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ynthesis of metal and metal oxide
nanomaterials: a perspective

Siavash Iravani

Metal and metal oxide nanomaterials have attracted much interest in medical, pharmaceutical, biological,

biomedical, and catalytic applications due to their high surface-to-volume ratio and fascinating

physicochemical properties. To date, a wide variety of techniques with different advantages and

limitations/challenges have been introduced for the preparation of metal and metal oxide nanomaterials.

In this context, the corrosion, purity, and stability of nanomaterials as well as the controllability and

repeatability of synthesis techniques are important challenging issues. Metal and metal oxide

nanoparticles with different sizes and morphologies are prone to loss of reactivity, since they may

precipitate or aggregate as bulk metals; thus different stabilizers such as functionalized polymers,

dendrimers, inorganic solids (e.g., carbon, metal oxides, sol–gel clays, and zeolites), ligands (e.g., pincer

ligands), or ionic surfactants are typically required in their fabrication. Nowadays, several surfactant-free

strategies such as laser synthesis, mono-alcohol fabrication, the Co4Cat process, and microplasma-

based techniques have been introduced for synthesizing metal and metal oxide nanoparticles with the

benefits of cost-effectiveness, simplicity, and environmentally-benign properties, avoiding the utilization

of toxic additives or surfactants. However, the optimization of synthesis/reaction conditions, the

controllability of size and morphology, stability, and large-scale/commercial production of nanomaterials

ought to be comprehensively explored. Herein, the most recent developments pertaining to the

surfactant-free synthesis of metal and metal oxide nanomaterials are deliberated, with a focus on

important challenges, opportunities, and future perspectives.
Sustainability spotlight

There is a demand for developing safer and sustainable synthesis methods, eliminating the arduousness and complications of oen used physicochemical
methods. Despite the widespread utilization of surfactants in different synthesis processes, they are actually not required to develop a range of nanomaterials.
Avoiding the utilization of surfactants greatly simplies the production of nanomaterials but also offers cost-effectiveness, simplicity, and environmentally-
benign properties. This review aligns with the UN's Sustainable Development Goals, including responsible consumption and production to manage the
utilization of toxic chemicals/additives and all wastes throughout their life cycle, in accordance with agreed international frameworks, and to signicantly
reduce their release into air, water and soil in order to minimize their adverse impacts on human health and the environment.
1. Introduction

Studies have focused on various strategies for synthesizing
metal and metal oxide nanoparticles (NPs) with versatile
environmental and biomedical applications.1–6 For instance,
colloidal surfactant-free synthesized precious metal nano-
materials have been employed as suitable electrocatalysts for
different electrochemical reactions.1 Overall, numerous
bottom-up and top-down methods have been introduced for
manufacturing metal and metal oxide nanomaterials,
including wet chemical techniques, hydrothermal synthesis,
templating methods, thermal decomposition, pulsed laser
ablation, microwave-assisted synthesis, chemical vapor
Sciences, Isfahan University of Medical

gmail.com

2

deposition, combustion methods, gas phase techniques, sol–
gel approaches, and solvothermal synthesis.7–14 Notably,
synthesis strategies and conditions along with the post-
production processes such as isolation/purication, washing,
and storage conditions can signicantly affect the properties
and functionality of these nanomaterials.15,16 In this context,
surfactants, stabilizers, ligands, and capping agents such as
polyvinyl alcohol, polyvinylpyrrolidone, cetrimonium
bromide, etc.17–19 have been widely employed for stabilizing the
nanomaterials. One of the mostly applied techniques is
colloidal synthesis in which different surfactants have been
deployed; these surfactants can negatively affect the properties
of nanomaterials such as electrochemical and catalytic
features, restricting their catalytic applications by blocking the
active surfaces.20
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Sustainable synthesis techniques demonstrate attractive
advantages such as eco-friendliness, mild reaction conditions,
less harmful/toxic ingredients, cost-effectiveness, and low
power/time consumption.21–25 Indeed, there is a demand for
developing safer and sustainable synthesis methods, elimi-
nating the arduousness and complications of oen used phys-
icochemical methods.19,26–28 Despite the widespread utilization
of surfactants in different synthesis processes, they are actually
not required to develop a range of nanomaterials. Avoiding the
utilization of surfactants greatly simplies the production of
nanomaterials but also offers cost-effectiveness, simplicity, and
environmentally-benign properties. Surfactants with severe
environmental impacts can adversely affect water and aquatic
microbial populations, diminish the photochemical energy
conversion efficiency of plants, and damage aquatic life.29 Thus,
the removal of surfactants is highly demanded to provide
sustainable synthesis of nanomaterials, avoiding the utilization
of materials derived from petroleum resources.30,31 For instance,
some synthesis techniques such as shape-selective synthesis of
gold (Au) nanoprisms typically required either toxic surfactants
or time-consuming purication processes, restricting their
functionality and applicability.32 Ramı́rez-Jiménez et al.32 re-
ported the surfactant-free fabrication and scalable purication
of triangular Au nanoprisms via a precipitation technique
utilizing a non-toxic glutathione ligand, avoiding the utilization
of toxic surfactants/additives and bottleneck purication
processes. Despite the sustainability benets of this technique,
the yield of production was also increased.32 In another study,
Nb2O5/graphene nanocomposites were synthesized without any
surfactants via a microwave irradiation method. These nano-
composites exhibited improved electrochemical conductivity,
cycle stability, and specic capacitance.33 On the other hand,
aer the preparation of NPs using surfactants, they should be
removed by applying additional processes such as ozone, heat,
chemical, and electrochemical treatments, leading to the need
for more steps in the synthesis of nanomaterials and reducing
the repeatability of the production process in addition to
increasing the cost and reducing the chance of up-scal-
ability.34,35 Thus, there is a vital need for designing simple and
reproducible surfactant-free techniques with up-scalable
potential for the synthesis of nanomaterials.20,36,37 Several
surfactant-free techniques such as laser, polyol, mono-alcohol,
plasma, and microwave synthesis techniques have been intro-
duced to avoid the utilization of toxic additives or surfactants,
paving a way for reducing the complexity and enhancing the
eco-friendliness (Table 1).38–41 Herein, the most recent advances
regarding the applications of surfactant-free techniques for
manufacturing metal and metal oxide nanomaterials are
deliberated, focusing on important challenges, benets, and
future directions. This review aligns with the UN's Sustainable
Development Goals, including responsible consumption and
production to manage the utilization of toxic chemicals/
additives and all wastes throughout their life cycle, in accor-
dance with agreed international frameworks, and to signi-
cantly reduce their release into air, water and soil to minimize
their adverse impacts on human health and the environment.
74 | RSC Sustainability, 2023, 1, 72–82
2. Surfactant-free synthesis of metal
and metal oxide nanomaterials

A wide variety of surfactant-free synthesis techniques have been
introduced for the synthesis of metal and metal oxide nano-
materials.20,37,53 Jiang et al.54 reported the synthesis of tin oxide
(SnO2) NPs with tetragonal crystalline structures by heating
ethylene glycol solutions containing SnCl2 at atmospheric
pressure. By changing the experimental conditions and
parameters such as reaction time, pH, and the tin precursor, the
size and size distribution could be controlled. These NPs were
employed to fabricate carbon-supported PtSnO2 catalysts with
high activity for ethanol electrooxidation.54 The optimization of
reaction and synthesis conditions is vital for controlling the
properties as well as the size and morphology of nanomaterials.
For instance, it was revealed that the surface morphology of
Cu3SnS4 NPs synthesized through a surfactant-free sol-
vothermal technique was highly affected by the reaction
temperature.50 By increasing the reaction temperature, the
aggregated particles disappeared and the surface morphology
of Cu3SnS4 NPs became more self-assembled.50 Also, pH is
another important factor in controlling the size and shape of
nanomaterials. In one study, by increasing the pH from 3.0 to
9.0, the morphology of Cu-NDCA MOFs was changed from
irregular ake-like to anisotropic structures. This indicated that
pH is a crucial factor for the controlled growth of nano-
materials, which could enhance the coordination behavior of
organic ligands and metal sites.52 Notably, in aqueous media,
the stability of NP colloidal systems can be improved by
adjusting the surface charge or zeta potential of NPs. It was
revealed that on shiing pH to higher values, the stability of
Ta2O5 NPs was improved; on changing the pH from 5.3 to 6.3,
the absolute value of the NP zeta potential increased from
−35 mV to −52 mV, indicating the signicant stability of these
NPs.46

The fabrication of noble metal nanomaterials using ethylene
glycol was reported as a typical surfactant-free technique;55,56

these nanomaterials have been deployed as electrocatalysts for
ethanol oxidation reactions.57 For instance, stable Pt, rhodium
(Rh), and ruthenium (Ru) metal nanoclusters (∼1–2 nm) were
synthesized by heating the corresponding metal hydroxide
colloids in ethylene glycol containing NaOH. Accordingly, the Pt
nanocluster as a precipitate could be separated from glycol
solvent by controlling pH.58 Chen et al.59 synthesized Pt3Fe NPs
(∼4 nm) with controlled size and structure through a surfactant-
free technique using ethylene glycol–water solution. In this
study, potassium chloride (KCl) was an insoluble by-product of
the reaction, which acted as a matrix to trap the NPs for
avoiding particle agglomerations and controlling the coales-
cence of NPs during thermal annealing up to 600 °C. The
particle size and crystalline order could be independently
adjusted by altering the time and temperature of annealing, as
well as the molar ratio of metal precursors and KCl.59 In addi-
tion, the surfactant-free synthesis of Pt NPs in alkaline ethylene
glycol was reported.60 To achieve the size control, one of the key
factors was the NaOH/Pt molar ratio, which could affect the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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kinetics of NP formation. Accordingly, the rate of Pt NP
production was slower, and also smaller NPs were produced at
higher NaOH/Pt molar ratios.60 Besides, Pt nanoscale cubes
(∼3.4–7.1 nm) were prepared using a controllable surfactant-
free approach under an atmosphere of 10% carbon monoxide
(CO)/90% helium (He) via the adjustment of the potassium
bromide (KBr)/Pt proportion (the precursors) and the Pt
concentration in ethylene glycol. These nanomaterials could be
employed for the oxygen reduction reaction along with the
electrochemical oxidation of methanol, offering suitable
electrocatalysts.61

Tong et al.62 introduced a self-terminating electroless depo-
sition strategy for the preparation of surfactant-free and
monodisperse Pt NPs (∼65 nm) deposited on carbon ber
microelectrodes with hydrogen peroxide (H2O2) electrochemical
detection capability in living cells (the linear range was ∼0.5–80
mM and the detection limit was ∼0.17 mM). The Pt NP-modied
carbon ber microelectrodes exhibited suitable reproducibility
and sensitivity, offering signicant electrocatalytic performance
towards H2O2 oxidation. It appears that future explorations
ought to be focused on extending this technique to synthesize
other metal NPs like Ag and Au, and obtaining surfactant-free
and monodisperse metal NP-modied carbon ber microelec-
trodes with suitable sensitivity and spatial resolution along with
good reproducibility.62

The Co4Cat process with ecological and economic advan-
tages was deployed for the controlled synthesis of precious
metal NPs with improved catalytic features.44 Notably, in this
strategy, metal precursors such as H2PtCl6 were dissolved in
alkaline mono-alcohols (methanol) and reduced to NPs at low
temperature (<80 °C) with no requirement of any surfactants.
For instance, Pt NPs were synthesized using the Co4Cat process
with long-term stability in water (up to 16 months) over a wide
range of pH (4–12) and in aqueous buffer solutions, showing the
suitability of the Co4Cat process to obtain NPs with electro-
catalysis, heterogeneous catalysis, and biomedical applica-
bility.44 Despite being surfactant-free, these Pt NPs exhibited
remarkably long-term stability in water (>16 months) in the pH
range of 4–12 and in aqueous buffer solutions. This technique
displayed good reproducibility and scalability, showing
robustness to variations in experimental factors (crucial factors
in scale-up production) such as the concentration of H2PtCl6
and the heating time.44 In addition, Pt NPs were synthesized
based on the Co4Cat process in a mixture of mono-alcohols and
water utilizing alkaline low-boiling-point solvents, leading to
the formation of NPs with improved catalytic performances.63

As a result, the control of solvent purity was not required for the
formation of stable Pt NP colloids (∼2 nm) with electrocatalytic
activity for energy conversion reactions (e.g., methanol
oxidation).63

One-pot or seed-mediated fabrication techniques have been
widely applied for the synthesis of nanomaterials utilizing
surfactants such as poly(N-vinylpyrrolidone) or cetyl-
trimethylammonium bromide.64 However, the biomedical
applications of the synthesized nanomaterials can be restricted
due to the potential toxicity of cetyltrimethylammonium
bromide, the possible aggregations aer multi-step washing
© 2023 The Author(s). Published by the Royal Society of Chemistry
and difficult replacement of surfactants throughout the bio-
functionalization processes. To overcome these challenging
issues, investigations have focused on the surfactant-free
fabrication of nanomaterials like in the case of gold nanostars
wherein these nanomaterials with unique optical and plas-
monic features along with high biocompatibility were synthe-
sized via a simple surfactant-free synthesis technique, and were
deployed as efficient contrast agents for in vivo biological
imaging.64 In addition, hydrazine- and surfactant-free fabrica-
tion of noble metal/graphene nanocomposites was reported
wherein the reduction of graphene oxide and noble metals was
performed simultaneously in hot water utilizing ascorbic acid
(vitamin C) as a reductant (Fig. 1).65 Among the designed
composites, palladium (Pd)/graphene nanocomposites exhibi-
ted suitable catalytic performance in the Suzuki coupling reac-
tion with good reusability without loss of their activity.65

Microplasma-based strategies have been deployed for
manufacturing different metal and metal oxide NPs.66 Several
crucial aspects such as size, size distribution, and chemical
composition (especially, the degree of oxidation) in
microplasma-based techniques ought to be further explored;
these factors can affect the optoelectronic features (e.g.,
conductivity) along with chemical stability of these NPs.66–69 In
one study, surfactant-free well-dispersed metallic Cu NPs (∼8
nm) were synthesized using argon (Ar) + H2 microplasma and
a solid Cu precursor. Aer that, carbon nanotubes/Cu-NP
composite structures were prepared by depositing Cu NPs
onto porous carbon nanotube ribbons, showing a high degree
of surface coverage (Fig. 2).70

A nanobubble scaffolding self-assembly strategy was intro-
duced for manufacturing three-dimensional (3D) metallic nano-
networks by utilizing aqua ammonia as a nanobubble reservoir,
avoiding the utilization of any surfactants or polymeric capping
agents.71 Accordingly, interlocked metallic nanonetworks could
be obtained through the interactions between ammonia and
metallic NPs (Cu, gold (Au), Ag, and Pt), as well as the precise
control of the anisotropic kinetic growth along with the utili-
zation of robust reducing agents and high concentration of
aqua ammonia, providing nanonetworks with a curved geom-
etry and abundant pores.71 The Pt nanonetworks exhibited
excellent electrocatalytic performance towards the methanol
oxidation reaction, showing the potential of the nanobubble-
assisted strategy for surfactant-free synthesis of polyporous
nanomaterials.71 In addition, a surfactant-free synthesis tech-
nique based on one-step hydrothermal reduction was intro-
duced for the synthesis of Pt nanoclusters (∼2 nm) using 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) (as
a non-toxic reducing agent); these NPs could be applied for
biological imaging as well as sensing of hypochlorous acid
(HClO), with advantages of fast response, high stability, and
specicity. As nanoprobes, they exhibited bright blue uores-
cence, high stability, and biocompatibility, while their uores-
cence could be specically quenched with hypochlorous acid by
a static quenching pathway.72

Mao et al.73 introduced a simple and controllable “mix-and-
heat” mechanochemical technique for synthesizing Ag/
expanded graphite (EG) composites with high chemical
RSC Sustainability, 2023, 1, 72–82 | 75
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Fig. 1 The one-step surfactant-free synthesis of noble metal/graphene nanocomposites using vitamin C (Vt C). Adapted from ref. 65 with
permission. Copyright 2012 Elsevier.
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stability under different pH conditions (they could be stored for
∼120 days), providing suitable composites to be applied as
reliable surface-enhanced Raman scattering (SERS) active
substrates with reusability of at least 4 times. By applying these
composites with SERS performance, less than 10 ppb of crystal
violet (CV) and methylene blue (MB) could be detected; the
trapping of the analytes was mostly accomplished in the
substrate in the rst 15 min and the kinetics was based on the
pseudo-second-order model (Fig. 3).73 Some important chal-
lenges for the employment of SERS in biochemical detection are
Fig. 2 (A) The preparative process of Cu NPs and carbon nanotubes/
electron microscopy (SEM) images of (left) pristine carbon nanotube
Adapted from ref. 70 with permission. Copyright 2021 Royal Society of C

76 | RSC Sustainability, 2023, 1, 72–82
the absence of enough surface roughness along with the pres-
ence of organic surfactants.74 The application of surfactants in
the preparation of NPs can signicantly affect the SERS sensing
efficiency, because of the space blocking between SERS
substrates and analytes along with the interference of intrinsic
Raman signals from the surfactants themselves. Thus, future
explorations should focus on the synthesis of nanomaterials
based on surfactant-free tactics. In one study, a sensitive and
robust SERS hybrid substrate was constructed using Au NPs.74

The introduced technique was based on plasmonic ower-like
Cu-NP composites based on the microplasma process. (B) Scanning
ribbons and (right) decorated carbon nanotube/Cu-NP composites.
hemistry (CC BY).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The preparative process of Ag/EG composites with excellent adsorption for SERS performance, in the absence of surfactants. Adapted
from ref. 73 with permission. Copyright 2022 Elsevier.
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Au NPs wherein the drastic reduction of Au3+ ions was per-
formed, which triggered the over-growth of Au atoms in the
absence of surfactants. The designed hybrid structure was
deployed for the in situ recognition of thiabendazole in apples
(the limit of detection was ∼8.3 ng mL−1).74 Zeng et al.75

prepared nanosized graphene oxide-coated silver NPs without
utilizing any surfactants for SERS sensing applications. Nano-
sized graphene oxide was suspended in aqueous solution, and
silver nitrate (AgNO3) was added to the solution for interacting
Fig. 4 The preparative process of ATiO3 micron-scale spheres. Adapted
Publishing Institute (CC BY).

© 2023 The Author(s). Published by the Royal Society of Chemistry
with the graphene oxide nanosheets within an ice bath. Aer
that, the reducing agent (NaBH4) was added under mild stir-
ring, and the nanocomposites were fabricated. These biocom-
patible nanocomposites with excellent SERS sensing potential
could be applied as nanoprobes for intracellular biosensing;
they were also deployed for targeted delivery of anticancer drugs
(doxorubicin) with theranostic applicability.75

Au–Pt bimetallic NPs were synthesized based on a surfactant-
free strategy using a laser-assisted method through the laser
from ref. 77 with permission. Copyright 2021 Multidisciplinary Digital
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ablation and laser irradiation of colloidal mixtures; the surface
of NPs was contaminant free without any external ligands and
surfactants.76 Compared to the colloidal mixture before the
laser irradiation, results revealed that the nonlinear absorption
features, non-linear optical susceptibility values, optical
limiting efficiency, and non-linear refractive index of these
ligand-free bimetallic NPs could be improved aer the laser
irradiation.76 In addition, a two-step surfactant-free fabrication
technique was introduced for manufacturing 3D perovskite
titania-based micron-scale motifs in which porous anatase
titanium dioxide (TiO2) templates were hydrothermally
prepared and then reacted with A(OH)2 precursors (wherein “A”
= Ca, Sr, and Ba) under high-temperature annealing conditions
(Fig. 4); the designed ATiO3 micron-scale spheres could be
applied as catalytic supports for the methanol oxidation reac-
tions.77 A hydrothermal technique was also reported for the
synthesis of cupric oxide (CuO) spheres and manganese dioxide
(MnO2) nanorods to detect glucose as sensors with a high
sensitivity of 2360.81 mA mM−1 cm−2.78 Accordingly, CuO
spheres were prepared on an indium tin oxide (ITO)/glass
substrate with no need of surfactants. Aer that, MnO2 nano-
rods were formed on the exterior of the CuO spheres through
a drop-coating technique; MnO2 improved the sensitivity and
the linearity of the glucose detection.78

Surfactant-free microemulsions can form in a ternary system
of two immiscible uids and an amphi-solvent.79 The structures
and properties of surfactant-free microemulsions are similar to
those of traditional surfactant-based microemulsions to some
extent.80,81 In one study, this technique was introduced for the
synthesis of poly(methyl methacrylate)/Ag nanocomposites
using methyl methacrylate as the oil phase and 1-butanol as the
amphi-solvent, without using surfactants. These nano-
composites exhibited suitable antibacterial activity similar to
the surfactant-based microemulsion system.82 Han et al.83 re-
ported a surfactant-free microemulsion technique for fabri-
cating a-Fe2O3 nanomaterials with great visible light catalytic
activity for the removal of a rhodamine B pollutant (the degra-
dation was ∼96.0% in 60 min). The water in oil structure in this
technique played an important role of a micro-reactor, which
could result in the generation of monodisperse spherical a-
Fe2O3 nanomaterials at the controlled temperature and time.
The mechanism studies revealed that free Fe3+ captured the
electrons and catalyzed to form hydroxyl and superoxide anion
radicals.83

Surfactant-free electrodeposition techniques have been
employed for synthesis of metal andmetal oxide nanomaterials.
For instance, Au NPs (∼25–46 nm) were synthesized through
a surfactant-free electrodeposition method using porous anodic
alumina (as a template) and pulse electrodeposition (Fig. 5).84

Compared to colloidal fabrication approaches, the electro-
chemical synthesis technique can be applied for manufacturing
NPs without surfactants or capping agents to stabilize their
sizes and morphologies, paving the way to construct NPs as
catalysts without restrictions in their reactive surface sites; this
method can also be applied for synthesizing NPs with
a controllable inter-pore distance. However, the limitation of
this technique was its low yield of production, and future
78 | RSC Sustainability, 2023, 1, 72–82
explorations ought to be focused on its up-scalability along with
optimization conditions.84 It was revealed that the particle size
can be controlled by adjusting the current density and the
distance between electrodes.43 In one study, the particle size of
magnetite NPs increased by enhancing the current density and
reducing the distance between electrodes; the particle forma-
tion could not be favored when the distance between electrodes
was larger than a critical value.43

Compared to the conventional synthesis techniques, micro-
wave energy-assisted chemical fabrication of nanomaterials has
been proved to be a potential eco-friendly technique with the
benets of high yield of production, very short separation/
purication time, and short reaction time, yielding pure nano-
materials with suitable functionality and applicability.85 For
instance, surfactant-free fabrication of crystalline Cu nano-
materials with good stability was performed using a microwave
irradiation of a solution of copper acetylacetonate in benzyl
alcohol.86 In addition, SnO2 nanosheets were fabricated using
a microwave hydrothermal technique with no requirement of
surfactants and organic solvents.87 The SnO2 nanosheet as an
anode with suitable electrochemical performance could be
applied in designing a lithium-ion battery, showing an
improved discharge capacity of 257.8 mA h g−1 aer 50 cycles at
a current density of 100 mA g−1.87 Besides, Mallesh et al.88

constructed cube-like shaped a-Fe2O3 nanomaterials with high
coercivity using a simple microwave-assisted solvothermal
technique without utilizing any surfactants, providing a facile
technique to prepare nanostructures with controlled
morphology and properties.88

Hybrid metallic nanocomposites with different applicability
and functionality have been designed using a variety of
surfactant-free techniques.28 For instance, Pd@PdPt/carbon
nanotube nanocomposites have been synthesized using
a surfactant-free technique in which the core–shell structures of
the Pd@PdPt alloy were prepared through surfactant-free
monodisperse Pd/carbon nanotube precursors by hydrolysis of
tetrachloropalladate(II) ions ([PdCl4]

2−) in the presence of
carbon nanotubes.89 Aer that, the hydrogen reduction was
accomplished followed by a galvanic replacement reaction.
These nanocomposites with surfactant-free electrocatalytic
surfaces were deployed for the methanol oxidation reaction,
providing electrocatalysts with excellent electrochemical
performances and high stability towards methanol oxidation
compared to their monometallic counterparts.89 In addition,
the hierarchical dahlia-like TiO2/V2O5 composites were synthe-
sized using a facile one-pot surfactant-free strategy.90 These
nanocomposites with considerable recyclability (∼5 cycles)
exhibited efficient adsorption towards methylene blue owing to
physical and electrostatic interactions, offering promising
candidates for the removal of organic pollutants in waste-
water.90 Cho et al.91 reported an innovative inter-cation redox
reaction between two metal cations with various redox capac-
ities to produce Au–TiO2 nanostars with no need of any toxic
surfactants, surface-adsorbing polymers, or additives with
reducing ability. These nanostars were deployed as photo-
anodes with photoelectrochemical potential. The photo-
anodes were designed via the deposition of the nanostars
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) The preparative process of the Au nanostructures using a surfactant-free electrodeposition method. The porous anodic alumina
template was treated by pore widening or barrier layer thinning, after the two-step anodization procedure; the nanostructures were branched or
round-bottomed, respectively. (B) TEM image of Au NPs produced using a templated and surfactant-free electrodeposition approach (time: 100
s). Adapted from ref. 84 with permission. Copyright 2022 Royal Society of Chemistry (CC BY).
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onto hydrothermally grown TiO2 nanorods on uorine-doped
tin oxide (SnO2), providing enhanced photoelectrochemical
activity for a water-splitting device due to the localized surface
plasmon resonance effects in the Au NPs. As a result, these
hybrid nanostars on TiO2 nanorods displayed an excellent
enhancement (∼33%) in photocurrent density compared to the
pristine TiO2 nanorods.91
3. Conclusions and perspectives

Metal and metal oxide nanomaterials with versatile applica-
tions ranging from catalysis, medicine, sensing/imaging, cancer
theranostics, drug delivery, energy conversion, water
remediation/treatment, tissue engineering, antimicrobials/
antivirals, etc. have been synthesized using a wide variety of
techniques/strategies. Among them, surfactant-free synthesis
techniques have attracted researchers due to their cost-
effectiveness, simplicity (avoidance of multi-step processes),
and environmentally-benign properties. However, the control of
size and morphology of metal and metal oxide nanomaterials
using surfactant-free synthesis techniques is still an important
challenging issue. Also, the stability, time of synthesis, and
large-scale/commercial production of NPs still need to be
systematically evaluated. The optimization of synthesis condi-
tions by controlling the important criteria (e.g., solvents, pH,
temperature, etc.) can help to provide nanomaterials with
improved stability and a well-organized size/morphology. On
the other hand, transferring the lab-scale surfactant-free
synthesis techniques to a large scale is another challenge,
which requires careful monitoring and evaluation in various
elds such as lower energy requirements, lower temperature,
cheap and few chemicals, controllability/repeatability of
synthesis processes, ideal solvents, among others. Innovative
techniques with optimized conditions for the surfactant-free
production of other nanoparticles and advanced nanosystems
made of materials such as covalent organic frameworks (COFs),
MOFs, graphene, carbon nanotubes, etc. ought to be further
explored.
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