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of Chemistry Non-noble metal nanocrystals with well-defined shapes have been attracting increasingly more attention in

the last decade as potential alternatives to noble metals, by virtue of their earth abundance combined with
intriguing physical and chemical properties relevant for both fundamental studies and technological

applications. Nevertheless, their synthesis is still primitive when compared to noble metals. In this
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Accepted 2nd October 2020 contribution, we focus on third row transition metals Mn, Fe, Co, Ni and Cu that are recently gaining
interest because of their catalytic properties. Along with providing an overview on the state-of-the-art,

DO 10.1035/d0sc03663c we discuss current synthetic strategies and challenges. Finally, we propose future directions to advance
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1. Introduction

Metal nanocrystals (NCs) continue to be at the forefront of
modern science and technology with their applications span-
ning from catalysis and energy conversion to photonics, biology
and medicine.'” Their physico-chemical properties are strongly
influenced by size, shape and composition, and thus, tailoring
such features provides an effective strategy to boost their
performances and broaden their applications.*”” To this aim,
colloidal chemistry has been largely exploited as it enables the
design of NCs with atomic-level precision, while minimizing
particle polydispersity under relatively mild conditions.®™® A
huge library of noble metal NCs with a large variety of structures
and a continuously increasing compositional complexity has
been assembled up to now."”*** In parallel to synthetic prog-
ress, the development of advanced methods to study the impact
of different shapes on the physicochemical properties of noble
metal NCs is proceeding at a considerable rate. For example,
single-particle microscopy and spectroscopy studies to investi-
gate individual particle effects are emerging in the literature.****
On the other side, non-noble metal NCs are far less investigated
and the level of shape control attainable for this class of NCs is
still considerably scarce. Consequently, a deep understanding
of their physical and chemical properties has yet to be achieved.
Furthermore, the range of applications is still quite limited
compared to that where these NCs can potentially make an
impact.

In this contribution, we focus on third row transition metal
NCs, specifically Mn, Fe, Co, Ni and Cu. These metals are of
particular interest for catalytic applications, in the quest for the
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the synthetic development of shape-controlled non-noble metal nanocrystals in the upcoming years.

use of more earth-abundant elements, as well as for their
magnetic properties (i.e. Fe, Co, and Ni).'*?° First, we present
a general overview on the state-of-the-art in the synthesis of
these non-noble metal NCs. Then, because of the more exten-
sive body of literature, we use Cu NCs to showcase the impor-
tance of shape control for applications. Finally, we conclude
with an outlook on future directions towards advancing the
synthetic development of this class of materials.

2. General principles of colloidal
synthesis

A typical colloidal synthesis of metal NCs involves the reduction
or decomposition of a metal precursor in the presence of
ligands in either aqueous or organic media.***"?> Whether they
serve only as surface passivating agents or take part into the
reaction by complexing metal precursors, ligands play a crucial
role in regulating the NC size and shape.®**"*> Many reaction
parameters need to be carefully tuned during the synthesis,
including temperature, concentration, atmosphere, injection
rate, and reactor volume, in order to tailor the shape and size of
metal NCs at will. The topic has been extensively discussed in
dedicated reviews and we refer to those for details."”'>** Below,
we summarize some of the general principles to provide a basic
background for readers who are not familiar with the field.

2.1 Nanocrystal nucleation and growth

The bases of our understanding on the synthesis of uniform
NCs are covered by the classical theories dating back to the
1870s and 1920s.** According to these, the NC formation in
a homogeneous solution occurs in three main steps: (1)
conversion of the molecular precursor into monomers, such as
atoms, ions or molecules, which are the active species
accounting for nucleation; (2) increase of the monomer

This journal is © The Royal Society of Chemistry 2020
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concentration until nucleation occurs at supersaturation, (3)
growth of stable nuclei that have surpassed the critical size, via
monomer diffusion and reaction at the surface to form the final
NCs. Within the classical theories, the concept of ‘burst nucle-
ation’ has been established as crucial for the synthesis of
monodisperse NCs as it refers to the formation of nuclei within
a short period of time, followed by their growth, without addi-
tional nucleation events.*

While they provide fundamental knowledge, the classical
theories do not always describe the actual reaction pathways
underlying the formation of NCs.***?¢ Recently, in situ
methods, based on X-rays and on transmission electron
microscopy (TEM), evidence the existence of multistep nucle-
ation mechanisms during the synthesis of single and multi-
component NCs that can be described within the framework
of a nonclassical nucleation theories.*»*”"*' Here, the free-energy
landscape shows multiple local minima corresponding to
reaction intermediates, pre-nucleation structures, (i.e. nano-
clusters, amorphous phases, and lamellar polymers), which
form as expedients to lower the homogeneous nucleation
energy barrier.”>*>* To cite one example, Au and Ag NCs have
been shown to form through a spinodal structure evolving into
amorphous clusters by in situ TEM measurements.*® In
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a different study, crystalline domains were observed to gradu-
ally evolve within an amorphous phase and finally transform
into the crystalline Ni NCs.*” A recent in situ X-ray absorption
and scattering investigation has revealed that spherical Cu NCs
nucleate from coordination polymer lamellae.”” Overall, these
and many other findings highlight the diversity in crystalliza-
tion processes and, therefore, the importance of developing
more accurate and broadly applicable nucleation models.

2.2 Parameters influencing the shape of colloidal
nanocrystals

In general, the NC shape is dictated by the growth regime,
which can occur under thermodynamic or kinetic control.'
Thermodynamics drive the reaction at high reaction tempera-
tures and/or when the solution is supplied with a gradual
monomer flux, while, kinetics dominate at low reaction
temperatures and/or for a high monomer flux. The monomer
flux can be adjusted by the delivery method of the metal
precursor (i.e. fast or dropwise injection) or by controlling its
decomposition or reduction rate."***"** The conditions adopted
in a thermodynamic regime ensure that the monomers have
enough mobility and/or time to attain the global minimum for
the Gibbs free energy. This implies that the NCs will ideally

Fig.1 Third row transition metal NCs. TEM images of (a) Co nanospheres prepared by the pyrolysis of Co,(CO)g in dichlorobenzene with OLAC
and TOPO at 182 °C for 30 minutes. Reprinted with permission from ref. 47. Copyright 2001 AAAS; (b) Co nano-disk product of the quenching of
the previous reaction after 5 seconds. Reprinted from ref. 46. 2002 American Chemical Society; (c) Co nanorods obtained from the decom-
position of [Co(n®-CgHy3)(n*-CgH1o)l in the presence of OLAC and octadecylamine in anisole under a pressure of 3 bar H. at 150 °C for 48 hours.
Reprinted with permission from ref. 50. Copyright 2010 John Wiley and Sons; (d) Ni nanorods synthesized from Ni(COD), (COD = cycloocta-1,5-
diene) as the precursor in THF with hexadecylamine at 70 °C for 12 h, under dihydrogen pressure (3 bar). Reprinted from ref. 54. 2017 American
Chemical Society; (e) Fe nanorods prepared by consecutive additions of Fe(CO)s and TOP to 2 nm nanosphere seeds at 320 °C followed by aging
for 30 minutes. Reprinted from ref. 45. 2005 American Chemical Society; (f) OLAC-capped Mn NCs synthesized by reducing MnCl, with n-BulLi at
200 °C with a reaction time of 20 minutes. Reprinted from ref. 56. 2000 American Chemical Society.
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assume the equilibrium shape as defined by the Wulff
construction, where the total interfacial free energy (y) is
minimized, at a fixed volume.**>** In contrast, metastable
shapes occupying local energy minima will be obtained under
a kinetic growth regime."*>>*

Ligands acting as surface passivating agents will also greatly
contribute to determining the final NC shape. Indeed, their
preferential binding to certain crystalline planes modulates the
interfacial energy consequently hindering the growth of
particular faces and favouring others."** Thus, shape control
can be attained by exploiting capping ligand effects.

Particularly common for metal NCs, one strategy to achieve
shape control is to introduce pre-formed seeds in the reaction
vessels. Indeed, their structure will play an important role in
directing the final shape of the NCs. For example, single crystal
seeds will form octahedral or cubic NCs while plates with
stacking faults will generate NCs as hexagonal or triangular
plates.”?*

3. Shape control in non-noble metal
nanocrystals

One of the reasons behind the delayed development in the
synthesis of non-noble metals is their tendency to easily oxidize.
Most of the synthetic development for noble metals has been
carried out in water where varying the power of the reducing
agent (i.e. ethylene glycol, ascorbic acid, citric acid, and poly(-
vinyl pyrrolidone)) provides a way to tune the monomer flux and
therefore the shape of the final NCs."”**"**3%%3 As for non-noble
metals the choice is restrained to strong reducing agents when
the synthesis is carried out in an aqueous environment, thus
limiting the shape tunability. In the case of more oxophilic
elements, such as Fe or Mn, obtaining NCs as pure metals is
extremely challenging. Indeed, an oxide shell was found to form
around Fe NCs when synthesized in an aqueous environment
even when using a strong reducing agent such as NaBH,.***’
With the exception of Cu, which is discussed below in detail,
non-noble metal NCs have been mostly synthesized via high-
temperature decomposition of organometallic precursors in
organic solvents.

A few early examples of Co NCs were published by Puntes
et al.*** By hot-injection and consequent pyrolysis of cobalt
carbonyl in the presence of oleic acid (OLAC) and tri-
octylphosphine oxide (TOPO), the authors synthesized ther-
modynamically stable spherical Co NCs (Fig. 1a); they could
then access metastable shapes, including nanodisks (Fig. 1b),
when quenching the reaction at the very early stages, and
nanorods, when lowering the reaction temperature.***° The role
of the surfactant mixture was explained as a way to modulate
the relative growth rate of different facets. Later on, substituting
the TOPO with linear amine was found to produce a higher yield
of nanodisks which were stable for longer time periods compare
to those obtained with TOP, before converting into the more
stable spheres.® Interestingly, Bao et al. pointed at the impor-
tance of Co-surfactant complexes forming during these reac-
tions rather than only considering the surfactants as surface
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passivating agents.” While not supported by experiments, the
authors conducted calculations aiming at predicting the
formation pathways based on the stability of Co-surfactant
complexes. These complexes are expected to directly influence
the monomer concentration and therefore the nucleation rate.”
As a proof that the organometallic complexes forming in solu-
tion are important, Co nanorods (Fig. 1c) and nanowires were
successfully obtained by decomposition of a pre-synthesized
olefinic complex [Co(n*-CgHy3)(n*-CsHy,)] or by reduction of
[Co{N(SiMe3),},(thf)] in anisole under a pressure of 3 bar H, in
the presence of alkylamines and carboxylic acids as ligands.”>*
Cormary et al. have conducted a beautiful time dependent in
situ X-ray absorption (XAS) study to follow the evolution of both
the oxidation state and coordination environment of these
precursors over the course of the reaction.®® These data sug-
gested that the starting precursor rapidly exchanges ligands to
the mixture of alkylamines before getting reduced by the
hydrogen. Unfortunately, the dramatic differences in timescale
between the laboratory and in situ XAS synthesis did not allow
the correlation of the reduction with the nanorod growth.
However, the authors proposed that the anisotropic growth is
favoured by the inherent anisotropic hcp structure of the Co
together with efficient passivation of the longitudinal facets by
the laurate ligand.*

In one of the few relevant examples, size-tunable spherical Ni
NCs were synthesized by reacting nickel acetylacetonate with
oleylamine (OLAM) and trioctylphosphine (TOP).* Varying the
relative amount of OLAM and TOP allowed the control of size.
The authors pointed at the role of TOP as a ligand forming Ni-
TOP complexes, then getting reduced by OLAM, and also as the
main surface passivating agent. However, the use of TOP in the
synthesis of Ni can be problematic as nickel phosphides might
form. An alternative synthetic route involves the thermal
decomposition of bis(1,5-cyclooctadiene)-nickel(0) in OLAC to
obtain nanospheres or in hexadecylamine (HDA) to obtain
nanorods (Fig. 1d).**** In the latter, the shape control was
attributed to specific surface coordination of the HDA.

As for the Fe NCs, there is only one example illustrating that
Fe nanorods (Fig. 1e) could be obtained by the pyrolysis of
Fe(CO)s in the presence of TOP, respectively.’® The nanorods
were formed by controlled coalescence of the spheres via
consecutive injections of the iron precursor. Nanospheres were
instead obtained with TOPO.

There is also only one relevant report for Mn nanospheres
(Fig. 1f), where they were synthesized by reducing MnCl, with n-
BulLi in diphenyl ether with oleic acid as the ligand.*”

4. The case of copper nanocrystals

Compared to Mn, Fe, Co and Ni, the synthesis of Cu NCs is the
most advanced. A comprehensive survey on all the copper and
copper oxide nanostructures produced by different synthetic
approaches has been reported elsewhere.*®*® Here, we focus on
recent examples where Cu NCs are synthesized by means of
colloidal chemistry. Because of its physical and chemical
properties being not far from those of noble metals, Cu is often
referred to as a semi-noble metal. As a matter of fact, its

This journal is © The Royal Society of Chemistry 2020
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synthesis has been developed both in the aqueous environment
and in organic solvents.

4.1 Synthesis in an aqueous environment

One of the challenges with Cu is to find a suitable reducing
agent to convert Cu(u) to Cu(0).

Jin et al. found glucose to be suitable to drive this reduction
and HDA to work well as a capping agent for the Cu {100} facets
when used in conjunction with it.*® Cu nanowires and nano-
cubes (Fig. 2a and b) were produced by adjusting the concen-
trations of these two reagents to control the surface passivation
or crystalline habit of the stable nuclei forming during the
synthesis.

Most of the other syntheses based on direct homogeneous
nucleation reported for Cu NCs use hydrazine as the reductant
for copper salts. For example, Cu nanoplates with a diameter of
around 50 nm and an average thickness of around 20 nm
(Fig. 2c) were obtained by reducing copper(n) acetate with
hydrazine in the presence of N,N-dimethylformamide (DMF)
and polyvinylpyrrolidone (PVP).* While DMF was observed to
be crucial for shape control, its exact role remained unclear.

Cu nanowires were instead obtained through the reduction
of copper nitrate with hydrazine in a NaOH solution in the
presence of ethylenediamine (EDA).**** In this mixture, the
initially formed Cu(OH),” complex turns into Cu(OH),” with
a small amount of Cu,O nanoparticles upon the addition of
hydrazine. The latter are then further reduced to metallic Cu
aggregates which serve as seeds for the growth of the nanowires.
The EDA acts as the surface passivating ligand inducing pref-
erential growth along the [100] direction.

Turning to the seeded-growth approach, penta-twinned Cu
nanorods were obtained when using single-crystal Au and Pd
twinned decahedra as seeds, with the latter leading to better
size monodispersity.®**” By changing the Cu precursor/Pd seed
ratio, as well as the growth time, the nanorod length was tuned,
while the diameter remained unchanged. Using Pd cubic seeds,
Wang et al. synthesized Cu nanocubes. After that, controlled
etching using a TOP-Se complex was utilized to eventually
obtain rhombic dodecahedrons with enriched high-energy
{110} facets (Fig. 3a).*®

In situ forming Pd seeds have instead been shown to lead to
Cu right bipyramids (Fig. 3b).* The reaction mixture included
trace amounts of Na,PdCl,, copper(u) chloride, hexadecylamine
and glucose. Herein, the coordination of the amine slows down
the reduction rate of Pd(u) and leads to the formation of Pd
seeds lined with multiple parallel planar defects, followed by
the growth of Cu on them.*

4.2 Synthesis in organic solvents

The synthesis of Cu NCs in organic solvents has resulted in the
formation of Cu spheres, cubes, octahedra, tetrahedra and
wires.21,22,70—75

To start with the simplest shape, Hung et al. have reported
a reproducible and facile synthesis where copper(i) acetate
(CuOAc) decomposes in trioctylamine (TOA) in the presence of
tetradecylphosphonic acid (TDPA) to form highly

This journal is © The Royal Society of Chemistry 2020
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Fig.2 Cu NCs synthesized in aqueous solutions via direct nucleation.
Electron microscopy images of (a) Cu nanocubes prepared after
reduction of CuCl,-2H,0 by glucose, in the presence of HDA in water
for 6 hours at 100 °C, under magnetic stirring; (b) Cu nanowires
synthesized as in (a) but using a higher concentration of HDA (18 mg
ml~tvs. 9 mg ml™Y). (a) and (b) are reprinted with permission from ref.
60. Copyright 2011 John Wiley and Sons; (c) Cu nanoplates obtained
by reducing the CulN,H40,]%+-20Ac™ complex in DMF at 60 °C, in the
presence of PVP. Reprinted with permission from ref. 61. Copyright
2009 John Wiley and Sons.

monodisperse 8 nm Cu spheres.”” Mantella et al. have recently
studied this reaction using in situ X-ray measurements and
identified a Cu-TDPA coordination lamellar polymer as the
reaction intermediate accounting for the achieved size mon-
odispersity (Fig. 4a).”> Having identified this polymer to be
crucial for the NC growth within a size-focusing regime,
monodisperse Cu nanospheres with various sizes, 3, 12, 14

Chem. Sci., 2020, 11, 1394-11403 | 11397
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Fig.3 Cu NCs synthesized in aqueous solutions by seeded-growth. (a) Schematic illustration representing the preferred etching by TOP—-Se and
TEM images illustrating the gradual evolution of Cu nanocubes into Cu rhombic dodecahedrons as the etching time increases: (i) 4 h, (i) 8 h, (iii)
12 h, and (iv) 24 h. Reprinted from ref. 68. 2016 American Chemical Society. (b) Schematic illustration of the formation mechanism and TEM
image of Cu right bipyramids obtained by first reacting trace amounts of Na,PdCl,, CuCl,-2H,0, HDA and glucose at room temperature
overnight and then heating the resulting mixture at 100 °C for 6 h, under magnetic stirring. Reprinted from ref. 69. 2018 American Chemical

Society.

and 26 nm, were obtained by changing its concentration in
solution.*

Different studies have been reported on the synthesis of Cu
nanocubes. For instance, Yang et al. addressed the preparation
of monodisperse Cu nanocubes with an average edge length of
75.7 nm by rapidly injecting a mixture of CuCl and octadecyl-
amine (ODA) in squalene into a hot OLAM/TOP solution at
330 °C.” A small percentage of the sample, such as 5%, was
composed of Cu rods and spheres. All ligands used during the
synthesis (i.e. TOP, ODA, and OLAM) were found to act as
surface passivating agents. Another strategy to synthesize Cu
cubes is provided by Huang et al.”® In this case, a mixture of
Cu(acac),, ascorbic acid (AA), OLAM, and NH,Cl is heated up to
180 °C for 3 hours to yield monodisperse Cu cubes, with an
average edge length of 45 nm. In the same work, the authors
were able to shift the synthesis of Cu NCs from cubes to 5-fold
twinned nanowires, by simply replacing NH,CI with RuCl;. The
shape control was explained considering the differences of
these chloride agents in consuming O, in the reaction mixture
and thus in protecting the twinned nuclei from being etched.
Such a protection ensured the continuous growth of the

M398 | Chem. Sci, 2020, N, 1394-11403

multiply twinned seeds into Cu nanowires.” Cu nanowires, with
a higher degree of monodispersity and a controllable aspect
ratio, were also obtained by reacting CuCl, and tris(-
trimethylsilyl)silane in OLAM at 160 °C.”®

20 nm Cu spheres and 24 nm Cu cubes were obtained by Guo
et al. via the reaction of CuBr in OLAM in the presence of TOP
and TOPO at 260 °C, respectively.”* Here, the authors explained
the shape control as resulting from the Br- and TOP/TOPO
binding to the different crystallographic facets.

Cu octahedra of around 150 nm were obtained by Lu et al. via
hot-injection of CuCl with TOP (pre-reacted 200 °C) in OLAM at
335 °C.”* The formation of these NCs is proposed to proceed
through the disproportionation of a Cu(i))-OLAM complex,
simply based on color changes in solution.

From these reports, it is clear that different parameters
play a role in the shape control of Cu NCs. However, the
provided explanations are often speculative in nature. Recent
in situ investigation helped to gain more insights. Strach et al.
have identified the formation of Cu-TOP and Cu-TOPO
complexes and then correlated their conversion kinetics into
Cu monomers with the subsequent nucleation and growth

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Cu NCs synthesized in organic solvents. (a) Top: Sketch of the conversion of the TDPA-Cu polymer lamellae into monodisperse Cu
nanospheres. Bottom: TEM images of Cu nanospheres with different sizes (scale bar: 50 nm) obtained by changing the concentration of the
polymer in the reaction flask; reprinted with permission from ref. 22. Copyright 2020 John Wiley and Sons. (b) Top: Rendering of the custom-
made flask for in situ X-ray measurements and complexes formed during the reactions of CuBr(OLAM)z with TOPO and TOP, the dispropor-
tionation of which regulates the monomer flux and thus controls the NC shape. Bottom: TEM images of Cu spheres, octahedra, tetrahedra and
cubes obtained by controlling the injection of CuBr(OLAM),(TOPO) and {CuBr(TOP),}, complexes in OLAM at different temperatures. Reprinted

from ref. 21. Copyright 2019 American Chemical Society.

mechanism (Fig. 4b). The authors evidence that the dispro-
portionation rate of such complexes governs the monomer
flux and thus the final shapes, instead of the latter being
dictated by the selective binding of capping agents to specific
crystallographic facets. Furthermore, by tuning, in a predic-
tive manner, the conditions that give octahedra, such as
slowly injecting CuBr(OLAM),(TOPO) at 300 °C, the synthesis
of Cu tetrahedra as a novel shape was promoted.**

This journal is © The Royal Society of Chemistry 2020

4.3 Properties and applications of shape-controlled copper
nanocrystals

Cu NCs are highly appealing both for their optical and catalytic
properties.®® As for their optical properties, very small clusters
(2-3 nm) have shown interesting tunable photoluminescence in
the IR range.”” As the size increases, they display an intense and
narrow LSPR peak, which can be tuned in the region between
600 nm and 1000 nm by changing the particle diameter.”

Chem. Sci., 2020, 11, 1394-11403 | 11399


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03663c

Open Access Article. Published on 05 October 2020. Downloaded on 5/1/2026 3:18:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

a

67nm
~—— 56nm
45nm

400 500 600 700 800
Wavelength (nm)

Extinction (a.u.)

-0.69-0.73-0.79 -0.65-0.70 -0.75 -0.91 -0.93 -0.95
Potential (V vs RHE

i ® ‘
_ 100 = N . 350 g CzHa
90
&M ..- [ 400 & 8 CH.
> 80 < Il CO
g 07 250 E mmH.
2 601 2 m.CHe
& %1 (% € mFORMATE
40
B % 150 ©  mEEACETATE
% n S EtOH
S ol [100 5 mmm 1-PROP
0] | | [ © MmETHGLY.
)

View Article Online

Minireview

0.1 1 10 100
Sheet Resistance (Q/sq)

1000

Fig. 5 Applications of Cu NCs. (a) UV-vis extinction spectra of Cu right bipyramids with different sizes; reprinted from ref. 69. 2018 American
Chemical Society; (b) on the left: images of the nanowire network for two different length/diameter ratios (L/D) and two different area fractions
(AFs); on the right: plot of transmittance vs. sheet resistance for networks of nanowires with different L/D. Reprinted from ref. 65. 2016 American
Chemical Society; (c) faradaic efficiencies versus applied potential for Cu spheres, cubes and octahedrons assembled as gas diffusion electrodes
and measured in the gas-fed flow cell in 1 M KOH. Reprinted from ref. 86. 2020 American Chemical Society; (d) tomographic reconstruction of
Cu nanocubes and corresponding schematic morphological models at different stages during 12 hours of CO,RR. Reprinted from ref. 87. 2018

Nature Publishing Group.

However, the LSPR response of Cu is weaker than that of Ag or
Au, because of the damping effects by the interband transitions
of Cu.*’*” Here, the synthesis of Cu nanoplates, rhombic
dodecahedrons and octahedrons is a successful strategy to
avoid such overlap.®"*7® Indeed, their UV-vis absorption spectra
are dominated by well-defined plasmon resonances shifted
away from interband transitions (Fig. 5a).*"*”® As a result,
a widespread use of these materials in various applications,
such as photocatalysis and SERS is expected.””® Another
interesting application involves the use of Cu nanowires to
build transparent conductive electrodes as a lower cost alter-
native to Ag nanowires or indium tin oxide (Fig. 5b).%**
Regarding the catalytic properties, Cu NCs are utilized in both
thermal catalysis and electrocatalysis. In thermal catalysis, they are
employed to drive CO, hydrogenation, CO oxidation reaction; in
these reactions, the NCs are normally deposited on metal oxide
powders, which favour synergistic effects while avoiding sinter-
ing.*® As electrocatalysts, Cu NCs have received tremendous
attention to drive the electrochemical CO, reduction reaction
(CO,RR) over the past five years. Cu is the only single metal able to
convert CO, into hydrocarbons and alcohols, yet copper foil
produces 16 different products.*®® Studies on single crystals had
evidenced improved selectivity towards certain products on
different Cu surfaces.** Recently, shape-controlled Cu NCs have
been demonstrated to translate these properties into actual elec-
trolysers (Fig. 5¢).”**® Size, in addition to shape, has been found

1400 | Chem. Sci, 2020, N, N394-11403

to play an unpredicted yet crucial role. Indeed, while the shape
governs the facets exposed on the surface, the size regulates the
area ratio between these facets.* In addition, the exquisite size and
shape monodispersity attainable by colloidal chemistry is also
ideal to study degradation pathways through morphological
evolution studies. Indeed, the investigation of the nanocubes has
revealed a unique degradation mechanism during the CO,RR
where nanoclustering instead of coalescence or dissolution/
reprecipitation takes place (Fig. 5d).*” Grand-potential density
functional theory calculations confirm the role of the negative
potential applied to reduce CO, as the main driving force for the
clustering, which suggests that more active catalysts operating at
more positive potentials are expected to be more stable.’”

5. Conclusions and outlook

Shape-controlled non-noble metal NCs have been attracting
increasingly more attention in the last decade as potential
alternatives to noble metals, by virtue of their earth abundance
combined with intriguing physical and chemical properties
relevant for both fundamental studies and technological
applications. However, the state of the art of the shape control
synthesis of non-noble metal NCs is far from being mature
when compared to noble metals.

Overall, the examples reported so far for Mn, Fe, Co and Ni
NCs are very few and most syntheses are based on high

This journal is © The Royal Society of Chemistry 2020
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temperature decomposition of organometallic precursors.
Being often referred to as a semi-noble metal, Cu is unique.
Indeed, successful syntheses have been carried out in both the
aqueous environment and organic solvents. Nevertheless, the
variety of shapes is not even close yet to that achieved for noble
metals. In aqueous environments, the choice of a suitable
reducing agent is still a challenge. In organic solvents, a clear
understanding of reaction pathways is still under development.

Generally for non-noble metal NCs, the synthesis in organic
media seems to be more promising as it allows the mitigation of
the impact of oxophilicity, which is the big challenge for this
class of materials. As a future direction, it would be interesting
to utilize some of the seeded-growth approaches, a strategy that
has not been much explored so far for metal NCs in organic
solvents. One additional consideration is that native oxide
shells might still form during the synthesis of highly oxophilic
metals. As their crystal habits are much different than the pure
metals, forces such as strain and atom migration might play
arole in the shape tuning. Therefore, one might consider to use
capping agents suitable for the oxide rather than the metal itself
or also take the oxide crystalline structures into account in the
case of seeded-growth.

Various studies discussed above point at the crucial role of
the precursor's chemical nature, speciation and reduction
kinetics to control the NC shape in such environments. More
investigations to identify such relationships will be crucial.

On a closely related topic, despite the recognized importance of
capping agents in tuning the NC shape, their role is still unpre-
dictable due to the limited knowledge of their molecular structures
and binding modes on the NC surface. To move towards a more
rational synthesis design, this knowledge gap must be filled. Solid-
state nuclear magnetic resonance complemented by theory repre-
sents a promising tool to address this need.”

The in situ studies performed for Co NCs and, more recently,
for Cu NCs highlight the importance of understanding the
chemistry behind nucleation and growth to predict synthetic
pathways for size- and shape-controlled non-noble metal
NCs.?"?>%* More of these kinds of studies are needed to accel-
erate the progress via a rational and predictive design approach
instead of the traditional trial and error avenues.

Finally, developing a comprehensive understanding of the
chemistry of non-noble metal NCs will facilitate the the synthesis
of multicomponent NCs (i.e. heterostructures, multimetallic
alloys, multi-cation oxides and chalcogenides), including the same
elements, which are becoming increasingly popular because of the
additional property tunability offered by combining domains with
a different chemical nature within the same nanodomain.”?*
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