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Renewable and sustainable functional nanomaterials, which can be employed in alternative green energy
sources, are highly desirable. Transition metal chalcogenides are potential catalysts for processes resulting
in energy generation and storage. In order to optimize their catalytic performance, high phase purity and
precise control over shape and size are indispensable. Metal-organic precursors with pre-formed bonds
between the metal and the chalcogenide atoms are advantageous in synthesizing phase pure transition
metal chalcogenides with controlled shape and sizes. This can be achieved by the decomposition of
metal-organic precursors in the presence of suitable surfactants/capping agents. However, the recent
studies on electrocatalysis at the nanoscale level reveal that the capping agents attached to their surface
have a detrimental effect on their efficiency. The removal of surfactants from active sites to obtain bare

surface nanoparticles is necessary to enhance catalytic activity. Herein, we have discussed the properties
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of different metal—organic precursors and the role of surfactants in the colloidal synthesis of metal chal-
cogenide nanomaterials. Moreover, the effect of surfactants on their electrocatalytic performance, the
commonly used strategies for removing surfactants from the surface of nanomaterials and the future per-
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Introduction

The rise in population and advancement in technology has
resulted in an exponential increase in energy demand.
Conventional fossil fuels are non-sustainable and are hazar-
dous for the environment. Therefore sustainable and renew-
able materials with a lower carbon footprint are highly desir-
able. The use of hydrogen as a fuel is beneficial as it can be
generated from a widely available source i.e. water, and has a
low environmental impact. However, water is thermo-
dynamically stable, and current methods of generation of
hydrogen are not really green. Therefore efficient, cost-
effective, abundant and stable catalytic materials for water
splitting are desirable. So far, the maximum efficiency and
stability have been shown by precious metals, but their cost
and scarcity are a major hurdle in their commercialization.
Apart from precious metals, metal chalcogenides have shown
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some promising catalytic performances. The variable oxidation
states can easily promote oxidation/reduction reactions and
(electro)catalytic activity. Moreover, they have the potential to
be used at a large scale for industrial applications.

The principal factors controlling the catalytic activity of the
metal chalcogenides are phase purity, size, morphology and
the ligands on the surface of the nanocrystals. Over time, syn-
thetic approaches have been well developed to prepare phase
pure and morphologically controlled metal chalcogenide
nanomaterials. The synthetic routes vary from solution-based
synthesis to solvent-free routes. The numerous synthetic tech-
niques include seed-mediated growth,' hydrothermal,> micro-
emulsion,® sol-gel,® co-precipitation,” solution combustion
synthesis,® solid state synthesis,”’ molten salt synthesis,®
solvent-less pyrolysis,” heat-up and hot injection routes.'®*
Heat-up and hot injection, though quite different in nature,
are the most commonly used methods to obtain uniform
monodispersed nanoparticles (Fig. 1). In the hot injection
method, the stock solution of a precursor is rapidly injected
into the pre-heated surfactants. The elevated temperature
facilitates an extremely fast reaction, that results in high super-
saturation and formation of nanocrystals. The hot-injection
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Fig. 1 Schematic of solution-based synthesis of nanomaterials by (a) hot injection and (b) heat-up methods. Reproduced from ref. 19, Copyright

2020 with permission from IOP Publishing Ltd.

method is particularly effective, because it offers a high level
of control over the size of the particles and size distribution by
allowing a rapid nucleation separated from the growth stage.
The size and shape of the nanoparticles can be controlled by
varying the temperature, concentration, reaction time and sur-
factants. Unlike hot injection method in heat-up method, the
reactants are added in the surfactant at room temperature.
Then reaction mixture is gradually heated to the desired temp-
erature where formation of nanocrystals take place. The heat
up method is a facile approach, as nanocrystals are prepared
in a single pot without hot injection step. Reagents/precursors
with suitable reactivity are required to achieve better monodis-
persity. Controlling the reactivity of the precursors allow hom-
ogenous nucleation, after reaching a certain temperature, and
leads to the formation of monodisperse nanoparticles. Both
heat-up and hot injection methods have been successfully
employed to prepare wide range of monodisperse metal chal-
cogenide nanomaterials.

These developments in colloidal synthesis provide more
flexibility in performing reactions under diverse reaction con-
ditions."” Besides synthetic strategies, other parameters such
as temperature, capping agents, solvents and reducing agents
play an important role in optimizing the composition and
dimensions of the nanomaterials.'*** Likewise,
studies have explained in detail the role and mechanism of
surfactants in controlling the size and morphology of the
nanomaterials.'>™*®

In colloidal synthesis of nanomaterials with required com-
positions, a variety of reagents can be used as starting
materials. Besides multiple source routes,>* > other starting

various
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materials, such as open frameworks,>>** metal-organic

frameworks®>”® and metal-organic precursors®” can be
employed for the preparation of desired nanomaterials.
Among various available materials, metal-organic precursors
stand out as unique and advantageous precursors for prepar-
ing metal sulfide/selenide nanomaterials. Metal-organic pre-
cursors (also referred to as molecular precursors or single-
source precursors) contain pre-formed bonds between metal
and the chalcogenide atoms, which provides better control
over composition. They are relatively more versatile, as they are
not only suitable for the synthesis of nanomaterials by
different routes, but they can also be used successfully for the
deposition of thin films by various techniques, such as chemi-
cal bath deposition, spray pyrolysis, spin coating and aerosol-
assisted chemical vapor deposition. They can easily replace
moisture-sensitive, hazardous and pyrophoric reagents, such
as metal alkyls or phosphines. More importantly, some metal
complexes can be pyrolyzed easily at relatively lower tempera-
tures to form metal sulfide/selenide nanomaterials in absence
of surfactants. In this way, the activity of a such nanomaterials
can be determined without any intervention from the surfactants.

In this Frontier article, we discuss the suitability of the pre-
cursors, based on the nature of their backbone, for the syn-
thesis of desired metal chalcogenide nanomaterials. Likewise,
instead of the role of surfactants on shape and size, this fron-
tier focuses on the surfactants taking part in the reaction and
altering the decomposition path and/or final product.
Moreover, the effect of surfactants on electrochemical pro-
perties and strategies for their removal from the surface of
nanoparticles are discussed.

This journal is © The Royal Society of Chemistry 2021
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Selecting a suitable precursor

Among various ligands, only a few simple sulfur-based ones,
such as potassium ethyl xanthate, sodium diethyl-
dithiocarbamate, thiobenzoic acid, simple thioethers and
thiols, are commercially available. However, these ligands can
be synthesized and the reactivity of a ligand can be tuned by
the introduction of different substituents (i.e. alkyl or aryl
groups) or designing suitable ligand backbone (i.e. symmetri-
cal or unsymmetrical) (Fig. 2), to prepare desired metal chalco-
genides in the form of nanomaterials or thin films. Each pre-
cursor has its own merits and/or limitations, making the selec-
tion of a suitable precursor challenging. Here, we will discuss
some aspects of the molecular precursors that may assist in
selecting suitable precursors.

The first and foremost requirement is the purity of the
metal-organic complex, i.e., the precursor can be easily separ-
ated/recrystallized from the impurities or by-products. If the
precursor is not adequately purified, it may produce metal
chalcogenide nanomaterials with undesirable contamination
or affect the reproducibility of the reaction. Moreover, the
decomposition of the pure metal-organic precursor should
lead to the formation of only phase pure metal chalcogenides.
The decomposed by-products should not interfere with the
purity of the synthesized nanomaterials. For instance, phos-
phorus-containing precursors may cause phosphorus contami-
nation, depending on the synthetic route. It is known that the
deposition of cadmium and zinc chalcogenide thin films from
[M((EP'Pr,),N),] (M = Cd, Zn and E = S, Se) precursors by low-
pressure  metal-organic ~ chemical vapor  deposition
LP-MOCVD, resulted in contamination of the films by phos-
phorus.”® Likewise, decomposition of [Pb((C¢Hs),PSSe),] to
deposit Pb chalcogenide films by aerosol-assisted chemical
vapor deposition (AACVD) yielded PbSe films contaminated
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with phosphorus.® In this respect, the colloidal synthesis of
metal chalcogenide nanomaterials is highly advantageous
because it yields products with high purity. For example, the
decomposition of the CA[N(SeP'Pr,),], complex in trioctylpho-
sphineoxide (TOPO), via the hot injection method, yields CdSe
quantum dots.*® In contrast, AACVD of the same precursor
produces cadmium selenide films contaminated with phos-
phorus.*" Similarly, molecular precursors with the aromatic or
bulky alkyl group result in carbon contamination of the metal
chalcogenide films. For the deposition of films by vapour
deposition routes, volatility of the precursor or good solubility
in a suitable organic solvent is also required.

Toxicity is another primary concern while designing and
synthesizing metal-organic precursors. Care should be taken
to avoid the use of toxic and pyrophoric reagents where ever
possible, and/or in cases where the use of such materials is
inevitable, reagents with relatively lower toxicity should be
used. Although mercuric compounds are highly toxic, mercu-
ric chalcogenides are indispensable for selected applications.
For instance, they are among the few compounds with absorp-
tion tunability up to the tetrahertz range.>> Moreover, they are
widely used in infra-red (IR) and photovoltaic devices.**>*
Therefore, despite their toxicity, shape and size controlled syn-
thesis of these materials is much required to employ their
tunable properties.>**® So far, due to toxicity concerns, only a
few metal-organic precursors of mercury are explored.
Diselenoimidodiphosphinate complex of organomercury
(where R = methyl, ethyl, thienyl, 2-selenyl and phenyl) deriva-
tives were reported by O’Brien and co-workers for the synthesis
of HgSe nanomaterials by in vacuo solid-state decomposition
of the complexes at 300 and 350 °C.>” However, the extreme
toxicity associated with dimethyl and diethyl mercury rendered
only the 2-selenyl and phenyl derivatives effective for the syn-
thesis of mercury-based chalcogenides.

o s
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carboxylate

Chalcogeno ether Chalcogenolate

Fig. 2 Molecular structures of the ligands (where R = alkyl or aryl and X = S or Se), used for the synthesis of metal—organic precursors. The metal-
organic precursors act as single-source precursors for the preparation of metal chalcogenide nanomaterials or thin films.

This journal is © The Royal Society of Chemistry 2021
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The synthetic conditions also play an important role in
determining the applicability of a molecular precursor, and
one-step synthesis is preferred. Multi-step reactions are labor-
ious, require more time, and decrease the yield of the end
product. By carefully designing and selecting the reactants, the
reaction path can be altered significantly. The importance of
designing a reaction route was demonstrated in the example of
selenobenzoate complexes, which were not well explored,
owing to the difficulty in complex preparation. The earlier
approach required a reaction between an alkali metal (M = Na,
K) and Se to prepare M,Se, in ammonia at —70 °C for 12 h.
The selenobenzoate salt was obtained by the reaction of M,Se
with benzoyl chloride.*®*° In the modified protocol, NaBH,
was used to prepare NaHSe instead of Na,Se. Then in situ
addition of benzoyl chloride and the metal (Bi, Sb and Sn)
salts produces selenobenzoate complexes.’®™** Protocol modi-
fication allows performing the reaction at room temperature
(in ethanol) instead of ammonia at —70 °C. Moreover, highly
pyrophoric alkali metals were replaced by a relatively mild
reagent, i.e., NaBH,, and the reaction time was decreased from
12 hours to one hour. This is a good example of eliminating
toxic and pyrophoric reagents and making the synthesis
handier and time and cost-effective.

The stability of the precursors helps to handle the precur-
sors at atmospheric conditions, and the materials can be
easily stored for later use. The stability can be tailored by the
appropriate selection of the precursor backbone. For instance,
metal dithiocarbamate complexes are generally more stable
than metal xanthate complexes because the former contains a
more substantial electron-donating group (-NR, than the
alkoxy (-OR) group in the latter. The lone pair contribution to
the pi-electron system of CS, in dithiocarbamates provides
extra stability to the resulting complex. In contrast, xanthate
complexes lack the excess electron density on the sulfur atom
arising from the pi donation.** This effect is evidenced by the
stretching frequency of the O-CS, bond (1020-1280 cm™*)
being closer to that of the single O-C bond.*’
Thermogravimetric analysis also indicates higher stability for
dithiocarbamates compared to xanthates.*>*” The stability of
the precursors can be exploited to use them under desired
reaction conditions. For example, the stability of xanthate pre-
cursors can be enhanced by a change of alkyl chain length,
from ethyl to octyl, resulting in an increase in decomposition
temperature (from 170 °C to 225 °C) and enhanced solubility
in organic solvents.*® The decomposition temperature and the
mechanistic route of decomposition, influence the shape and
phase of the synthesized nanomaterials. Moreover, it should
be kept in mind that the nature of the precursor also affects
the atom economy (molecular mass of desired product/mole-
cular mass of reactants) of a reaction. Therefore, the bulky
groups on the precursor backbone or long alkyl chains may
change the solubility and decomposition temperature as
desired, but it will also decrease the atom efficiency. The com-
parative study concluded that the xanthate complexes were
more atom efficient than the dithiocarbamate precursors.*’
Metal complexes with low decomposition temperatures, which
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can be prepared easily in relatively few steps and provide pro-
ducts with high atom efficiency are cost effective and have
more potential to be used at the industrial level.

Selecting suitable surfactants

In the colloidal synthesis of metal chalcogenide nanomaterials
from metal-organic precursors, the capping agents should be
chosen carefully (Fig. 3). One has to bear in mind that apart
from controlling shape and size, they may take part in the reac-
tion and alter the decomposition path and/or final product.
Typical examples of capping agents acting as decomposition
initiators are primary amines. Most metal-organic precursors,
such as dithiocarbamate, dithiophosphinate, acyl-thiourea,
thiobenzoate and xanthate complexes, contain pi-bonds or
electrophilic centers. Strongly nucleophilic primary amines
immediately attack the carbonyl carbon, which initiates the
decomposition of the precursors. A combined experimental
and theoretical study explains the decomposition mechanism
of nickel dithiocarbamate in the presence of primary
amines.”® It was observed that, through the amide reaction,
the primary amine initially replaces the secondary amine of
the dithiocarbamate complex and then the deprotonation of
the primary amine leads to the decomposition of the product
to yield nickel sulfide nanoparticles. It was noticed that, by the
addition of a primary amine, the decomposition temperature
of the precursor (>300 °C, as indicated by TGA) decreased by
almost 200 °C down to 120 °C. A similar mechanistic study
was also performed for the dithiocarbamate complex of zinc
and the decomposition path analyzed by NMR and LC-MS also
indicated the active nature of primary amines.>! Similar influ-
ence of primary amines have been observed towards xanthate
and chalcogeno-carboxylate precursors as well: they decom-
pose even at room temperature by primary amines.***1>73¢
Besides catalyzing the decomposition of precursors, the
surfactant may act as a reagent as well. It was reported that the
decomposition of phosphorus-containing complexes yields
either a metal chalcogenide or metal phosphide in the pres-
ence of trioctylphosphine (TOP).””*° Initially, it was thought
that intramolecular phosphorus is responsible for the for-
mation of metal phosphide. However, a systematic investi-
gation has concluded that TOP acts as a phosphorus source at
elevated temperatures (>300 °C).>® It makes the molecular pre-
cursor more versatile and can be selectively used to prepare
either metal chalcogenide or phosphide nanomaterials
(Fig. 4(a)). Likewise, thiols may also act as either surface
capping agents (surface-bound) or as a sulfur source (crystal
bound).®® In addition to acting as a phosphorus source, TOP
may also act as a reducing agent.®®* It is interesting to note
that TOP can act as a reducing agent in the case of metal-
organic precursors as well where metal has pre-formed bonds
with the chalcogenide atoms.’® The selenobenzoate complex
of bismuth yielded Bi,Se; nanosheets by AACVD or by the col-
loidal route in oleylamine and 1-octadecene mixture. However,
in the presence of TOP, the decomposition of the complex

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Structures of selected capping agents, commonly used to control the size and morphology of nanoparticles.
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Fig. 4 (a) Scheme of phase selective synthesis of nickel sulfide or nickel phosphide, when TOP acts as a phosphorus source.® (b) Role of TOP as a
reducing agent to produce bismuth from metal—organic precursor (reproduced with permission from ref. 40, Copyright 2021, American Chemical
Society).
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resulted in the formation of pure bismuth nanocrystals
(Fig. 4(b)).

Effect of surfactants on the
electrocatalytic activity

Although surfactants are required for better control over size
and morphology and to avoid aggregation and agglomeration,
they may have a negative impact on the electrocatalytic appli-
cations of metal chalcogenides. One has to take into account
that the surfactants adhere firmly to the surface of nanocrys-
tals, effectively blocking the active site. Moreover, in the case
of conductive nanoobjects, their presence may decrease the
probability of electron transport between active sites and elec-
trode support, acting as a tunneling barrier for electrons
during the electrode processes. Therefore, it is essential to
obtain bare/clean surface nanoparticles to maintain high cata-
Iytic efficiency. Investigating the precise effect of surfactants
on catalytic activity is highly challenging. This is because, for
accurate comparison, the size and morphology of the nano-
materials must not differ significantly. Materials prepared in
the absence of surfactants may have the same phase, but
control over size and morphology is lost in the absence of sur-
factants. Likewise, using too harsh conditions for surfactant
removal from the surface of already capped nanomaterials may
induce size or morphological changes. Therefore, different
synthetic techniques with precise control over shape and size
and soft methods for removing surfactants without inducing a
change in phase, shape or size are highly desirable.

Until now, the inhibiting effect of surfactants on catalytic
efficiency has been investigated mostly for metallic nano-
particles. Geng et al. prepared surface clean porous Pt nano-
particles via mild seedless method using ascorbic acid as
reductant. In electrooxidation of methanol, the surface clean
Pt nanoparticles exhibited 2.8 fold greater surface activity and
2.3 fold higher mass activity as compare to commercial Pt/C
catalyst. A systematic study on the effect of cationic (cetyltri-
methylammonium bromide (CTAB)), anionic (sodium dodecyl
sulfate (SDS)) and neutral (polyvinylpyrrolidone (PVP)) surfac-
tants on the electrocatalytic methanol oxidation of porous Pt
nanoparticles reveals a notable decrease in catalytic activity
and the inhibition effect significantly depends on their
nature.®® The inhibition decreases in the order of CTAB > PVP
> SDS, and it correlates with the adsorption energy of surfac-
tant and surface environment of the nanoparticles. It may
indicate that the use of cationic surfactant is not suitable for
catalysts with negatively charged surfaces. The effect of PVP
capping was also investigated for ORR at Ag nanorods.®* The
PVP capping was removed by dispersing the PVP capped Ag
nanorods and 1-hexanethiol (1: 3) in ethanol. After 12 hours, a
layer of Ag nanorods was floating on the surface of ethanol,
suggesting hydrophobic properties of Ag nanorods, acquired
by functionalization of 1-hexanethiol. The particles were
washed with excess ethanol to remove displaced PVP and
excess 1-hexanethiol. The removal of PVP by the ligand
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exchange process, using 1-hexanethiol, results in a current
density increase and a change of ORR mechanism from two-
electron to four-electrons. The latter effect may indicate that
the ligand environment next to the nanoobject surface may
affect the mechanism of the electrode reaction.®>*® Wang and
co-workers prepared Pt nanoclusters dispersed on multi-walled
carbon nanotubes (MW-CNTs) to avoid agglomeration of Pt
nanoclusters without using insulating capping agents.®” CNTs
have high electronic conductivity and are resistant to electro-
chemical oxidation. The composite formation lowered not only
the mass loading of Pt, but also multifold enhanced the ORR
performance compared to commercial Pt/C catalyst. The Pt
nanoparticles prepared in an oleic acid/oleylamine mixture
also suffered a decrease in catalytic performance. Therefore
the effectiveness of different cleaning processes, such as,
washing with acetone, methanol, hexane, and alkaline metha-
nol treatment, was investigated. CO adsorption/oxidation typi-
cally used as indicative of catalytic activity was selected to
study the effect of these treatments.®® Washing with acetone
and methanol were ineffective to remove hydrophobic capping
agents, and hexane removed the surfactants to a certain extent,
as long alkyl chain acids/amines have relatively better solubi-
lity in non-polar solvents. Treating as-synthesized Pt nano-
particles in an alkaline solution of methanol and subsequent
washing with acetone/deionized water was more effective. Li
et al. also investigated the effectiveness of several cleaning
methods (i.e., annealing, washing with acetic acid and UV-
ozone treatment) on the performance of oleylamine capped Pt
nanoparticles (Fig. 5).°° Their study indicated that for oleyla-
mine capped Pt NPs, simple thermal annealing at 185 °C in
the air was more effective than washing with acetic acid and
UV-ozone treatment. Importantly, no changes in the size and
morphology were observed (Fig. 5(e-g)), therefore, the surfac-
tant was removed without compromising the catalytic activity
due to size or morphological changes. However, the technique
may be suitable only for limited inert materials that are resist-
ant to surface oxidation.

While heating a catalytic material is a simple and useful
strategy to strip off surfactants from the surface of the catalyst,
it can also alter the surface atomic structure and composition
of the crystal facets. Beermann et al. investigated the effect of
thermal treatment (at 180 °C, 300 °C and 500 °C), on oxygen
reduction reaction activity of Pt-Ni alloyed nanoparticles.”®
The alloyed nanoparticles were heated to 180 °C under oxygen,
which is then followed by heating in the reduced environment
(4% H,/Ar) at 300 °C or 500 °C. They suggested that the
thermal treatment in the reductive environment should be
carried out carefully to preserve morphology and composition.
The correlation between catalytic activity and the annealing
temperature shows a 25 times higher ORR activity as compare
to commercial Pt/C catalyst at an optimized temperature of
300 °C. At 500 °C, the activity was decreased again as the
hydrogen treatment at 500 °C has a destabilizing effect on the
shape and the elemental distribution (Fig. 6). Furthermore,
the catalytic activity was initially boosted after annealing, but
the long-term stability is compromised.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) Cyclic voltammograms at a scan rate of 50 mV s™2, (b) ORR polarization curves, (c) Tafel plots obtained from data recorded at rotating
disc electrode at 20 mV s, 1600 rpm, 20 °C, (d) specific activity at 0.90 V, and specific surface area of annealed, HAc treated, UV-ozone treated
and untreated Pt/C catalyst.°® TEM images of (e) as-synthesized Pt NPs, (f) Pt NPs loaded on carbon black, and (g) Pt NPs on carbon black after
185 °C annealing. Reproduced with permission from ref. 69, Copyright 2012, American Chemical Society.

Liu et al. also reported the removal of oleylamine from the
Pt surface by annealing in air at 185 °C and 400 °C under an
Ar/H, environment.”! No oxidation or change in size was
observed by annealing in air, whereas particle sintering was
observed only in the second case. The carbon-supported as-
synthesized Pt nanoparticles exhibited no electrocatalytic
activity in H,SO,, as peaks for hydrogen adsorption/desorption
were not present. In contrast, the thermal treatment electro-
chemically activated the Pt nanoparticles and adsorption/de-
sorption of weakly and strongly bound hydrogen was observed.
It should also be kept in mind that electrocatalytic activity
depends on the environment of annealing (N,, O, or Ar/H,).
For instance, Kramm and co-workers studied the effect of
annealing on oleylamine/oleic acid capped IrNi and IrSn cata-
lysts under different environments (N,, O,, Ar/H,) and investi-
gated the catalytic performance of pre- and post-treated bi-

This journal is © The Royal Society of Chemistry 2021

metallic catalysts for the ethanol oxidation reaction.”” The size
of the alloyed nanoparticles was not affected, while heating
under N, and N,/O,, whereas annealing under a reducing
environment resulted in an increase in crystallite size (Fig. 7(a
and b)). The surface analysis of the catalysts indicates that
removal of capping layer was initiated by the N, annealing step
and completed under N,/O, annealing step. The thermal treat-
ment maximized the performance of IrNi catalyst for ethanol
oxidation reaction in the order (Ar/H, > O, > N,), but barely
affected the IrSn performance. On the other hand, electro-
chemical cleaning in NaOH was more effective for IrSn catalyst
(Fig. 7(c and d)).

Unlike metallic catalysts, there are very few examples of
electrocatalysis at surfactant-free metal chalcogenide nano-
materials, perhaps due to the difficulties associated with the
ligand removal. The surfactants cannot be removed by simple

Dalton Trans., 2021, 50, 1347-11359 | 11353
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Fig. 6 EDX elemental maps showing the composition of PtNi-raw (a, b, g, h and ), PtNi-300, i.e. annealed at 300 °C, (c, d, i and m), and PtNi-500
i.e. annealed at 500 °C, (e, f, j, k, n and o) in the initial conditions (a—f), after activation (g—k), and after 4k stability test (l-o). If present, also big irre-
gular shaped mostly Ni-rich particles are depicted with their elemental distribution (b and h; d, f, and k; and o). Pt is shown in red and Ni in green.”®
Reproduced with permission from ref. 70, Copyright 2017, American Chemical Society.

annealing in the air or by UV/ozone treatment as in the case of
noble metal nanomaterials because it may result in the oxi-
dation of the metal chalcogenide. It was demonstrated that the
decomposition of the dithiocarbamate complex of molyb-
denum under Ar flow resulted in the formation of MoS,,
whereas the decomposition of the same precursor under air, at
the same temperature, yielded MoO,.”* Likewise, due to the
existence of transition metals in variable oxidation states, the
reducing environment (Ar/H,) may induce the formation of
different sulfide phases, typically through the loss of H,S.”
Murray and co-workers suggested nitrosonium tetrafluoro-
borate (NOBF,), as an alternative reagent for the surface ligand
removal from semiconducting nanoparticles.”” The organic
ligands can be removed by simply dispersing the ligand-
capped nanoparticles in hexane and mixing it with a dichloro-
methane solution of NOBF,. The precipitated NCs can be sep-
arated and easily dispersed in hydrophilic organic solvents
such as dimethylformamide or acetonitrile. One of the advan-
tages of this approach is that the surface of nanocrystals can
be functionalized easily and any organic ligand can be intro-
duced for functionalization. However, due to the high oxidative
ability and Lewis acidity of the nitrosonium cation, this
method is only suitable for materials with high chemical stabi-
lity, excluding the majority of the metal chalcogenides.”
Talapin and co-workers developed a strategy based on the hard
and soft acids and bases (HSAB) principle. They used in-
organic ions (S*>7, HS™, Se®”, HSe™, Te®>~, HTe™, OH™, NH,") to
remove organic capping agents.”” It was observed that
different semiconducting nanomaterials interact with the in-
organic ions in agreement with the HSAB principle. For
example, soft Au and Cd”" interact with S~ and HS™ stronger

M354 | Dalton Trans., 2021, 50, 1347-11359

than the hard ligands, and the hard ligands ie., OH™ and
NH,~, show stronger affinity to hard Zn>" sites. They also
investigated suitability of HBF, and HPFs for removal of
organic ligands. However the acids can etch the nanocrystals
and their general utility for ligand removal is questionable.
Helms and co-workers introduced Meerwein’s and other
trialkyloxonium salts as mild stripping agents for commonly
used organic surfactants.”® These salts do not react with in-
organic chalcogenides, and their strong alkylating nature can
effectively remove the organic ligands, leaving behind nano-
crystals with bare surfaces, with weakly coordinated ligands
(BF, ™, PFs "), through electrostatic interactions (Fig. 8(a)). This
strategy was successfully used to strip different nanomaterials
capped by oleic acid, oleylamine or phosphonate ligands. The
use of SbCls~ was not successful due to its oxidizing nature,
which indicates the sensitivity of some nanomaterials towards
the oxidizing conditions. Cossairt and co-workers adopted the
same methodology to improve the catalytic performance of
dodecylamine-capped WSe, nanosheets for HER (Fig. 8(b)).”®
By treating WSe, with different concentrations (0.01, 0.1 and
1.0 M) of Meerwein’s reagent indicated that the 0.01 M concen-
tration has no effect on overpotential, whereas 0.1 to 1.0 M
concentration showed almost the same effect on overpotential.
Furthermore, the chemically exchangeable amine from the
surface was removed, whereas the intercalated amine between
the sheets was not affected by the Meerwein’s reagent.
Although the reducing amine coverage from the surface active
sites of WSe, was enough to decrease the overpotential for
HER by 180 mV. In a follow-up study, they treated TOPO
capped WSe, nanosheets with Meerwein’s reagent and
observed a decreased overpotential by 130 mV.%® Furthermore,

This journal is © The Royal Society of Chemistry 2021
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of ethanol oxidation reaction on (c) IrSn, IrSn-N,, IrSn-N,/O; and IrSn-H, and (d) IrNi, IrNi-N, IrNi-N,/O, and IrNi-H, in 0.1 M KOH with 0.5 M EtOH
with a scan rate of 10 mV s~ and 84 mg cm™2 catalyst loading. Curves were corrected for CVs in N,-saturated 0.1 M KOH.”? Reproduced from ref.

70 with permission from the PCCP Owner Societies.

it was observed that the introduction of HY, Li*, Na* or K" ions
results in electrochemical activation of synthesized WSe,
nanosheets. The combined effect of ligand stripping and
electrochemical activation resulted in a significant (400 mV)
HER overpotential decrease.

Khan et al avoided using organic ligands to prepare
surface-free/uncapped metal sulfide nanomaterials via solid-
state synthesis by employing metal xanthate precursors.*® The
xanthate precursors were selected as they decompose via
Chugaev elimination reaction, producing highly volatile by-
products (alkene and carbonyl sulfide). They can be removed
easily, leaving behind pure metal sulfide nanomaterials with
uncapped surfaces. In a comparative study, they used nickel
xanthate precursors with different alkyl chains (ethyl or octyl)
and prepared NiS by solid-state decomposition.®*' The electro-
chemical performance of the synthesized materials for water
splitting and supercapacitance indicated that the bare surface
NiS shows better electrochemical activity than NiS prepared by

This journal is © The Royal Society of Chemistry 2021

colloidal routes. It was also observed that NiS prepared from
ethyl xanthate precursor showed almost similar overpotential
for HER, lower overpotential for OER, and significantly better
charge storage behavior than NiS prepared from octyl xanthate
precursor (Fig. 9). The use of xanthate with a longer alkyl
chain may result either in the deposition of some carbon-
aceous material or a self-capping phenomenon in which some
xanthate molecules may stick to the surface of the nickel
sulfide, resulting in poor charge storage behavior. It indicates
that relatively, the supercapacitance is affected more than the
water splitting by increasing the chain length of the starting
precursor. A similar effect was visible for CoS nanoparticles
prepared by decomposition of xanthate precursors with alkyl
chains of different lengths (ethyl, hexyl and octyl).®* It was
observed that the increasing chain length of the starting pre-
cursor reduced the size of the synthesized nanocrystals and
HER/OER overpotential. However, CoS nanoparticles obtained
from xanthate precursors with longer chain length showed

Dalton Trans., 2021, 50, 1347-11359 | 11355


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt01742j

Open Access Article. Published on 02 August 2021. Downloaded on 12/10/2025 1:08:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Frontier

View Article Online

Dalton Transactions

R
R N “BF,
@R o oA N B
0 R'30BF4 BF, 0
. + MR
0] }—R DMF i R™ O
R 6__0o0 oo BR

(0]

[Et,0][BF,] overpotential |

amine removed
from
active sites resistan

10 20 30 40

{ )
-4 T T ¥ T L T 'l 1
-0.6 -0.4 -0.2 0.0
Potential (V vs RHE)

Fig. 8 (a) Reactive ligand stripping of carboxylate-, phosphonate-, and amine-passivated nanocrystals with trialkyloxonium salts.”® (b) lllustration of
ligand removal by Meerwein’'s reagent from WSe, and linear sweep voltammograms (LSV) of WSe, deposited on a carbon fiber electrode before
(dashed line) and after treatment with Meerwein’s reagent (solid line) in deaerated 0.5 M H,SOy; inset depicts EIS spectra recorded at 344 mV vs.
RHE (reproduced with permission from ref. 77, Copyright 2017, American Chemical Society).”®

Current Density(mA/cm?)

Specific Capacitance(F/g)

o4 ~ 180
----- < ] —nNisE2-161mv
501 (a) 3 1601 ™ Niso-3-asomv] (P)
= 1404 [— nISE-2-147mV
1001 S 120 E—NisE-6-139my
)
-1504 s
a
-200+ NISE-2-11mV| g
NISO-3 =
-250+ NISE-4 3
NISE-6
-300 4— v T T v T T
-0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 1.3 14 15 16 1.7 1.8
Potential(V, RHE) Potential(V, RHE)
2500 1400 d
et NISE -2 = g NISE-2
( ) l—s—NISO-3 31200- ( l—e— NISO-3
20004 =
Sl e
= NISE-6 b [ ¥
1500 8
'g 8004
1000+ T 600-
3]
500+ 2 400-
-g 200
0- - ]
0 50 100 150 200 250 300 0 5 10 15 20
Scan Rate(mV/s) Current Density(A/g)

Fig. 9 Polarization curves for (a) HER and (b) OER, in 1 M KOH, (c) variation of specific capacitance versus scan rate, (d) variation of specific capaci-
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tance versus applied current density for nickel sulfide obtained from decomposition of ethyl xanthate at 200 °C (NISE-2), at 300 °C (NISE-4), at
400 °C (NISE-6) and from octyl xanthate at 250 °C (NISO-3).8* Figure adapted with permission from ref. 46.
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decreased capacitance. In another study, NiS was doped with
Cu, Co, and Fe by solvent-less decomposition of the respective
xanthate precursors and investigated for water splitting and
application in supercapacitors.®* For OER and HER, Fe-doped
NiS showed the lowest overpotential, compared to other
dopants, whereas Co-doped NiS showed relatively highest
capacitive performance.

Nonetheless, the idea of solvent-less synthesis is appealing
but challenging. In the absence of surfactants, uniform size
and shape control is extremely difficult. It can be tuned by
designing the precursor with a suitable backbone. However,
bulky groups or longer alkyl chains may cause carbon contami-
nation. Moreover, the surface of the nanoparticles can be oxi-
dized easily in the absence of any surface coverage.

Conclusion and future perspectives

In summary, with the development of synthetic techniques
allowing judicious control of the reaction parameters, nano-
materials with desirable shape and size can be synthesized.
Furthermore, the surface ligands can be modified as required
and the native ligands can be stripped or re-introduced in a
systematic way. Metal chalcogenides consist of a range of com-
pounds with variable oxidation states. Therefore, in addition
to size and shape, oxidation states can be tuned for enhanced
electrocatalytic performance.

Although the effect of ligands on the catalytic performance
of metal nanoparticles has been well understood, it has to be
further explored for metal chalcogenides. The first examples of
bare surface electrocatalysts based on transition metal chalco-
genides prepared by newly developed synthetic route were
recently demonstrated. Procedures such as electrochemical
surface cleaning and the stability of the metal chalcogenides
in the potential range employed for this process should be
adequately investigated. The use of 1-butylamine and tert-butyl
amine has been reported to be efficient for obtaining a clean
surface of nanoparticles but hasn’t been tested yet with metal
chalcogenides.**®> Since small molecules are easy to remove
by extensive washing and, their catalytic inhibition effect is
relatively lower than the long-chain ligands. Likewise, various
studies have shown that the adsorption of surfactants depends
on the facets and nature of the surfactant. Therefore, systema-
tic research can be carried out to study facet and surfactant
selective inhibition of catalysts to identify the suitable surfac-
tants that can control the growth and structures of catalysts
without affecting their catalytic activity.

Non-oxidizing and non-corrosive reagents are required for
surface modification/removal of surfactants without signifi-
cantly affecting the size and shape of nanocrystals. Although
some routes have been reported for specific nanocrystal
systems, a generalized and efficient strategy still needs to be
developed. Likewise, the electrocatalytic performance of metal
chalcogenides deposited at polarized liquid-liquid interface
brings new opportunities.®*®*” Interfaces between two immisci-
ble fluids are considered as flat, defect-free, and self-healing
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planes for immobilization and organization of nanoparticles.
Besides depositing pre-synthesized nanoparticles at interfaces,
metal chalcogenides can be directly synthesized at the liquid-
liquid interface in the absence of surfactants.®®®° Therefore,
electrocatalytic studies of metal chalcogenide nanomaterials
directly synthesized at these interfaces can provide a better
insight into the intrinsic performances of metal chalcogenides
without the influence of surfactants and free of the effect of
electrode support. For the same reason, studies of electrocata-
lysis in the suspension of transition metal chalcogenides have
to be explored.”®

The influence of ligands on electrocatalysis at nanoparticu-
late metal chalcogenides is still an emerging research field.
Therefore the detailed studies are lacking and further research
is highly recommended to understand the associated opportu-
nities and challenges properly. Above, we have summarized
different strategies for designing and developing nanocrystals,
the capping ligand’s role in controlling shape/size and impact
on electrocatalysis, and the strategies for removing surfactants,
which will assist in the synthesis of metal chalcogenide nano-
materials with better electrocatalytic properties.
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