9.4
Al(III) 45.8 Water (H2O) 9.5

RSC Adv., 2022, 12, 5816–5833 | 5817
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Scheme 1 General synthetic approaches for colloidal nanocrystals'
doping. The single-source precursors (a), nucleation-doping
approaches (b), the growth-doping (c), the tuning of ligand–metal
bond strength (d), and cation diffusion (e).16
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so acids cations are spontaneously exchanged with harder acid
cations if so bases are used.10,11,25 In the presence of a hard
base (water as a solvent) and poly(vinyl alcohol) surfactant, the
non-inclusion of the manganese hard Lewis acid in the ZnO
lattice was veried in our recent study.26 In its place, the local
heterojunction was formed between manganese oxide and zinc
oxide aer the oxidation of the adsorbed manganese ion on the
surface of zinc oxide at 500 �C.

As reported by Buonsanti and Milliron,16 the common
approaches used for balancing the reactivity of the dopant and
host precursors are: (i) single-source precursors, (ii) nucleation-
doping, (ii) the growth-doping, (iii) tuning of ligand–metal bond
strength, and (vi) cation diffusion (Scheme 1). A single-source
precursor is effective in controlling the nal stoichiometry of
the constituents and easily forms a direct chemical bond
between the host matrix and the dopant. Still, stronger attrac-
tion among the elements composing the cluster is a require-
ment compared to the ligands and the cluster. If the attraction
among the elements is not strong enough and, if the other
attraction dominates, a complex decomposition takes place and
diminishes the dopant concentration. Using chimie douce
single-source molecular precursors approach, mixing of similar
zinc- and copper-ketoacidooximates precursors, Pashchanka
et al. synthesized a ‘green body’ nanorod arrays morphology of
Cu(II)-doped ZnO.27 In this study, chemical processing tech-
niques (dichloromethane (CH2Cl2)) were used to remove the
polycarbonate lm template-forming agent.

During the nucleation-doping method, in which the dopant
and the host precursors are mixed once, their reactivity is
regulated so that the dopant nucleates rst, followed by its
overcoating by the host shell. On the other hand, in the growth-
dopingmethod, the dopant precursors are added to the growing
Fig. 1 Periodic element table for grouping hard, soft, and borderline
acids/bases and molecular recognition based on the hard–soft–acid–
base theory.24

5818 | RSC Adv., 2022, 12, 5816–5833
host shell by controlling the reaction conditions/temperature to
reach the required size so that the dopant is encapsulated by the
overgrowing host matrix shell and connes the dopant in the
core. In general, the growth process of the host materials is
controlled by decreasing the temperature of the reaction. In
addition, using a reactive host precursor, and decreasing the
overcoating temperature were reported in several studies,15,28,29

which also prevents the diffusion of the dopant from the core at
high temperatures.

From the concept of HSAB theory, appropriate ligand–metal
bond strength classication is also used to balance the host and
dopant reactivity. For successful dopant incorporation into the
zinc oxide semiconductor, so Lewis acid dopant cation (low
positive charge and large size) such as Cu and Ag are chosen.
The soness and hardness of the coordinating ligands and the
size of the cations also affect the dopant–host reactivity. If the
dopant cation is a harder Lewis acid compared to the host
cation, more reactive dopant coordinating ligands are required
for successful incorporation.30 In addition, if a comparable size
of the host and dopant cations is used, the reactivity becomes
less for dopant integration.31 Besides, similar coordinating
ligands can also be used if the host and dopant cations have
similar reactivity.32,33 Similarities in reactivity and ionic radii
were also reported34 for improved dopant concentration
insertion.

The nal approach described by Buonsanti and Milliron16

that was used for the incorporation of both cationic and anionic
dopants was ion diffusion. This approach allows ions of the
dopant to be exchanged within a few seconds in the pre-shaped
host matrix. The ion diffusion approach exchanges the cation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with remarkable speeds under kinetic control at low tempera-
tures. The host–dopant cations were exchanged without
affecting the crystal framework.35 The (a) association and
dissociation process of the crystals, which is dened in terms of
lattice energy (lattice enthalpy) and surface energy, and (b) the
solvation and desolvation process of the ions leads to
a successful cation-exchange procedure.35 The association and
dissociation process of the crystal measures the strength of the
chemical bonding, while the solvation and desolvation process
of the ions depends on the number of ions solvated from the
host precursor and ions desolvated from the dopant precursor.
If the number of ions solvated is greater than the ions des-
olvated, the reaction is favored by increasing the overall entropy
of the system and such a reaction does not take place unless
a careful choice of the solvents and so Lewis bases/ligands is
used.10,36,37

In addition to the thermodynamic factors, the cation-
exchange tactic is also dependent on the kinetic factor of the
reaction process such as ions diffusivity or/and activation
energy barriers.38 Actually, the cation-exchange process is also
reported to occur during the growth of the host matrix.4 The
diffusion of the dopant into the host cell is also dependent on
the dopant concentrations, the type of the coordinating ligands
used, and temperature.15,35 The process of dopant adsorption,
diffusion, and ejection in the host lattice is similarly dependent
on the optimization of the critical temperature of the overall
synthetic process.15
2.1. Silver-doped ZnO nanocrystals

Silver ion has a larger ionic size (0.126 nm) compared to zinc ion
(0.074 nm); thus, the doping of silver into the ZnO lattice creates
a doped band, which shis the Fermi level toward the VB (deep
acceptor level) and induces a p-type property.39,40 Besides, the
interstitial and substitutional incorporation of Ag into the ZnO
lattice causes quantiable higher and lower angle shis,
respectively.41–46 However, the segregation or formation of
a local heterojunction47 between Ag and ZnO does not result in
any peak shi in XRD.48,49 In fact, the formation of a local het-
erojunction, and interstitial and substitutional defects were
dependent on the synthetic approach, cation hardness, and
surfactant or/and solvent type. To indicate this, Yıldırım et al.42

showed an XRD pattern lower degree shi due to the substitu-
tion of Ag+ into the ZnO lattice and a higher degree shi was
shown by Modwi et al.46 due to the interstitial sites' doping. The
formation of deep-level acceptor and stability improvement
were proved by density functional theory calculations within the
generalized gradient approximation analysis.50

The detailed procedure for the synthesis of tri-ethanolamine
(C6H15NO3) surfactant-assisted Ag-doped ZnO nanocomposites
(sol–gel-based synthetic approach) was proposed in the study by
Sagadevan et al.51 The composite was synthesized by the drop-
wise addition of AgNO3 in an aqueous solution of Zn(CH3-
COO)2$2H2O, possibly following the growth-doping type
dopant–host reactivity balance approach. The addition of excess
NH4OH solution results in the precipitation of the acetate ion to
ammonium acetate (NH4CH3COO) and the development of
© 2022 The Author(s). Published by the Royal Society of Chemistry
metal hydroxide colloidal particles (Zn(OH)2 and AgOH).
Ammonium acetate was removed by washing with deionized
water, and then it was washed with acetone to remove water.
Lastly, the nal product was calcined at 300 �C to oxidize the
metal hydroxides (removal of water of crystallization) to stable
metal oxide or/and doped metal oxide nanocomposites.

Using the hydrothermal approach, Jin et al.43 proposed the
substitution of Ag in the ZnO lattice. The experiment was con-
ducted by the dropwise addition of ammonia in the mixture of
zinc and silver solution. With the continuous addition of
ammonia, rst, a milky colored zinc hydroxide (Zn(OH)2), then
the Zn complex (Zn(OH)4

2�, and nally, a clear solution was
formed when the molar ratio of zinc ion and ammonia base
reached 1 : 4. In this process, the nal solutions, which contain
ZnAg(OH)2 and ZnAg(OH)4

2� , were allowed to oxidize in an
autoclave to form Ag-doped ZnO (ZnAgO). A related solvothermal
synthetic approach was also reported in Zheng et al.’s study by
the dropwise addition of NaOH in silver and zinc solution
mixture.52

Using digital mechanoelectrospinning direct-writing for
polyethylene oxide template deposition, a hydrothermal
method for ZnO nanoarray growth and photoreduction for
doping silver approaches were reported; aligned hierarchical
Ag-deposited ZnO nanoheterostructure arrays with high
nitrogen dioxide gas sensing performance were synthesized by
Yin et al.53 The formation of more than zero-dimensional
nanomaterials was stated to enhance the surface area and gas
sensing properties of the materials; a related surface area
improvement interpretation was also given in Singhet al.’s
work.39 From the results,53 a hexagonal wurtzite ZnO and face-
centered cubic Ag structure with d spacing values of 0.26 nm
and 0.23 nm, respectively, were obtained using the HRTEM
image analysis, with no ZnO lattice distortion. Besides, the
deposition of Ag NPs on the surface of the ZnO nanorods was
further conrmed from a highly sensitive HAADF-STEM image.

The non-incorporation of Ag in the ZnO lattice was also
conrmed by Ansari et al.48 (Fig. 2(A)) and Alharthi et al.49 In
Ansari et al.’s work, the Ag-anchored ZnO material was
synthesized by a biogenic approach using an electrochemically
active biolm.48 The deposition of Ag on the surface of ZnO was
also indirectly understood from DRS analysis (Fig. 2(C)), which
shows Ag localized surface plasmon resonance (LSPR) band
characteristics in the wavelength range of 400–550 nm. The
LSPR features of the materials occurred when frequency
matching between the conduction bands conned the electron
oscillation and the incident light exits.54 This LSPR effect is also
reported in other works55–57 and is attributed to the intense light
absorption and scattering reection behavior of the doped Ag
clusters. Besides, with an increase in the amount of AgNO3,
higher energy plasmon peak shi and intensity heightening
were noticed due to the presence of silver on the surface and
increase in the cluster size, respectively.56

Besides, Ziashahabi et al.57 reported the lower wavelength
plasmonic peak shi on aged Ag/ZnO samples due to silver
oxidation, which was not observed on the freshly synthesized
Ag/ZnO sample. The HR-TEM images (Fig. 2(B)) and XPS anal-
ysis also conrmed the presence of strong interaction between
RSC Adv., 2022, 12, 5816–5833 | 5819
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Fig. 2 (A) XRD patterns of pure-ZnO and Ag–ZnO. The peaks marked
with (*) represent the signals of Ag and the remaining peaks represent
the signals from pure-ZnO. The inset shows the broadening of the Ag
peak, (B) HR-TEM images of pure-ZnO (a and b), and Ag–ZnO (c and
d), (C) UV-vis diffuse absorption spectra of pure-ZnO and Ag–ZnO, (D)
photoluminescence spectra of pure-ZnO and Ag–ZnO.48

Fig. 3 Photogenerated electron transfer in Ag/ZnO nanocatalyst
during the catalytic process. EF: Fermi level; V

��

O: ø: work function;
oxygen vacancy; VB: valence band; CB: conduction band; m: metal;
vac: vacuum level; and s: semiconductor.52
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Ag and ZnO in Ansari et al.’s work, and a reliable clarication
was also reported.58 The shi in the binding energy of Ag 3d5/2
for the doped composite toward a lower binding energy and 6 eV
splitting difference between Ag 3d5/2 and Ag 3d3/2 (high-
resolution scans) conrm the existence of interaction between
Ag and ZnO, which leads to the Fermi level tuning and the
reduction of Ag+ to Ag metal, respectively. Comparable XPS
binding energy shi and splitting values were also reported in
the literature.42,43,49,56,58–60 The lower energy shi is ascribed to
the binding energy difference between Ag(0) and Ag(I), in which
Ag(I) has much greater binding energy than Ag(I).

Besides, in Ansari et al.’s work, the formation of local
contact/composite between Ag and ZnO, which enhances elec-
tron transfer without recombination, was also further
conrmed via PL analysis (Fig. 2(D)); the smaller the peak
intensity, the lower the electron–hole recombination activity.18

Similar explanations were also given in other studies and re-
ported to be due to the occurrence of metal–semiconductor
Schottky contact.3,40,49 This electron transfer without recombi-
nation was described by the band energy difference between Ag
(more positive band energy) and ZnO (Fig. 3), which leads to
continuous electron transfer from ZnO to Ag until their Fermi
level values become equivalent.3,42 The electron–hole separation
is dependent on the Ag disparity, the concentration of the Ag–
ZnO interface, and vacancy defects.52 As seen in Fig. 3, during
the irradiation of the doped photocatalyst in the presence of
vacancies, the electron transfer follows either path I (toward
doped Ag) or path II (toward the created ZnO vacancy). The
method used to synthesize Ag-doped ZnO material, reagents,
substrate or/and surfactants used, and the morphology of the
synthesized material is also given in Table 2.
5820 | RSC Adv., 2022, 12, 5816–5833
2.2. Copper-doped ZnO nanocrystals

Zinc and copper have similar electronic congurations and
comparable atomic radii but different structures, which limits
the stability of the doped copper toward dissolution. Doping of
copper into the ZnO host improves the optical, electrical, and
magnetic properties, which is not observed in isolated constit-
uents. A higher bandgap semiconductor metal oxide such as
zinc oxide, ZnO, has outstanding thermal, optical, and electrical
properties. ZnO also has higher light spectrum absorption
efficiency and lower production cost.61 However, the number
and exact position of the dopant should be achieved to prevent
the clustering of dopant atoms that have a damaging effect.62

The oxidation states of copper (Cu, Cu(I), or Cu(II)) in the ZnO
matrix is contentious and seems to be dependent on various
parameters such as dopant concentration, temperature, and
type of synthetic approach.19,27 The general host–dopant
molecular precursor's decomposition and reaction process for
nitrate precursor (as an example) are given in eqn (1) for ZnO
and eqn (2) for copper-doped ZnO, where x is the doping
amount and d is the spillover valence of oxygen.63

9[Zn(NO3)2$6H2O] + 10[NH2CH2COOH] (fuel) /

9ZnO + 20CO2 + 14N2 + 79H2O (1)

xCu(NO3)2$3H2O + (1 � x)Zn(NO3)2$6H2O + oxidant /

CuxZn(1�x)O(2�d) + gaseous products (2)

The solution combustion process enables the nal products
of the nanomaterials with precise stoichiometric ratio,
pronounced disparity, and uniform composition.64 Fig. 4 shows
the solution combustion synthetic process accompanied by the
heating of the fuel and oxidant to its ignition temperature.
When a mixture of the metal nitrate precursors (which acts as
oxidizer) and the urea fuel (as reducer) is heated to its ignition
temperature, the metal ion–fuel complex starts to undergo
combustion and form oxides. The combustion process is a self-
propagation process, which could be controlled only by
adjusting the ratio of reducing and oxidizing valances. Further
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09152b


Table 2 Ag-doped ZnO material: approach, precursors and reagents, substrate/surfactants, and the morphology of the doped material

Approach

Reagents

Morphology Ref.Precursor Solvent Surfactant/substrate/other

Hydrothermal and seed-mediated growth ZnCl2 and
AgNO3

Ethanol Cetyl trimethylammonium bromide
triethyl- amine

Hybrid core–shell
nanorods

3

3-Aminopropyl-trimethoxysilane
Precipitation Zn(aca)2$2H2O Water, ethylene

glycol
Polyvinylpyrrolidone — 42

C2H3AgO2

Hydrothermal Zn(aca)2$2H2O Water Flower-shaped
structures

43
AgNO3

Electrospinning Zn(NO3)2$6H2O Ethanol Polyvinylpyrrolidone Nanober 44
AgNO3

Biogenic synthesis Nano ZnO Water — Spherical 48
AgNO3

Deposition–precipitation solvothermal
method coprecipitation

Zn(aca)2$2H2O Ethanol — Porous 52
C2H3AgO2

Photodeposition Zn(aca)2$2H2O Water and ethyl
alcohol

Polyethylene oxide Film, ribbon, and
nanowires

53
AgNO3

Combustion Zn(NO3)2$6H2O Polyethylene
glycol fuel

THF and thermoplastic polyurethane Agglomerated
spherical NPs

56
AgNO3

Chemical reduction Zinc rods
AgNO3

Water Trisodium citrate (reducing agent) Spherical 57

Polyacrylamide gel Zn(NO3)2 Water Acrylamide and N,N0-methylene-
bisacrylamide

Quasispherical 58
AgNO3

Facile surfactant-free Zn(NO3)2$6H2O Ethanol Ethylene glycol (reducing agent) Nanorods 60
AgNO3

a Acetate (CH3COO).
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calcination and reduction may help to stabilize the structure
and reduce the metal as needed.

Gupta et al. synthesized highly porous dopedmaterials using
a simple combustion approach in the presence of glycine as
a fuel.63 The combustion method is one of the methods that
create pores/voids within the nanoparticles by releasing gas due
to the exothermic reactions.65 The fuel/reducer has a prominent
role in facilitating the combustion process by creating an
exothermic reaction and change in the morphology of the NPs.
However, the porous materials synthesized by this approach
exist in a disordered form rather than an ordered form, which
can be synthesized by choosing appropriate nanocrystal teth-
ering and pore-generating domain surfactants.

Nowadays, several approaches such as sol–gel, Pechini,
coprecipitation, solid-state reaction, hydrothermal, sol-
vothermal, successive ionic layer adsorption and reaction,
Fig. 4 Schematic diagram of the synthetic process of catalysts by the s

© 2022 The Author(s). Published by the Royal Society of Chemistry
chemical bath deposition, plasma-enhanced chemical vapor
deposition, spray pyrolysis, pulsed laser deposition, ball-
milling, and sonochemical method are being employed for
synthesizing transition metal-doped ZnO materials.66 In the
sol–gel and Pechini approaches, the pH of the solution, aging,
and annealing temperature are the major parameters affecting
the particle size, the nucleation and growth units, and the
morphology of the NMs.67 The coprecipitation technique is
applied by the dropwise addition of the precipitating agent in
the precursor solution, and calcinating the product at high
temperature. The coprecipitation method is suitable for the
atomic-level mixing of the host and dopant at low temperature;
however, it is difficult to control the nanocrystals' (NCs) geom-
etry.66 Both the solid-state reaction and coprecipitation tech-
nique present a decent stoichiometry of the product, in which
the former needs higher temperature than the latter. The solid-
olution combustion approach.64

RSC Adv., 2022, 12, 5816–5833 | 5821
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state reaction follows the homogeneous mixing of oxides and
calcination at high temperatures. The synthesis of NMs by the
hydrothermal and solvothermal techniques employs an auto-
clave with stepwise heating and cooling in the temperature
range between 100 and 300 �C and then storing for several days.
The solvothermal method uses a different solvent than that in
the hydrothermal method, which uses only water as a solvent.
The spray pyrolysis and pulsed laser deposition methods are
used to deposit thin lms. Ball-milling is a simple process but
needs high annealing temperature and consumes more time.68

Various concentrations of Cu(II) ion-doped ZnO lms were
synthesized by sputter chamber deposition techniques with the
help of sapphire as the substrate.19 From the XRD pattern,
a contraction of the lattice due to the smaller size of Cu(I) and
Cu(II) compared to the Zn(II) ion was noticed. Increasing the
dopant concentration showed decreasing intensity and
increasing FWHM values, which corroborates the reduction of
both the crystallite size and crystallinity of the composite.
Similarly, the observed shi in the peak position toward
a higher 2q value, decreasing peak intensity, and peak broad-
ening were also reported in various works69–73 and explained to
be due to the contraction of the c lattice due to the doping of Cu
atoms into the ZnO lattice. No impurity peak conforming to
copper was found, which indicates the absence of structural
distortion in the ZnO lattice, although the XRD technique is not
sensitive to small doped particles.

Transmission electron microscopy (TEM) can directly
observe the doped nanocrystal; however, it cannot give the
correct oxidation state. Based on the HTEM image analysis,
Pashchanka et al. interpreted the effective doping of copper
ions into the ZnO lattice.27 The experimentally obtained lattice
fringe for Cu-doped ZnO (0.254 nm) is smaller compared to the
normal ZnO interplanar spacing,74 which conrms the substi-
tution of copper ion (which has an ionic radius of 0.057 nm)
with zinc ions (which has an ionic radius of 0.060 nm).

An element-specic sensitive technique such as XAS (con-
taining XANES and EXAFS) reveals the detailed information
about the dopant oxidation state. Liu et al. reported that the XAS
technique can be effectively used to study the local order,
electronic environment, position, and distribution of doped
copper.19 As indicated, the edge change is due to the incorpo-
ration of Cu at the Zn site, which causes minor disorder but
does not affect the ZnO structure. From the background-
subtracted and normalized Cu K edge XANES spectra, the
detected pre-edge peaks, ca. 8977.5 eV and 8981 eV show the
presence of Cu(II) and trace amount of Cu(I) oxidation state,
respectively. Related XAS interpretation was also given on the
bullet-like morphologies of Cu-doped ZnO crystal synthesized
by the sol–gel route.75 The shoulder at 9000.5 eV in all the doped
lms is due to the substitution of Cu in the Zn lattice. Also, the
likenesses of the oscillations and magnitude of the Zn K-edge
k3-weighted EXAFS spectra for both bare ZnO and doped lms
show the substitution of Zn by Cu without distortion. The
similarities between Zn and Cu K-edge in EXAFS analysis show
the development of ZnO-like wurtzite structure around the Cu
atom with Cu(II) oxidation state.
5822 | RSC Adv., 2022, 12, 5816–5833
Agarwal et al.17 synthesized copper-doped ZnO by neutral
beam sputtering techniques and reported the absence of any
structural distortion at low dopant concentration. However,
increasing the dopant concentration results in the development
of the copper peaks on the XRD pattern. From the optical
properties obtained by UV-vis spectral analysis, the bandgap
energy of Cu-doped ZnO (15%) was obtained to be smaller (2.8
eV) than the ZnO bandgap energy (3.4 eV). This is probably due
to the interband transition within the Zn 4s and Cu 3d bands. As
is well interpreted on the surface plasmon resonance analysis,
at a lower concentration, the doped material reveals the host
behavior. On increasing above the optimum value, the material
can exhibit dual behavior. With the help of XANES spectra, the
substitution of empty ZnO d states by Cu(II) with trace amounts
of Cu(I) was conrmed. A consistent XAS-based XANES Cu(I)
substitution result was interpreted in another work.72 In addi-
tion to XANES, the substitution of cuprous state (Cu(I)) in the
ZnO lattice was conrmed by XPS analysis.76 The sealed
microspheres/semispherical shell morphology of the Cu-doped
ZnO composite was synthesized by chemical vapor deposition
techniques.

In addition to XAS, XPS analysis was also used to understand
the doped copper oxidation states.20 Herein, the Cu-doped ZnO
material was synthesized by radiofrequency magnetron sput-
tering technique from ZnO and CuO powders. XPS analysis
revealed the presence of both Cu(II) and Cu(I) oxidation states
with Cu(I) in the interstitial position. Besides, increasing the
dopant concentration results in a reduction in the amount of
Cu(II) oxidation state and increasing the Cu(I) oxidation state.
The ZnO and CuO powders were also used to synthesize Cu-
doped ZnO lms deposited using pulsed laser deposition
technique under an oxygen partial pressure of 10�3 and 10�5

torr.77 The composition, chemical state, and oxidation states of
doped copper were analyzed by XPS analysis. In the oxygen-
decient sample (10�3 torr partial pressure), the Cu(I) state is
dominant, while the Cu(II) state is in the oxygen-rich sample
(10�5 torr partial pressure). The method used to synthesize Cu-
doped ZnO material, reagent, substrate, or surfactants, and the
dopped Cu oxidation state are given in Table 3.
2.3. Bi-metallic/co-doped ZnO

The precise position and distribution of the dopant can create
shallow defect levels in the host matrix and tune the properties
of the materials toward a specic application. Recently, two
kinds of element doping into the semiconductor lattice have
attracted substantial interest as it could result in unusual
characteristics compared with one element doping.18 p-type
doping and n-type doping were found to be difficult for low
VB maximum and high CB minimum energy, respectively.78

Thus, concurrently integrating the n-type and p-type dopants
can be a feasible solution for the aforementioned problems.
Also, co-doping increases the activation rate, dopant solubility,
and carrier mobility. The Cu–Bi codoped ZnO nanospheres were
synthesized by sol–gel-assisted hydrothermal method.79 From
the XRD pattern, the doping of Bi and Cu separately showed
a lower angle and higher angle diffraction peak shi owing to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Cu-doped ZnO material: method, precursors and reagents, substrate and surfactants, and the oxidation state of Cu

Approach

Reagents
Copper
OSb Ref.Precursor Solvent Surfactant/substrate

Co-sputtering Cu and ZnO powder — Si and quartz substrate +II major 17
+I trace

Sputter chamber deposition Cu and Zn powder — c-Plane sapphire substrate +II major 19
+I trace

Sputtering ZnO and CuO powders — Quartz substrate +II, +I 20
Chimie douce single source
molecular precursors

Zinc and copper
ketoacidooximates

H2O Porous polycarbonate lm +II 27
CH2Cl2 (to remove the polymeric
template)

Sol–gel Zn(aca)2$2H2O Methanol Polyvinyl alcohol — 69
CuCl2$2H2O

Co-sputtering Cu and Zn powder — Pt(111)/Ti/SiO2/Si(100) substrate +II, +I 72
Facile so-chemical Zn(ac)2$2H2O Diethylene glycol — — 73

Cu(ac)2$xH2O Polyethylene glycol
Sol–gel Zn(NO3)2$6H2O H2O — +II 75

Cu(NO3)2$6H2O
Chemical vapor deposition Zn and CuCl2$2H2O powders — n-Type Si(100) substrates +I 76
Pulsed laser deposition ZnO and CuO powders — Pt (200 nm)/Ti (45 nm)/Si (001)

substrates
+II, +I 77

a Acetate (CH3COO)
b Oxidation state.
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the respective higher and small size, compared to Zn size. This
is attributed to the expansion and contraction of the ZnO lattice
during Bi and Cu substitution, respectively. The high-resolution
scan XPS analysis conrms, the Bi3+ to be the major dopant
chemical state. Besides, the main peak for the O 1s XPS spec-
trum of Cu–Bi codoped ZnO is divided into ve different peaks.
Among these ve peaks, the peak obtained at the binding
energy of 530.54 eV and 532.18 eV t with Cu–O and Bi–O,
respectively. The photocatalytic activity of Cu–Bi codoped ZnO
is greater than ZnO, which is ascribed to the bandgap reduction
for codoped materials, compared to Cu-, Bi-doped ZnO, and
bare ZnO.

Spherical Cu and Ag NPs anchored on the surface of the ZnO
materials synthesized by the green method showed UV-vis
absorption spectra intensity reduction and greater photo-
catalytic activity.80 This local heterojunction between Ag/Cu NPs
and ZnO was further conrmed by XPS analysis. The optical
properties' adjustment, attributed to the characteristics of Co+2

d–d transitions in the Fe–Co codoped ZnO, were also clearly
shown by Beltrán et al.81 The presence of Fe and Co resulted in
more charge transfer, which improved the ferromagnetic
properties. The improvement in the optical and ferromagne-
tism properties ascribed to codoping (Co–Mn codoped ZnO)
was also reported in Pragna et al.’s study.82 The Ni–Cu codoped
ZnO spherical materials synthesized by the wet hydrolysis
approach were shown to have pronounced PL spectra intensity
reduction than bare and Ni- and Cu-doped ZnO counterparts.83

The codoped material showed complete quenching of the UV
emission and growth of broad two visible emission bands at
380 nm and 460 nm, which is attributed to the Ni and Co
dopant, respectively, indicating their ability to serve as UV
photodetectors.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The use of codoped ZnO as a photodetector was also studied
in depth by GuruSampath et al.84 The heterostructured ZnO/Ga–
Ag codoped ZnO nanorod material was synthesized by the two-
step process, sol–gel-assisted hydrothermal approach. A slight
lower angle shi was observed in the XRD pattern of the
codoped material, which makes it confusing to interpret the
effect based on the ionic radii because Ga(III) has a smaller ionic
radius (0.62 Å) than Zn(II) (0.74 Å) and Ag(I) has a greater radius
(1.02 Å) than zinc ion. The incorporation of bimetallic dopant
showed a superior (nearly 20 times) PL emission intensity drop,
which increases additional CB electrons and also reduces the
material bandgap. The fabricated codoped heterostructured
nanorod UV-photodetector showed two times greater photo-
response compared to bare ZnO at 13.5 mW cm�2 UV power
density.

In addition to transition metal doping, nonmetal doping
participates in band narrowing and amends the materials
property toward visible light absorption. Transition metal ion
(Cu) as a p-type and non-metal ion (N) as n-type codoped ZnO
porous material were synthesized by Gupta et al.63 using the
combustion and hydrothermal methods. The materials were
synthesized by keeping the amount of N constant and
increasing the amount of copper. From the XRD pattern anal-
ysis, increasing the amount of copper showed lattice contrac-
tion, which is attributed to the substitution of smaller Cu ionic
radii with greater Zn ionic radius. In this study, the absorption
of light in the visible region and bandgap narrowing were seen
for N–Cu codoped ZnO than Cu-, N-doped, and bare ZnO. The
incorporation of both Cu (Cu(I) and C(II)) and N in the ZnO
lattice were also conrmed by the XPS analysis. Herein, the
creation of a sub-energy level band below the host CB and above
the VB was suggested due to the transition metal and nonmetal
doping, respectively. The created sub-energy level acts as
RSC Adv., 2022, 12, 5816–5833 | 5823
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Table 4 Ag and Cu co-doped ZnO material: method, precursors and reagents, substrate/surfactants, and the morphology of the doped
materials

Approach

Reagents

Morphology Ref.Host precursor Dopant precursor Solvent Surfactant/substrate

Solvothermal Zn(NO3)2$6H2O Ce(NH4)2(SO4)4$2H2O Water Oxalic acid dihydrate Hexagonal 18
AgNO3

Sol–gel Zn(aca)2$2H2O Cu(NO3)2$5H2O AgNO3 Methanol Tartaric acid Quasi-spherical (Cu–ZnO), spherical
(Ag@Cu–ZnO)

46
Combustion
Hydrothermal Zn(NO3)2$6H2O Cu(NO3)2$3H2O

triethanolamine
Water Glycine (fuel) Porous spherical 63

Sol–gel aided
hydrothermal

Zn(aca)2$2H2O Bi(NO3)3$5H2O Ethyl alcohol Cotton fabrics Spherical 79
Zn(NO3)2$6H2O Cu(NO3)2$3H2O

Green (Acacia caesia) ZnO powder AgNO3, and CuNO3 Water Flower extract Spherical Ag and Cu anchored on ZnO 80
Sol–gel Zn(NO3)2$6H2O Co(NO3)2$6H2O Ethylene glycol Citric acid — 81

Fe(NO3)3$9H2O
Combustion Zn(NO3)2$6H2O Co(NO3)2$6H2O

Mn(aca)2$4H2O
Water Polyethylene glycol Spherical 82

Hydrolysis Zn(aca)2$2H2O Nickel nitrate copper
chloride

Water Poly(vinyl alcohol) Spherical 83

Sol–gel-aided
hydrothermal

Zn(aca)2$2H2O Ga(NO3)2$H2O 2-
Methoxyethanol

Monoethanolamine
(stabilizer)

Hexagonal nanorods 84
ZnCl2 AgNO3

One-pot
hydrothermal

Zn(aca)2$2H2O HAuCl4 Water — Nanorods 85
Zn(NO3)2$6H2O AgNO3

a Acetate (CH3COO).
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a photogenerated electron–hole sink, thus prolonging electron–
hole recombination.

Besides, Ce–Ag codoped-ZnO material prepared by the sol-
vothermal method also showed a superior surface area and
optical property improvement.18 Compared to bare ZnO, the
codoped-ZnO material showed approximately ve times lesser
average crystallite size. The greater the surface area, the higher
the sorption properties and the greater the photon-assisted
degradation. The redshi in the optical spectra occurred due
to a new energy level in the DRS spectra, which is attributed to
the existence of noble contact between the host and the dopant
(Ag–ZnO–Ce). Besides, the lower PL intensity for the codoped
sample compared to the bare ZnO also shows the lessening of
electron–hole recombination. The smaller the recombination,
the higher the Naphthol Blue Black dye degradation in aqueous
solution under solar light irradiation. The photo-generated
electron transfer from the ZnO CB to both the doped Ce and
Ag metals was also reported by reducing the electron–hole
recombination synergistically.

In addition to the magnetic and optical properties, the
electrical properties of ZnO were also boosted by the doping of
Cu in the ZnO lattice and further decorating it with different
percentages of Ag (Ag@Cu–ZnO). Small peaks ascribed to Cu
and Ag and higher angle shi owing to interstitial site impurity
incorporation were detected in the XRD pattern. The increase in
the average crystallite size with increasing Ag amount was
attributed to the replacement of greater size Ag ion (1.26 Å) with
smaller size Zn ion (0.74 Å). In this study, the incorporation of
Cu into the ZnO lattice was understood from the FTIR band
shi. The method used to synthesize Ag–Cu codoped ZnO
5824 | RSC Adv., 2022, 12, 5816–5833
material, reagents, substrate/surfactants, and the morphology
of the synthesized material are also given in Table 4.
3. Characterization techniques

A combination of characterization techniques should be
applied for understanding the efficient doping of the dopant
into the host lattice. The optical, compositional, crystalline
phase change analyses are common to study the dopant char-
acteristics. X-ray diffraction (XRD), UV-vis/DRS, and inductively
coupled plasma-atomic emission spectroscopy or mass spec-
trometry (ICP-AES/MS) are normally used for understanding the
change in the lattice parameters, bandgap modications, and
atomic percentage, respectively. The changes in the lattice
parameters, such as contraction/expansion, which occurred due
to the difference in the size of the host and the dopant, further
creates a change in the electronic structure of the host mate-
rials. However, using the XRD pattern, the visualization of the
evenly distributed doped materials is impossible. Besides,
characterization techniques such as electron paramagnetic
resonance spectroscopy (EPR), X-ray photoelectron spectros-
copy (XPS), photoluminescence spectroscopy (PLS), and X-ray
absorption (XAS), including X-ray absorption ne structure
(EXAFS) and X-ray absorption near-edge structure spectroscopy,
are used for understanding the local coordination environment
(chemical states), optical properties, andmagnetic properties of
the dopant.86,87 The near-edge structure (XANES) and extended
X-ray absorption ne structure (EXAFS) indicates the dopant
substitution and bond distance between the dopant and the
host, respectively.19 Since all elements have characteristics of
core binding energy, EXAFS is used for analyzing the local
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09152b


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 3
:4

2:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
structure of all the elements. In addition, the development of
the atomic-resolution characterization technique helps in the
precise imaging of dopant atoms' location and distribution.

Advanced hyphenated instruments such as annular dark-
eld scanning transmission electron microscopy (ADF-
STEM)22 and EELS-STEM62 provide the actual three-dimensional
location and distribution, as well as element-specic analysis of
the isolated impurities in the host matrix. ADF-STEM is an
advanced instrument, which works by scanning the surface of
the sample by focused electron beam and collecting the scat-
tered electron by the annular dark-eld detector. Higher atomic
number impurities, which have different contrast compared to
the host, can be detected as an image, which is difficult for
small atomic number elements. Based on the characteristic
core-edge electron-energy-loss signal, the single-atom sensitive
EELS technique is also used to detect the dopant.22 Postica et al.
used the high angle annular dark-eld (HAADF)-STEM imaging
technique for exact Ag-doped size measurement.21
3.1. STEM with different detectors

Controlling the position and distribution of doped light and
heavymetal elements improves the device application potential.
Besides, noticing the dopant-induced defects (point or/and
extended) and heterogeneities89 gives information for tailoring
the properties of the material. The 0D defects (dopants and
vacancies), 1D defects (inclusion and dislocations), grain
boundaries, and van der Waals gaps are the main dopant-
induced structural disorders.90 This position, distribution, and
disorder in materials, which affect the characteristics of the
materials, can be identied by STEM analytical technique with
Fig. 5 Electron energy loss spectroscopy and monochromation: (a)
schematic of electron energy-loss spectroscopy (EELS) experiment in
a scanning transmission electron microscope (STEM), (b) schematic of
monochromation of an electron beam (occurring between the elec-
tron gun and the condenser lenses).88

© 2022 The Author(s). Published by the Royal Society of Chemistry
atomic resolution.91 The working principle of the STEM tech-
nique is based on the idea of the angular selection of the scat-
tered signal, in which the detector collects only the electrons
scattered to large angles and avoids the Bragg reections.92 As
shown in Fig. 5(a), the various lenses assist the magnetic elds
and the aberration corrector passes the beam to the EELS and
other various modes of STEM detectors without affecting its
energy. Fig. 5(b) show the electron beam monochromation, in
which the transmitted beam is dispersed on the prism and
detected on the EELS detector.88 The STEM technique detects
both the small atomic number and large atomic number
elements by annular dark-eld (ADF-STEM) as bright spots and
annular bright-eld (ABF-STEM) as dark spots imaging,
respectively. The BF-STEM has small-, middle-, and large-angle
categories, in which the middle angle bright-eld STEM (MABF-
STEM) is used for detecting low atomic number elements with
high accuracy.

Bazioti et al. used a STEM technique to validate the role of
nitrogen doping in the evolution of point (vacancies and inter-
stitials) and extended (stacking faults) defects.93 Multiple
detectors (ABF, ADF, and HAADF) were used to simultaneously
detect the chemical information and atomic structure of the
material. The common HAADF detector correlated to the Z-
contrast detects the Z-contrast image scattered from the doped
heavy metals. The ADF detector gives information based on the
strong diffraction contrast by selecting the angular range of the
scattered electrons. Here, in the ADF detector, the existence of
an extended defect is easily sensed. The BF detector can be used
for the detection of light and heavy elements simultaneously by
aligning the detector with all/part of the unscattered probe. The
ABF detector operates by removing the circle from the center of
the detector. The electronic and compositional information is
collected using the EELS spectroscopic technique.93,94 Currently,
the 4D-STEM modes of imaging detector, commonly known as
scanning electron nanodiffraction, is an advanced technology
used for crystal orientation mapping of any dopant. It gathers
all types of real-space atomic-resolution images by collecting all
diffraction datasets from each electron probe with high-speed
and efficient detection.95

In Tang et al.’s study, the in situ substitution and distribution
of niobium on the surface of transition metal dichalcogenides
for the modication of the electronic structure was clearly
visualized in the HAADF-STEM images.96 Strontium dopant-
induced tetragonal phase to cubic phase structural transition
on barium titanate was conrmed from powder XRD analysis.97

This solid result obtained from the XRD pattern was further
conrmed from HAADF-STEM, in which the phase change
results from the substantial compositional and microstructural
inhomogeneities. Wen et al. detected both the low Z-C atoms
and high Z-Mo atoms simultaneously by the ADF-STEM tech-
niques. Remarkably, the 2D pixelated electron detector was
used here to capture the low Z-number atoms convergent beam
electron diffraction patterns in a 4D STEM geometry. From the
ADF (LAADF), BF, and ABF STEM modes, the atomic sites in
bright contrast to MoS2 and WS2 and the holes in dark contrast
due to the carbon-based contamination, which result from
RSC Adv., 2022, 12, 5816–5833 | 5825
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Fig. 6 CTEM, AC-HRTEM, HAADF-AC-STEM, and AC-STEM-EDS
mapping of the nominal 7.5 mol% La-doped CeO2 nanocubes: (A)
CTEM image showing clusters of La-doped CeO2 nanocubes, (B) AC-
HRTEM image showing a single crystalline La-doped CeO2 nanocube
projected along the [001] zone axis, with the d-spacings for the (200)
and (220) lattice planes being shown. Inset shows the corresponding
2D-FFT. (C) HAADF-AC-STEM image of the same nanocubes, showing
the scan region imaged for EDSmapping, (D and E) EDSmaps showing
the distribution of Ce and La throughout the nanocubes, respectively.
The EDS overall quantification indicates a molar percentage of Ce and
La of 94.5% and 5.5%, respectively.100

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 3
:4

2:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
either organic solvent residue or microscope vacuum, were
clearly identied.98

The effect of transition metal dopant-induced oxygen
vacancies on the photocatalytic activities was reported by Kim
et al.99 Cr doping in the ZnO matrix showed a signicant posi-
tive effect on the photocatalytic degradation of 4-chlorophenol
and formic acid contaminates, whereas a negative result was
seen for Co doping. As understood from the multimodal char-
acterization techniques (STEM-EDX and E STEM-EELS), the
occurrence of Cr+3, which has a charge mismatch with ZnO,
induces higher vacancies in the ZnO crystal. The charge
mismatch between two transition metal ions boosts the charge
transfer properties. The doping of bismuth (Bi) in the tin oxide
(SnOx) for fascinating catalytic properties was also reported.101

The Bi dopant position and distribution in Bi–SnOx synthesized
from SnCl2 and BiI3 precursors were investigated by HAADF-
STEM and EDX-STEM techniques.

Crystallographic defects detection based on ADF-STEM one-
class support vector machine were proposed by Guo et al.102

ZrO2 and bilayer (MoW)Te2 grown from bulk crystal were used
for their experimental detection of point, line (in 2D), and
boundary (in 3D) defects. HAADF-STEM image-based dopant-
segregation induced atomic-scale fractures arising within the
Al2O3 ceramic grain boundary core were also conrmed by
Kondo et al.103 Loche et al. optimized the maximum (7.5%)
lanthanum doping in the CeO2 matrix, which possesses an
outstanding oxygen storage capacity. In this study, the dopant-
induced oxygen vacancy stabilization, shape, and size of the NPs
were optimized using a surfactant-mediated hydro-
solvothermal synthetic approach. Fig. 6 shows the conven-
tional TEM, HRTEM, aberration-corrected HAADF-STEM, and
EDS-STEM image of La-doped CeO2. From these characteriza-
tion techniques, the cubic shape and d-spacing conrm the
material authenticity, homogeneous distribution of La, and
amounts of La.100
4. Doped colloidal nanocrystal
frameworks

In addition to doping, tuning the NMs into a subordinate
structure to form colloidal nanoparticle clusters (CNCs) and
then assembling to the colloidal nanocrystal frameworks
(CNFs) allows the material to have a combination of properties,
which did not exist in the original constituents. The secondary
structure, which is organized by optimizing the surfactants,
solvents, and reaction temperatures, also regulates the geom-
etry and consequently becomes functional for chosen applica-
tions. Thus, a CNCs is an inorganic core, which is shaped
following the nucleation and growth steps, stabilized by
surfactants molecules in the solution.104 Similarly, CNFs are
ordered arrangements of porous CNCs material containing
both matter and void space.105,106 The CNFs may have (1)
microporous pore size distribution such as MOFs and
zeolites,107,108 (2) mesoporous,23,109 and macroporous distribu-
tion, which employs hard or so templates to form the
framework.
5826 | RSC Adv., 2022, 12, 5816–5833
During CNFs growth, rst, the molecular precursors were
decomposed in the presence of template-forming surfactants by
stepwise heating at moderate temperatures. The direct calci-
nation of the colloidal particles synthesized without the
template-forming surfactant provides disordered nanoparticles,
while it provides ordered nanoparticles if the surfactant is used.
Subsequent room and different temperature aging (inorganic
condensation/encapsulation), evaporation, and crystallization
yield the ordered mesoporous inorganic framework. Aer
thermal or chemical processing (chemicals such as CH2Cl2 (ref.
27)), the self-supporting properties of the CNFs are understood
from an instrument such as SEM and grazing incidence small-
angle X-ray scattering (GISAXS) analysis.105 Although, the
surfactants stabilize the nanoparticle during synthesis,
however, they protect the target NPs from the light source,
which diminishes the material applications such as catalysis
and bio-separation. Thus, post-assembly of the CNFs,
calcination/chemical processing treatment is used to form well-
structured and clean porous framework architecture stabilized
by thermal fusion (Fig. 7).5,110 However, high-temperature
treatment for purifying the CNFs assists the framework cross-
linking or/and aggregation/agglomeration process, which
increases the crystallite sizes.

The frameworks can be synthesized either from molecular
precursors or from the pre-formed CNCs, using the block
copolymer architecture-directing agent (ADA) as nanocrystal
tethering and a pore-generating domain.111 The chimie douce
single molecular precursor's approach using zinc and copper
ketoacidooximates precursor was applied by Pashchanka et al.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Colloidal nanocrystal frameworks formation steps: (a) nanocrystal formation by the decomposition of molecular precursors, (b) steps
show an ordered nanocrystal formation in the presence of surfactant and disordered nanocrystal formation in the absence of surfactant, (c–e)
steps show the condensation and evaporation upon heating at low temperature and crystallization upon calcination at higher temperature to
produce an ordered porous framework.
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to dope Cu ion into the ZnO host matrix.27 From different
spectroscopic and microscopic examinations, the oxidation
state of copper was found to be Cu(II).

Advanced methods such as sol–gel and solvo-/hydrothermal
were reported112 to control the size, shape, dispersity, and
geometry of the framework. During the synthesis, the interac-
tion between the CNCs and ADA needs to be electrostatic rather
than van der Waals or hydrogen bonding, which can resist
thermal processing.113–115 The thermal treatment applied to
transfer the precursor to active atomic or molecular species may
go to up to 320 �C, and be grown to the NMs, then assembled
into cluster. The layer-by-layer (LBL), liquid–liquid interface
(LLI), and evaporation-induced self-assembly (EISA) are some of
the approaches used to assemble the pre-formed NPs.
Frequently, the EISA that follows the evaporation of the solvent
in the presence of block copolymer utilizes crystalline NPs
instead of molecular precursors.116,117 The LBL approach is the
process of adsorption of the NPs on the surface of sub-
micrometer beads.118 The LLI is formed at the interface of two
immiscible liquids.119

The size can be controlled by changing the concentration
of the ligands or precursors and stopping the growth at
different steps, while the shape can be controlled by the
selective adhesion of ligands to specic crystalline facets.104

Compared to ligand-coated NCs copolymer ADA interaction,
the ligand-stripped NCs are suggested to avoid the stability
issue.120 From a surface chemistry perspective, copolymers
such as poly(4-vinyl pyridine) (P4VP) are promising toward
organic–organic interaction,121 while the surface charge on
the NCs and the type of the copolymer is reported104,106 to be
the most important consideration for copolymer selection
© 2022 The Author(s). Published by the Royal Society of Chemistry
toward organic–inorganic interaction. For instance, an
ordered mesoporous structure was synthesized by Buon-
santi et al. using poly(N,N-dimethyl acrylamide) and poro-
genic polystyrene block copolymer structure-directing
agents.114 During synthesis, different block copolymer
ratios and molecular weights were taken to optimize the
mesoporosity. The group used the reversible addition–
fragmentation chain transfer polymerization ligand-
stripped NCs approach.

The residual surface charge on molecular precursors (metal
cation or/and hydroxyl-terminated metal oxide NCs) can be
generated by solvothermal or sol–gel methods.106 Thermally
heating the assembled composite led to the formation of
hexagonal phase-segregated morphology and then well-ordered
CNFs on further thermal processing.113 In this regard, the
distinctive recyclability/stability and rate performance of metal
oxide semiconductor-based CNFs make them a suitable
choice.114

5. Applications
5.1. Bacterial activity

Nowadays, several conventional antibiotic resistant-bacteria
have been emerging, leading to enhanced infections in
human beings. Thus, searching for safe and effective antimi-
crobial agents for therapeutic and non-therapeutic purposes
has been continuously encouraged. In recent decades, nano-
materials such as metal oxides have shown novel bactericidal
potential. The antibacterial action is believed to have taken
place when the negatively charged bacterial cells electrostati-
cally interact with the positively charged metal oxides NPs.122

The cell wall of Gram-negative (GN) bacteria is complex and has
RSC Adv., 2022, 12, 5816–5833 | 5827
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Fig. 8 Schematic of the antibacterial mechanism of the SiO2–Ag
composites.131
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a higher negative potential due to the presence of the lipo-
polysaccharide layer, compared to the Gram-positive (GP)
bacteria.123 This complex structure and negatively charged
behavior of the GN bacteria shield the negatively charged
reactive oxygen species (ROS) and avoid their absorption.124

The bactericidal mechanism of NPs is limited, although the
direct and indirect interactions were reported as the main
mechanisms.125 The direct mechanism occurs by the direct
interaction of the positively charged NPs with negatively
charged microorganisms.126 The indirect mechanism occurs
through the interaction of the NPs with the intercellular
space.127 The direct and indirect mechanism can damage the
bacterial cell through the generation of ROS, by the release of
ions, and NPs interaction with the cell membrane.128–130 The
ROS generation is dependent on the interaction of the NPs with
light that results in the generation of electrons and holes. The
photo-induced electrons and holes further react with oxygen
and water to form a highly oxidizing agent, hydroxyl radical
(OHc). Photocatalytic ROS generation under visible light irra-
diation for the inactivation of E. coli by Ag-doped ZnO has been
reported in different works.132,133

The three important features that play a vital role in the
generation of ROS are active redox cycling, the presence of pro-
oxidant functional groups on the surface of NPs, and cell–
particle interactions.134 The change in the electronic properties
and reduction in the particle size produce reactive groups on
the surface of the NPs. These reactive sites are the center of
interaction between molecular oxygen and electron donor/
acceptor active sites, which result in the formation of O2

��.
The generated O2

�� damage the iron–sulfur (Fe–S) clusters in
the electron transport chain, releasing more ferrous ions, and
these ferrous ions are oxidized by the Fenton reaction for
generating moreOHc.135,136 Antibacterial activity through the
release of Ag+ ions from Ag–SiO2 NCs was proposed by Cui et al.
As seen in Fig. 8, the electrostatic force of interaction between
the positively charged NCs and negatively charged bacterial
cells led to the release of Ag+ ions and transported them to the
cytoplasm. The direct interaction of Ag+ with the mitochondria
results in the generation of ROS by the Fenton reaction and
inhibits DNA replication. Aer the interaction of the NCs and
bacterial cells, the disruption of the membrane/cell wall and
change in the bacterial cell morphology from cylindrical to
spherical shape was also observed in the TEM analysis.131

ZnO NPs have good antibacterial performance against both
GP and GN bacteria. In addition, the antibacterial activities of
copper and silver were also reported,137 although the bacteri-
cidal activities of Ag NPs would be diminished as a result of its
oxidation and aggregation behavior.131 In Wang et al.’s study138

signicant antibacterial activities of Ag-doped ZnO were re-
ported, compared to the single ZnO NPs, which results from the
synergistic effect of both Ag and ZnO. In this work, since no
visible/UV light was applied during the antibacterial study,
bacterial damage by the release of Zn+2/Ag+ ions or/and Ag/ZnO
NPs interaction with cell membrane was proposed to be the
probable mechanism for bacterial death. Similar synergistic
effect antibacterial activities owing to the band structure
modication through dopant inclusion were also proposed in
5828 | RSC Adv., 2022, 12, 5816–5833
Zare et al.’s139 studies. The disruption of the bacterial cell
membrane at a cellular level and the inhibition of DNA/proteins
at a molecular level by either Zn2+/Ag+ ions or ROS formation
were proposed in Matai et al.’s140 study. Herein, cell membrane
shrinkage due to disruption, followed by the leakage of intra-
cellular materials, was clearly supported by FE-SEM, AFM, and
TEM analysis. Hydrothermally synthesized Cu-doped ZnO by
Khalid et al.141 also veried the synergistic antibacterial effect,
especially on GP bacteria (results of structural differences
among GP and GN bacteria) with a superior zone of inhibition.
ROS generation by the Fenton-type reaction following the
release of ions (Zn2+, Cu, Cu+, and Cu2+) is a probable mecha-
nism for the bacterial inactivation/death in this study.
5.2. Photocatalytic activity

The rapid photo-induced electron–hole recombination and
narrow light-absorption range are believed to diminish the
photocatalytic efficiency of ZnO.142 The doping of metal reduces
the electron–hole recombination by forming a Schottky junc-
tion, also improves the crystalline transformation, visible light
absorption, and materials' surface area-to-volume ratio.143 Such
doping also affects the optical, electrical, and magnetic prop-
erties. Yang et al. synthesized Ag-doped ZnO in the presence of
higher surface area zeolitic imidazolate framework-8. The
doped Ag metal acts as an electron capture site from the CB of
ZnO and helps to improve the electron–hole separation, and
this in turn enhances the photocatalytic degradation of rhoda-
mine B dye.144 The electron capturing properties of Ag in Ag–
ZnO resulted due to the establishment of the Ag/ZnO Fermi
level between the CB and Fermi level of pure ZnO, which is
known as a Schottky junction (more negative Fermi level
potential for Ag–ZnO than bare ZnO).145,146
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The doping of copper also creates an electron acceptor level
and modies the ZnO crystal band structure, and it further
enhances the visible light absorption efficiency of the material.
Using hydrated zinc and copper acetate precursors in the
presence of citrate and the dropwise addition of NaOH, Ma et al.
synthesized porous Cu-doped ZnO NCs for MB dye degradation.
The improved degradation behavior of Cu-doped ZnO than bare
ZnO was reasonably explained as the occurrence of interfacial
charge transfer from ZnO to Cu dopant (Fig. 9(c) and (d)). For
single ZnO, aer the excitation of the photo-induced electron to
the CB, it directly returns to the VB and recombines with a hole
(Fig. 9(c)). However, the excited electron on the Cu–ZnO nano-
composite would be accepted by Cu+2 and then reduced to Cu+,
which further extends the life span of the hole in the VB
(Fig. 9(d)).142 As a result, the reduction of oxygen by electron and
oxidation of water by the hole occurred.

Thus, an intermediate oxidizing agent and hydroxyl radical
are generated.

To understand the detailed photocatalytic dye degradation
mechanism, testing the existence of ROS and a free hole is
important. Karthik et al.147 used isopropyl alcohol and 1,4-
benzoquinone as a O2

�� and OHc trapper, and ammonium
oxalate as a hole trapper on the surface of Cu-doped ZnO NCs.
In the presence of a hole trapper, greater than 85% dye degra-
dation took place, whereas only about <20% degradation took
place in the presence of ROS trapper. Hence, the ROS is the
main degradation species of the dyes (MB, indigo carmine, and
rhodamine B) compared to the hole under UV light irradiation.
Here, in this work, the 3% and 5% dopant concentrations
showed better degradation activity compared to the 7% and 9%
doped NCs. The reason for the diminishing photocatalytic
activities with an increase in the dopant amount is the devel-
opment of CuO that covers the ZnO surface, which signicantly
shields the UV absorption capacity of the material. The
Fig. 9 (a and b) Photocatalytic naphthol blue-black dye degradation
mechanism of Ce–Ag co-doped ZnO,18 (c and d) photocatalytic
methylene blue dye degradation mechanism of Cu-doped ZnO hier-
archical nanostructures.142

© 2022 The Author(s). Published by the Royal Society of Chemistry
development of CuO also acts as a photo-induced electron–hole
recombination center. This shielding and recombination center
properties of the developed CuO (doping above 5%) were also
explained by Kuriakose et al.148 The improvement in the
degradation of the MB dye with increasing Cu percentage up to
5% was reported by Okeke et al. Herein, the degradation on the
doped nanocomposite resulted from the occurrence of ZnO
bandgap shrinkage and developments of different types of
defects in the ZnO matrix during Cu doping.149

Simultaneously doping two metals generates special char-
acteristics and results in a higher photodegradation activity.18

Subash et al. synthesized Ce and Ag co-doped ZnO superstruc-
tures for the photocatalytic degradation of naphthol blue-black
dye under solar light irradiation. Both the adsorption and
photocatalytic activities of Ag and Ce co-doped ZnO NCs are
higher than those of bare ZnO NPs, Ce–ZnO, and Ag–ZnO NCs.
This indicates that co-doping results in increased surface active
sites by increasing the overall surface area and photocatalytic
activity resulting from the interfacial charge transfer from ZnO
to Ce and Ag dopant as shown in Fig. 9(a) and (b).18 MB dye
degradation and bactericidal activities' improvement as a result
of synergistic effect (Sn/Cu co-doped ZnO), interfacial charge
transfer, and creation of extrinsic defects were also reported by
Shanmugam et al.150 The ve cycle recyclability test also proved
the stability of the Sn/Cu-co-doped ZnO materials with an
insignicant potential reduction in the 5th cycle. These Sn/Cu-
co-doped ZnO materials synthesized by microwave-assisted
coprecipitation approach also showed superior antibacterial
activity against GN and GP bacteria. In addition to antibacterial
and photocatalytic applications, tuning the materials to have an
interconnected porous framework improves the mass- or ion-
transport properties in several elds such as adsorption,151

capacitors/storage,152 electrocatalysis,153 windows,154 and
sensors.155

6. Conclusions and future outlook

Nanotechnology is a fundamental eld for producing advanced
materials with interesting properties and unusual application
potentials. Nanocrystals synthesized by common approaches
have had essential applications for several years. Precise
inclusion and good distribution of the impurities in the nano-
crystal semiconductor materials further advance the material
properties toward a particular application. For the precise
inclusion and distribution of the dopant, controlling several
conditions such as host–dopant and surfactant hardness,
reaction time, and synthetic approach are signicant. Common
instruments (XRD, TEM, XAS, and XPS) can give information
about the properties of the doped materials. In addition,
advanced imaging modes of the STEM technique have been
valued in direct atomic level defect and visualization of heter-
ointerfaces and their impact on the properties of materials.
Thus, the detection of the defects position, distribution,
composition, and level of defects has received attention and
should also be future viewpoints, especially in the case of in situ
STEM control. In addition, forming a secondary structure,
a colloidal nanocrystals framework can enhance the mass-/ion
RSC Adv., 2022, 12, 5816–5833 | 5829
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transport properties. Thus, tuning the crucial parameters under
the control of advanced instruments and modifying the nano-
crystals to the secondary structure should be the nonstop
evolution for the future.
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