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Surfactant-Free Precious Metal
Colloidal Nanoparticles for Catalysis
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Colloidal syntheses of nanoparticles (NPs) are one of the preferred approaches to prepare
precious metal catalysts. Unfortunately, most colloidal syntheses developed require
stabilizing agents to avoid NP agglomeration and/or control NP size and morphology.
While these surfactants can bring positive features, they typically block catalytically active
sites on the NP surface. As a consequence, these additives often need to be removed by
energy and/or time consuming steps, at the risk of complicating the synthesis, introducing
irreproducibility and negatively altering the structure and properties of the prepared catalysts.
Fortunately, several surfactant-free colloidal syntheses have been reported and are being
developed. This Mini Review addresses the challenges in defining a surfactant-free colloidal
synthesis of NPs and survey established and emerging strategies to obtain surfactant-free
colloidal precious metal NPs. A focus is given to approaches that show promising features to
bridge the gap between fundamental and applied research towards industrial applications.

Keywords: nanoparticles, precious metals, colloids, surfactant-free, catalysis, polyols, mono-alcohols, synthesis

INTRODUCTION

Nanoparticles (NPs) have found applications in a vast number of fields, ranging from medicine,
imaging, sensing, water/air remediation, energy conversion or catalysis. While the benefits of NPs to
address various challenges does not need to be demonstrated anymore, there is still a gap between
fundamental research and the development of a nanotechnology (Stavis et al., 2018). Part of this gap
comes from the production method of the NPs. Wet-chemical methods are commonly used to obtain
NPs since a wide library of nanomaterials can be produced. In this bottom-up approach, a precursor
molecule containing an atom of the desired element, e.g., H,PtCly for Pt (Quinson and Jensen 2020),
is reduced in a solvent, often in presence of reducing agents and stabilizers. Some chemicals can play
several roles during the synthesis, e.g., sodium citrate is both a reducing agent and stabilizer in the
popular Turkevich synthesis of gold NPs (Wuithschick et al., 2015). It is very often claimed that
surfactants/stabilizers/ligands or capping agents are needed to stabilize the NPs (Heuer-Jungemann
et al., 2019). Examples of such stabilizers are polymers or long carbon chain molecules such as
polyvinylpyrrolidone (PVP) or cetrimonium bromide (CTAB), plant extracts or DNA (Koczkur
et al., 2015). The role of these additives - in the sense that these chemicals are not needed to reduce
metal complexes and to form nano- or micro-materials in solution from molecules containing only
one or few atoms of a transition metal element - is to avoid the undesirable agglomeration and
overgrowth of the NPs in order to obtain stable colloids. The actual role of these additives during the
formation of the NPs is complex to elucidate since they typically have multiple roles. For instance
PVP is a dual protecting and reducing agent. This complexity prevents a detailed understanding of
NP formation.

While additives allow controlling the stability but also the structure of the nanomaterials
produced, they bring several challenges. 1) The additives are often toxic and their use raise

Frontiers in Nanotechnology | www.frontiersin.org 1

October 2021 | Volume 3 | Article 770281


http://crossmark.crossref.org/dialog/?doi=10.3389/fnano.2021.770281&domain=pdf&date_stamp=2021-10-14
https://www.frontiersin.org/articles/10.3389/fnano.2021.770281/full
https://www.frontiersin.org/articles/10.3389/fnano.2021.770281/full
http://creativecommons.org/licenses/by/4.0/
mailto:jonathan.quinson@chem.ku.dk
https://doi.org/10.3389/fnano.2021.770281
https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles
https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org/journals/nanotechnology#editorial-board
https://doi.org/10.3389/fnano.2021.770281

Quinson

Surfactant-Free Precious Metal Nanoparticles

Surfactant
s} ré%
PM precursor Cf%/go

in solvent
e.g. DMF,
Polyols + base,

PM NPs

catalysts with controlled NP size and loading.

swmg% o —
Z>< >z> §

Removal

Mono-alcohols + base (@) Q
o% o @ =

FIGURE 1 | Schematic representation of some colloidal syntheses of PM NPs and illustration of the benefits of surfactant-free approaches to develop supported
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safety concerns, especially at large scale (Johnson et al., 2021). 2)
The additives typically derive from fossil fuels, which is not in the
long term a sustainable approach to produce NPs. 3) Using
additives add to the cost of a synthesis. 4) Using additives
may bring impurities that reduce reproducibility, thus may
impair the scalability of the NP synthesis (El Amri and Roger
2020). 5) For a range of applications like catalysis, the additives
need to be removed (Cargnello et al.,, 2015). This is typically
achieved by washing and/or heat treatments that add steps to the
catalyst preparation and may impair reproducibility by
potentially altering the structure of the prepared NPs, see
Figure 1. The presence of residual surfactants on the NP
surface might also impair further functionalization when the
latter is desired, e.g., for medical applications or catalysis. 6)
To advance our understanding of NP properties, the surfactant
removal implies a full characterization of the as-prepared catalyst
but also the cleaned catalyst, which is time and resource
consuming (Losch et al., 2019).

Colloidal syntheses have been a key tool to advance the field of
catalysis (Guntern et al., 2021; Losch et al., 2019) and strategies to
overcome the above drawbacks have been reported. For
heterogeneous catalytic applications and electrocatalysis, the
NPs are typically supported on another material. A typical
approach to overcome the use of surfactants is therefore to
performed so-called one-pot syntheses where the NPs are
obtained directly on the support. Unfortunately, this approach
is support-dependent and requires the optimization of various
syntheses parameters for every new support in order to obtain
NPs with the same size or composition and reach the desired
loading of NPs on the support. Furthermore, the NPs might form
in parts of the support like pores not accessible during catalytic
reactions (Park et al., 2016). This is a severe drawback for
precious metal (PM) NPs, made of non-renewable and
expensive materials, which are yet among the best-known
materials for a range of chemical reactions and well-
established industrial catalysts. To advance further the design
of NP catalysts, surfactant-free colloidal syntheses are highly
desirable, 1) to simplify the synthesis of NPs and make is
safer, 2) to simplify the (large scale) use and processing of the
NPs, 3) to develop catalysts readily active without the need for
washing and/or activation steps. This ultimately reduce
production cost and makes it more straightforward to transfer
the knowledge gained in fundamental research to industrial

applications: With a surfactant-free synthesis, the same
production method of the catalyst would be suitable for both
the fundamental and applied research involved in a catalyst
development (Quinson et al., 2018).

While it is a popular belief, there is actually no need to use
surfactants for a number of colloidal synthetic approaches to be
successful. The last comprehensive review, not technique specific,
on the topic of surfactant-free synthesis is probably from 2013 by
Prof Kawasaki (Kawasaki 2013). The present Mini-Review
therefore focuses on work published after this date and new
strategies that emerged since. The pros and cons of commonly
used syntheses are highlighted. A focus is given to applications for
catalysis. In particular, electro-catalytic reactions performed at
room temperature benefit from surfactant-free NPs. Since in
catalysis the size of the NPs strongly influence the resulting
properties, the opportunities to achieve size control without
using surfactants are stressed.

OVERVIEW OF SURFACTANT-FREE
COLLOIDAL SYNTHESES

A surfactant-free synthesis is challenging to define (Kawasaki
2013; Niu and Li 2014). From thermodynamics arguments, a NP
will be stabilized in solutions by small molecules, solvent and/or
electrostatic interactions. “Unprotected” NPs (Schrader et al,
2015) obtained by surfactant-free approaches here refer to
syntheses where no chemicals with a molar mass greater than
100 g mol™" is added during the synthesis. While they are
commonly referred to as surfactant-free, this definition
therefore excludes the majority of syntheses using benzyl-
alcohol, methyl isobutyl ketone, amino-acids, plants extracts or
biogenic syntheses using for instance micro-organisms.

Laser Synthesis and Processing of Colloids
The most established method to develop surfactant-free NPs is
probably the laser synthesis and processing of colloids (Zhang
et al,, 2017). In a nutshell, in this top-down approach, a piece of
metal plays the role of target for a laser beam, from which NPs
form by a cavitation phenomenon. Alternatively, NPs properties
can be modulated by fragmentation and melting still using a laser.
The method has been extensively reviewed, especially by Prof
Barcikowski and co-workers (Reichenberger et al., 2019; Zhang
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et al,, 2017). It requires relatively simple equipment, is scalable
and suitable to obtain numerous PM NPs of various
compositions, e.g., by controlling the composition of the target
material. Examples of NPs obtained include Au, Ag, Pt, Pd based
NPs and even multi-metallic (Reichenberger et al., 2019). Since it
easily leads to bare NPs mainly stabilized by electrostatic
interaction, it has been used to study the effect of chemical
functionalization in toxicology, medicine or catalysis.

The main drawback of this approach is the size distribution
obtained for as-produced NPs, in the range of few nm up to
micrometers, typically showing a bimodal distribution, that
requires post-treatment like centrifugation to isolate NPs of a
given size range (Kohsakowski et al., 2020). Furthermore, the
synthesis require the optimization of a vast range of experimental
parameters such as laser fluence, pulse duration, repetition rate or
laser wavelength, and therefore a certain degree of expertise.

Plasma Synthesis

In this relatively less common approach, an electrode is used to
generate a plasma and surfactant-free colloidal NPs stabilized by
electrostatic interaction are obtained from inorganic complexes.
The opportunities offered by this approach have been reviewed by
Prof Kim and co-workers (Mun et al., 2017). The main drawback
of this approach is maybe to require somewhat specific
equipment. Metal NPs like Au, Ag, Pt in the size range
2-30 nm were obtained.

N,N-Dimethylformamide Synthesis

Wet chemical syntheses remain relatively easier to perform since
only simple reflux setups or autoclaves are needed. The use of
N,N-Dimethylformamide (DMF) as solvent, reducing and
stabilizing agent has proved to lead to small NPs. In many
cases, a stabilizer like PVP is added to the synthesis but it is
actually not needed. In particular, Prof Obora and co-workers
demonstrated the benefits of this approach for various catalytic
reactions (Nagata and Obora 2020). A wide range of NPs such as
Au, Ag, Pd, Pt, Ir, Rh were obtained as well as PtNi nanomaterials
(Cui et al,, 2012) showing high activity for the oxygen reduction
reaction (ORR). A unique feature of this approach is to lead to
small NPs less than 10 nm in size or even to nanoclusters made of
few atoms. The main drawbacks is the use of a relatively toxic
solvent, the use of relatively high temperature and the possible
need to partially remove the stabilizing DMF, e.g., by heat
treatment.

Polyol Synthesis

The polyols synthesis first reported and recently reviewed by
Fiévet and co-workers (Fiévet et al., 2018) is an extremely popular
synthesis method since it is performed in alkaline ethylene glycol,
a relatively safe solvent, with a relatively high boiling point
temperature, allowing to produce a very wide range of
nanomaterials. In many cases, additives are added. However,
since the pioneer work by Wang and co-workers with Prof Tang
(Wang et al., 2000), it is well-established that no surfactants are
required to obtain a range of colloidal PM NPs with a size
controlled in the range 2-10 nm, including bi-metallic. The
resulting “unprotected” NPs, in the sense that they are

Surfactant-Free Precious Metal Nanoparticles

stabilized typically by CO groups and OH/OH™ moieties
(Schrader et al., 2015), are readily active for a range of
catalytic reactions. Size control is typically achieved by adding
water or controlling the Base/metal ratio. Due to its simplicity, it
has also been a suitable model to study the formation mechanism
of NPs. A positive feature of this approach is to lead to NPs that
can be stored as unsupported powders and re-dispersed in a
desired solvent (Neumann et al., 2017).

The “unprotected” NPs are ideal building blocks to study and
develop a range of catalysts (Quinson et al., 2021) and Pt, Ir, Ru,
Rh or Os NPs and various bi-metallic have been reported. Since
several types of NPs can be obtained, the method is also suitable
to investigate the effect of alloys or nanocomposites made of a
mixture of NPs (Du et al., 2021). This approach is however more
challenging to control to obtain small size Au, Ag and Pd NPs
since the latter tend to overgrow. To date, Au NPs are best
obtained using glycerol as reducing agent in mixture with water
(Parveen et al., 2019). Due to the high redox potential of Au, the
synthesis proceeds at room temperature. However the high
viscosity of glycerol prevents the simple use of the colloidal
NPs for catalysis and one-pot syntheses are preferred.

Another drawback of the polyol method is the need for
washing steps or phase extraction to flocculate the NPs and/or
separate them from the highly viscous polyol before the NPs can
be used further, e.g., before being supported (Quinson et al,
2021). These steps are typically performed in concentrated acid
and their influence on the properties of the NPs is not well
established.

Mono-Alcohol Synthesis

While mono-alcohols like methanol and ethanol have long been
used a solvents and reducing agents for NP synthesis, the need
for surfactants was almost systematically stressed, until recently.
We reported an alternative to the polyol-synthesis where alkaline
methanol and ethanol and their mixtures with water were shown
to be suitable solvents and reducing agents to develop surfactant-
free PM NPs like Pt, Ir, Ru or Os (Quinson et al., 2018) and
multi-mettalic. This so called Co4Cat™™ technology (Colloids for
Catalysts) approach combines the benefits of the polyols
synthesis but differs in that the synthesis can be performed at
relatively low temperature (<100°C) and no flocculation steps is
needed: Due to the low boiling point solvents used, the small NPs
(<10nm) can be readily supported by simple solvent
evaporation. The solvent can be recovered and re-used to
obtain NPs. Pt NPs prepared by this approach show higher
activity than commercial catalyst benchmark for butanone
hydrogenation since small size and well-dispersed NPs are
obtained on a support. Ir NPs show up to ten times more
activity compared to the state-of-the-art for the oxygen
evolution reaction (OER) due to the small size (ca. 1.6 nm) of
the surfactant-free NPs.

DISCUSSION

Avoiding surfactants to develop colloidal NPs for catalysis is
1) well documented, 2) allowing size control, 3) simpler than
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FIGURE 2 | ORR mass activity at 0.9 V versus the relative hydrogen
electrode for Pt NPs supported on carbon with various Pt sizes and loadings
and so different inter-particle distances. Reproduced with permission from
(Inaba et al., 2021) Copyright 2021 American Chemical Society.

using surfactants, 4) beneficial to develop improved catalysts,
5) more likely to result in approaches with the potential to
develop profitable businesses. In lights of the benefits of
surfactant-free  syntheses, they are relatively less
implemented that the counterpart syntheses-with-
additives. This can be inferred to two main factors. (1) It
is a popular belief that surfactants are absolutely needed to
obtain colloids. This belief might have prevented researchers
to explore strategies without additives. (2) Control over shape
and crystallographic structure has been shown to possibly
bring positive features for catalysis. It is true that morphology
control remains relatively more complex and challenging
without additives. Nevertheless, it must be noted that if
shape control is achieved with surfactants, the integrity of
the as-produced structure might not be maintained with
attempts to remove the surfactants in order to optimize
the number of active sites on the NP surface, or may not
even be maintained under catalytic operation.

Surfactant-Free Precious Metal Nanoparticles

With regard to shape control, it must be pointed out that if
surfactant-free syntheses are easier they are not necessarily
simpler and might be sensitive to parameters screened in
approaches using surfactants. For example, it was shown that
the nature of the cation present in the base used in alkaline
methanol synthesis influences the stability of the surfactant-free
Pt NPs obtained (Quinson et al., 2019). This observation suggests
that some degree of shape control might be possible with simple
inorganic salts. In the glycerol based synthesis of Au NPs, a
mixture of rods and NPs were obtained (Nalawade et al., 2013). It
is anticipated that the wide range of polyols and mono-alcohols
available are likely to lead under the right experimental
conditions to a certain degree of shape control without adding
extra shape-directing agents.

Beyond active site design, i.e., beyond the optimization of
catalyst structure, a range of parametric studies can be performed
using surfactant-free NPs, for instance to optimize the nature of
support and loading for a given catalytic reaction. It has been
shown recently using the polyol synthesis in ethylene glycol that
supported small size NPs close to each other without
agglomeration could lead to a significant increase in mass
activity (Inaba et al., 2021). This inter-particle proximity effect,
that origins in an overlap in the electric double layer structure at
the catalyst-electrolyte interface, was successfully exploited to
develop improved catalysts for the ORR, see Figure 2. The
preparation of the catalyst to observe this effect was greatly
facilitated by the use of surfactant-free NPs. It was also shown
using surfactant-free NPs that the key optimization of inks for
electrochemical purposes was strongly dependent on the
synthesis protocol of the NPs (Inaba et al., 2017). The
influence of solvents used for the synthesis in mono-alcohols
and the solvent used for re-dispersion and supporting steps was
also studied to develop OER catalysts. It was shown that beyond
developing the right Ir NPs in the right solvent, the properties of
the solvent used to disperse the support material strongly
influence the final catalytic activity (Bizzotto et al., 2021). As a
consequence of the high activity of surfactant-free Ir NPs,
benchmarking protocols for testing Ir NP activity for the OER
could be developed (Bizzotto et al., 2019). Last, “unprotected”
NPs are valuable tools and control materials to evaluate the effects
of ligands on NP catalytic properties, to further understand how
to best functionalize NPs for catalysis for instance by ligand
design (Schrader et al., 2015).

For lab-scale experiments, relatively small quantities of
materials are needed. To this extent, how the NPs are obtained
is not a bottleneck. However, transferring a colloidal synthesis to
larger scale, though it is possible, will gain from an approach
using safe, cheap and few chemicals and compatibility with flow
chemistry (Sui et al., 2020), as it is the case for the laser synthesis
and processing of colloids approach. For PM NPs, the expensive
price of the raw materials is not a variable easily controllable. As a
consequence, any minor improvement in the synthesis of the PM
NPs can have significant economic and ecological impact. Lower
energy requirements, e.g., via lower temperature or even room
temperature processes, would be ideal and the solvent used for the
synthesis should be easily recycled to reduce even more the
related costs of production. In this respect, the use of ethanol
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as solvent is a promising alternative (Quinson et al, 2018).
Although this point has not been investigated further, the fact
that a base like NaOH is needed in the mono-alcohol syntheses
suggest that the dry crystal could be recovered during the
supporting step of the NPs when solvent evaporation is
performed. This could ultimately allow developing a synthesis
with the relatively safe chemicals that are ethanol and NaOH,
and the latter being recycled few times for several syntheses.
Importantly, preferring surfactant-free syntheses for fundamental
research makes the findings more directly transferrable to larger
scale in order to bridge the gap between academia and industry.

CONCLUSION

Surfactant-free colloidal syntheses of PM NPs are promising
and probably overlooked approaches to develop NPs directly
relevant for catalytic applications. Several surfactant-free
colloidal synthetic strategies have been developed over the
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years, showing that it is indeed possible to develop stable
colloids without surfactants. With the pioneer works
reviewed here in mind, it is anticipated that exploring
further surfactant-free colloidal syntheses of PM NPs will
bring further benefits to fundamental as well as applied
research and development in general but especially in the
field of catalysis.
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