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Plasma-based post-processing of colloidal
nanocrystals for applications in heterogeneous
catalysis
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This review summarizes the work on the use of plasmas to post-process nanostructures, in particular col-
loidal nanocrystals, as promising candidates for applications of heterogeneous catalysis. Using plasma to
clean or modify the surface of nanostructures is a more precisely controlled method compared to other
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conventional methods, which is preferable when strict requirements for nanostructure morphology or
chemical composition are necessary. The ability of plasma post-processing to create mesoporous
materials with high surface areas and controlled microstructure, surfaces, and interfaces has transforma-
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Introduction

The use of plasmas in nanoscience ranges from nanoparticle
synthesis to surface modification, from anisotropic etching to
doping, and for applications ranging from electronic materials
to optical materials, and from magnetic materials to energy
materials. Excellent reviews have been written on one or more
of these areas in the past few years and we encourage the
reader to explore those resources.'”

This review aims to summarize the recent developments in
the use of plasmas to control the structure and chemistry of
the surface of nanostructures, especially assemblies of col-
loidal nanocrystals, with a focus towards a demonstrated or
plausible application in catalysis. As we discuss in the next
pages, there is significant potential in the use of colloidal
nanocrystals and their post-processing with plasmas to
produce heterogeneous catalysts for both fundamental studies
and commercial applications.

Catalysis is a technologically important application of
materials and molecules whereby an active site on a molecule
(in the case of homogeneous catalysts), or a surface (in the
case of heterogeneous catalysts) activates an adsorbed “sub-
strate” (i.e., a molecule) by lowering its activation energy
towards the production of a specific product.® The effective-
ness of catalysis makes it ubiquitous in industry (its market is
poised to reach 40 billion dollars by 2020° or 34.3 billion
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tional potential in catalysis and other applications that leverage surface/interface processes.

dollars by 2024 depending on estimates'®), in research labora-
tories, and in biochemical networks.'**?

In the case of heterogeneous catalysts, catalysis is con-
sidered mostly a surface process. Almost every aspect of a
surface can affect the activity (quantified, for example, by a
“turnover number”, ie., the maximum number of chemical
conversions per second) and selectivity (i.e., the ability to
produce one out of several possible products) of a catalytic
process: its chemistry (e.g., stoichiometry, composition'*'?),
its structure'® (e.g., crystallographic orientation, defects), and
the presence of contaminants or adsorbates.'®"” Furthermore,
since heterogeneous catalysts are often obtained from rare and
costly elements, they are usually supported on other inert
materials (“supports”). Interfaces between materials can have
their own peculiar catalytic properties and affect the catalytic
activity and selectivity of both components.'*2°

Colloidal nanocrystals are nanoscale single crystals of
(usually) inorganic compounds that are stabilized in solution
as colloids by either steric or charge repulsion. They are
usually synthesized in solution by precipitation, decompo-
sition, or reduction reactions in the presence of (usually)
organic molecules (“ligands”).?’ By coordinating the surface
atoms of the nanocrystals, these ligands play multiple roles:
beside providing colloidal stabilization (ie., preventing
agglomeration), they control the surface energy of the nano-
crystals (often in a crystallographically specific manner),
thereby controlling the rate of nucleation and growth of the
particles during their synthesis. In some cases, the ligands are
used to govern the assembly of the particles into ordered
superlattices on surfaces.****

Colloidal nanocrystals are a potentially ideal building block
for heterogeneous catalysts. The exquisite level of control over
the rate of nucleation and growth provided by ligands, col-
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loidal nanocrystals makes colloidal synthesis unparalleled in
materials chemistry. Colloidal nanocrystals can be produced
with controlled size (usually from 1.5 to 20 nm, cf. Fig. 1a),*
shape (from sphered, to rods, to platelets, to wires - cf. Fig. 1b
and c¢),”® internal structure (from core-shell particles, cf:
Fig. 1d, to Janus particles, ¢f. Fig. le, to supraparticles, cf.
Fig. 1f), surface chemistry (controlled surface stoichiometry),””
crystallographic structure (controlled surface termination, cf.
Fig. 1c), and composition (from metals, to semimetals, to
oxides, to chalcogenides, to pnictides). Due to their small size,
colloidal nanocrystals offer the potential for very large surface
areas, therefore maximizing the activity of the catalyst per unit
mass. The small size also implies large convex curvatures as
well as local exposure of surface defects (e.g., terraces, high-
index facets), which increase in the activity of the surface®®
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What’s more, colloidal stability of the particles allows for dis-
persions containing more than one type of particle. These dis-
persions can be used to create multicomponent heterogeneous
catalysts that can catalyze more than one step in a reaction.>”
In spite of these highly attractive assets, colloidal nanocrys-
tals face challenges in their application as catalysts. The
ligands that are crucial for controlling morphology and surface
chemistry are usually detrimental to the catalytic activity and
need to be removed (¢f Fig. 2),'®'” leaving alone that the
surface obtained through chemical synthesis might not be
ideal for catalytic application and can require tuning of com-
position and structure.>®?” The large area and chemical poten-
tial of the surface of the nanocrystals (upon removal of the
ligands) could also serve as a counteractive effect: it make the
surfaces highly susceptible to reconstruction, adsorption of
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Fig. 1 Control of microstructural characteristics of colloidal hanocrystals. (a, left to right) 10, 11, 12, and 13 nm iron oxide nanocrystals synthesized
by colloidal route.*° (b) Self—assembled Ag nanowires adopting a liquid crystalline, nematic structure. (c) High-index facets in Pt nanocrystals.>2 (d)
Core shell nanocrystals (Au cores, CozO, shells).®* (e) Janus nanoparticles (dimers of Au and FesO,4 nanocrystals).3* (f) Supraparticles (colloidal par-
ticles resulting from the assembly of smaller particles) of CdSe: left panel shows a TEM image, while right panel shows size distribution variance of

building blocks (black) and supraparticles (red).>®
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Fig. 2 Diagram comparing traditional material manufacturing with a
nanoparticle-based approach that leverages the unique assets of col-
loidal nanocrystals.

contaminants (adventitious organics and water), non-specific
reaction with other molecules, and coarsening.’® It is worth
noting that the capping ligands are sometimes used to tune
the catalytic selectivity of the nanocrystals.’>**° For this type of
applications, the ligands should remain attached to the
nanocrystals.

Removing ligands from monolayers of nanocrystals on
exposed surfaces is relatively easy. It is instead challenging
when - as in the case of many commercial heterogeneous cata-
lysts — the particles are embedded in a high surface area,
porous template with small pore sizes. In these conditions,
mass transport slows down the removal of organics.*"*?
Furthermore, if the fraction of organics is substantial, their
removal is accompanied by a large volume loss. The resulting
strain can (and usually does) compromise the structure of the
material.

Several methods have been used and characterized for the
removal of organics from colloidal nanocrystals, e.g., calcina-
tion, UV-ozone and ozone treatments, solution processing,
and plasma processing. Calcination uses high temperatures in
an oxidizing atmosphere to remove the ligands. Its major
limitation is its tendency to coarsen the nanocrystals and
oxidize their surface.”* Depending on the composition of the
nanocrystals, it is possible to avoid coarsening by using rela-
tively low temperatures for a long time (185 °C for 5 h on oley-
lamine-capped Pt**) or very high temperature for a much
shorter time (500-700 °C for 1 min on oleylamine-capped
Pd *°). UV-ozone treatment applies ozone and ultraviolet light
to oxidize and decompose the ligands. However, studies have
shown UV-ozone treatment either can not remove the ligands

This journal is © The Royal Society of Chemistry 2024
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completely when compared to calcination*® or it is just
effective in removing the aliphatic part of the ligands.”
Solution processing uses different principles (e.g., solvent
extraction,*® acid washing,” or ligand replacement™) to
remove the ligands from the nanocrystals, but it induces capil-
lary strain that can compromise the integrity of the film, unde-
sired surface reactions, and the adsorption of solvent (or trace
amounts of impurities). After the removal of the ligands, the
nanocrystal surfaces can be further modified by calcination in
O, or H, or other gases to achieve oxidation, reduction, or
doping of the surfaces.

In the next section we will discuss the advantages and chal-
lenges of plasma processing of colloidal nanocrystals for the
removal of ligands and the control of surface structure and
chemistry.

Plasma processing of colloidal
nanocrystals

Plasma processing offers significant advantages over other
approaches for the control of surfaces of colloidal nanocrys-
tals. These advantages are especially attractive for applications
in catalysis.

1. It is a near-room-temperature process. Vacuum plasmas
have average temperatures in the order of 40-60 °C. This low
temperature avoids sintering of the nanocrystals, as well as car-
bonization of the organic matrix or the formation of carbides
seen in the high temperature decomposition processes of
many hybrid systems.>*

2. It can remove all accessible carbon from the system. The
avoidance of high temperatures, and therefore of carboniz-
ation, circumvents the “binder burnout problem”.

3. It does not cause capillary strain. It is a gas-phase
process.

4. It can selectively modify the surfaces. Plasmas are far-from-
equilibrium systems where minority components have much
greater kinetic energies than what expected from the average
temperature. This means that chemical reactions that would
be too costly to conduct at room temperature can easily occur
in a plasma. A side effect of high energy collisions in a plasma
is the formation of long-lived radicals which can perform high
energy chemical reactions without the side effect of ablation
which is associated with the accelerated charged species.

5. Ablation in a plasma, while not completely avoidable,
can be greatly ameliorated by a careful choice of the carrier
gas.

Of course, plasma processing poses challenges which will
depend on the type of plasma that is used. While plasma pro-
cessing in dilute plasmas does not expose films to high temp-
eratures, high power plasmas with feed gases such as Ar will
cause ablation, which can compromise the structure of col-
loidal nanocrystal assemblies or contaminate the films with
elements sputtered from the chamber walls. Furthermore, scal-
ability can be challenging for low pressure plasmas due to the
vacuum requirements.
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Lastly, to apply plasmas for removing the ligands from col-
loidal nanocrystal assemblies and modifying their surface
requires the initial film to be porous (i.e., essentially devoid of
free ligands), to allow for radicals and other excited species to
diffuse into the material and etch the organic ligands, as well
as the escape of the etching byproducts.

Plasma processing to remove organic ligands from colloidal
nanocrystals

Early work by the groups of J. Spatz, H. G. Boyen, and J. Buriak
showed that O,, H,, and Ar plasmas can be used to remove the
organic fraction from block copolymer micelles infiltrated with
metal-containing compounds (especially Au).>>"® The Au com-
pounds segregated to the domains of one of the blocks and
the subsequent removal of the organic fraction by plasma left
behind Au nanostructures on surfaces that were templated by
the self-assembled block copolymer. Later work expanded sig-
nificantly on these ideas by using DNA-templated assembly
and other strategies.’**” %

Work by the Ozin group showed that low pressure, low
power inductively-coupled plasmas of air could significantly
remove the ligands from hundreds of layers of colloidal nano-
crystals of PbS®* and Bi,S;.** Importantly, the work showed
that the removal of ligands deep into the films was
accompanied by the oxidation of the surfaces to oxide, sulfate,
and sulfite species. The process was demonstrated to work
also within templates that had been infiltrated with nanocrys-
tals, leading to hierarchical assemblies of nanocrystals (e.g.,
microrods, inverse opals) after template removal.®?
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Recent work in this area has focused on using plasma pro-
cessing to improve the properties of nanocrystal assemblies,
using a variety of starting compositions (Table 1). In most
cases the emphasis lies in using plasmas as tools, rather than
pursuing a fundamental understanding of the mechanism by
which plasmas can remove ligands from within these colloidal
nanocrystal assemblies. Our laboratory has made some
advances in this fundamental understanding by using ZrO,
nanocrystals as a model system due to their small size
(3-3.5 nm), high reproducibility, relatively high yield (gram
scale), exceptional colloidal stability and highly stable phase,
and no strongly absorbing in the UV range. These assets
endowed us the opportunity to test the mass transport limit-
ations within the porous films with controlled thickness (typi-
cally between 300 and 450 nm) spin-coated from thoroughly
cleaned ZrO, nanocrystal solution.

The major challenge in the characterization of the effect of
plasma exposure on these films was the quantification of the
carbon concentration. The films were too thick to be character-
ized by X-ray photoelectron spectroscopy (XPS) in one scan
and too thin to be characterized by thermogravimetric analysis
(TGA). FTIR and Raman spectroscopy can encounter chal-
lenges in quantifying small amounts of carbon residue,
especially if amorphous.®* Electron energy loss spectroscopy
(EELS) could characterize film cross-sections but at a high
cost. We resolved this issue by using Ion Beam Analysis (IBA)
techniques such as Elastic Backscattering Spectroscopy (EBS),
which provide quantitative characterization of the areal con-
centration of all elements (typically in thin film units, TFU,

Table 1 Application of plasmas to the processing of colloidal nanocrystal assemblies

Film
Phase Ligand thickness Power Feed gas Pressure Catalyzed reaction Ref.
ZrO, TOPO/OLA 200-400 nm 7-30W O, 500 mTorr 42,
64-66
PbS OA, EDT 90 nm 75 W 0O, — 67
Au@Ag Thiolated polystyrene Monolayer — 0, 0.5 L min~" flow 68
rate
Au Dodecanethiol or thiol- Monolayer 20 W 0, 0.5 mbar 69
terminated polystyrene H, 0.15 mbar
Au Oleylamine 10 nm 100 W 5% Hy/Ar 0.3 mbar 70
nanowires 0,
ZrO, TOPO/OLA 200-400 nm 7-30 W He 100-500 mTorr 71
HfO, TOPO 200-400 nm 7-30W O, 500 mTorr Benzaldehyde 72
acetalization
Si ODE 50 nm 7-30 W He 100 mTorr 73
Au Hexadecyltrimethyl- Monolayer 160 W 0, 600 mTorr 74
Fe,0O5 ammonium-bromide Monolayer — Ar/O, 10 Pa 75
(5:1)
CoPty 1-Adamantane- 20-30 H, 3.0 mbar 76
carboxylic- w N, 3.5 mbar
acid and hexadecylamine 0, 3.5 mbar
Co Oleic acid and Monolayer 100 W 0, 7 Pa 77
oleylamine H, 5Pa
FePt Oleic acid and Monolayer 50 W H, 5 Pa 78,79
oleylamine
Pd on SiO, PVP 7.8 W He/2% O, 1 atm Furfural hydrogenation 80
Au Triphenylphosphine On zeolite ? 0, 0.5 mbar Propylene epoxidation 81
Au Triphenylphosphine On zeolite ? 0, 0.5 mbar Epoxidation of propylene 82
Au APTES On SiO, 130 W 0, 400 mTorr Hydrogenation of 83
acetylene
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i.e., 10" atoms per cm®) in films as thick as 1 pm, in one scan,
without requiring manipulation of the film (e.g., sectioning).
The data can be processed and modeled to extract the concen-
tration of all elements as a function of depth. By using the EBS
resonance for carbon at 4265 keV, the sensitivity to carbon was
below 1 at%.

The highly quantitative nature of this technique, and the
ability to extract information for all elements allowed, with few
clear assumptions, to extract the volume fraction of each phase
in the film with the knowledge of the thickness of the film.
These main assumptions were that the particles were spheri-
cal, phases were stoichiometric (e.g., ZrO,) and having the
same density of the bulk state. We attributed any O atom that
could not be to the ZrO, or to the ligands to physisorbed H,O
and, to the degree that it was possible, to hydroxyls on the
surface of the particles. The ability to extract the volume frac-
tions of the different phases was essential to infer the porosity
of the film and therefore gather information on the structural
evolution of the colloidal nanocrystal assemblies.

The removal of ligands from the assemblies was complete
and selective (¢f. Fig. 3a), albeit slow (complete removal took
between 2 and 7 days) in inductively coupled plasmas (7 W,
500 mTorr, O, feed).®® No element other than C and H were
affected. Most significantly the removal was found to be homo-
geneous throughout the thickness of the films, even for partial
etching: the etching process proceeds with a uniform rate
throughout the thickness of the film, indicating that the
etching is not diffusion limited within the film in spite of the
nanoscale porosity and the low pressure (Knudsen regime).*?
Limitations to etch rates still arises due to diffusion at the
surface of the film (boundary layers still exist in the vacuum).

Modeling the concentration of the elements in the film as a
function of processing time gave information about the struc-
tural evolution of the films during etching. As shown in
Fig. 3b, the porosity of the films (calculated from the EBS data)
grows significantly in the first hours of etching from ~26% to
over 50% after 2 days, only to then drop back to 38% after 7
days. The initial and final porosity of the films were both con-
sistent with a random close packed arrays of spheres with
interdigitating ligand shells and no ligand shells, respectively.
The highly porous intermediate stages suggested the for-
mation of an open structure: the carbon concentration
between 2 days and 7 days of processing differed by only 4%,
but accounted for ~17% of pore volume. On the basis of these
data and of prior observations on the plasma processing of
polystyrene colloids,® we postulated that the etching caused
the formation of highly crosslinked necks between the par-
ticles which prevent a complete collapse of the films, thereby
increasing the porosity at the intermediate stages of ligand
removal. The hypothesis was supported by a characterization
of the mechanical properties of these films which showed that
intermediate etching led to materials with significantly larger
moduli than expected from a granular system of equal filling
fraction.®*%°

More recently, our group has compared the results from
plasma processing with calcination in oxygen at high tempera-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Characterization of structural and chemical evolution of ZrO,
colloidal nanocrystal films exposed to O, and He inductively coupled
plasmas. (a) Depth profile of the carbon concentration (in at%) before
(black) and after calcination (blue and green) and plasma processing
(red). (b) Graph of the total volume loss of ZrO, film (black open circles)
and pore volume (gray open squares) as a function of the processing
time. (c) Scanning electron microscopy (SEM) images of the surface and
cross-section of a ZrO, nanocrystal film after ligand removal showing
the absence of cracks. The lack of cracks was due to the disordered
arrangement of the particles in the film. (d) XPS characterization of the P
2p3/2 orbital in TOPO samples before and after plasma processing
showing oxidation of phosphine oxides to likely phosphate groups. (e)
Carbon concentration in ZrO, nanocrystal assemblies during He (black
squares) and O, (red circles) plasma processing. (f) Histogram of the
relative contributions to etching of different plasma species in He (black)
and O; (red) plasma.

tures (400-800 °C) as a function of time (up to 12 h). The work
showed that, while Raman spectroscopy indicated the dis-
appearance of C-H bonds in the films, the EBS characteriz-
ation (¢f. Fig. 3a) revealed that between 20 and 40% of the orig-
inal carbon atoms in the as-prepared assemblies were left
behind after (depending on
temperature).*

Two other contributions looked at the structural and chemi-

calcination calcination

cal modifications of the colloidal nanocrystal assemblies
during plasmas and how these could be manipulated by con-
trolling the structure and chemistry of the as-deposited assem-
bly. The first study showed that, differently from all other
ligand removal approaches, the removal of the ligands by the
plasma can occur without cracking of the assemblies due to
volume loss (cf, Fig. 3¢).>* We found that the ability of these
assemblies to resist cracking depended very strongly on the
arrangement of the nanocrystals in the assembly: ordered
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assemblies cracked while disordered assemblies resisted crack-
ing for thickness below 450 nm.%® The second study showed
that the composition of the surfaces of the nanocrystals after
etching could be controlled by choosing appropriate ligands in
the starting colloidal building blocks. Inorganic elements
associated with the ligands (e.g., P in trioctylphosphine oxide)
can be left behind on the surface of the nanocrystals. As an
example, we compared two systems, ZrO, nanoparticles
capped with trioctylphosphine oxide or with oleic acid (OA).
After O, plasma treatment, the phosphine oxide was converted
to phosphate (according to XPS result, cf. Fig. 3d), while the
oleic acid was completely removed. This change in the surface
chemistry of the nanocrystals had profound effects on the
thermal evolution of the nanocrystal assemblies, their phase
transition temperatures, and their mechanical properties.®®
Importantly, this strategy could provide an avenue for the
molecular control of interfacial chemistry in nanocrystalline
materials, and therefore a tool to understand the effect of
interfaces on the macroscopic properties of extended polycrys-
talline solids, like catalysis.®

Lastly, we showed how He plasmas compare favorably to O,
plasmas for removing ligands from oxygen-sensitive materials
(e.g., chalcogenides).*”””®® One of the main limitations of calci-
nation and O, plasmas is that they both oxidize the surface or
the entirety of the nanocrystals, which can drastically affect
physical properties of the system (e.g., charge transport). We
found that He plasma successfully removes ligands from our
ZrO, model system, albeit slightly more slowly than O, plasma
(¢f. Fig. 3e). A control experiment with hard masks® deter-
mined the relative influence of different components of the
plasma (e.g., charged species, neutral species, UV photons,
VUV photons) on the etching rate (¢f Fig. 3f). Surprisingly, we
found that even in the case of He plasma, most of the etching
could be attributed to excited neutral species (e.g., metastable
He species) that can cleave C-C bonds to form carbon radicals
that can easily recombine with radicals from the cleavage of C-
H bonds leading to the progressive fragmentation and cross-
linking of the organic fraction.’® Our current work is investi-
gating quantitatively the kinetics of etching to determine what
is the rate limiting step in the process, in an attempt to speed
up the etching rate. Current optimized conditions allow us to
remove all ligands from 300-400 nm films within 6 h, which
compares favorably to calcination.

Other groups over the past few years have made significant
contributions by using plasmas on colloidal nanocrystals to
remove ligands with the goal of improving optical and electri-
cal properties for applications in Surface-Enhanced Raman
Scattering (SERS), solar cells, and catalysis.

Nam et al. used O, plasma to remove the ligands from the
surface of PbS quantum dots (QD) to achieve more efficient
charge transfer in solar cell. The heterojunction solar cell used
in this study was deposited in sequential layers of FTO
(150 nm)/ZnO (40 nm)/PbS QD film (90 nm)/polymer
(15-20 nm)/Au (100 nm), in which the PbS film was treated by
O, plasma at 75 W for 1 min to remove the ligands. To evaluate
the effect of O, plasma on PbS QDs, FTIR and XPS characteriz-
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ations were applied to 3 types of PbS QD films, namely (i)
unprocessed OA-capped PbS QDs, (ii) unprocessed 1,2-
Ethanedithiol (EDT)-capped PbS QDs and (iii) O, plasma pro-
cessed EDT-capped PbS QDs. FTIR results (¢f. Fig. 4a) showed
an incomplete ligand exchange of OA by EDT in type (ii) film.
The 100% transmittance of type (iii) film indicated instead the
complete removal of ligands. However, presence of PbSO,,
PbSO; and PbO in XPS O 1s and S 2p spectra of type (iii) films
indicated surface oxidation of PbS QDs. The J-V curve of solar
cells composed of type (ii) and (iii) films in Fig. 4b showed
that O, plasma induced an increase of open-circuit voltage
while a decrease of short-circuit current due to the formation
of surface oxide layer.®”

SERS is a common method for detecting extremely small
amounts of molecules at metal surfaces. Si and co-workers
developed a new type of SERS substrate composed of Au and
Ag nanocube (35 nm) plasmene sheet. In this study, thiolated
polystyrene capped Au@Ag nanocubes monolayer was used as
the starting materials. These sheets were then treated in a UV-
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Fig. 4 Plasma processing of PbS and Au colloidal nanocrystals to
remove ligands. (a) FTIR results of unprocessed OA-capped PbS QD film
(sample 1), unprocessed EDT-capped PbS QD film (sample 1), and O,
plasma processed EDT-capped PbS QD film (sample Ill). (b) J-V curves
of solar cells composed of sample Il (black line) and Il (red line) PbS QD
films.®” (c) Spectral evolution of plasmene sheets treated by 0 min
(black), 3 min (red), 5 min (blue) and 10 min (purple) plasma processing.
(d) 4-Aminothiophenol SERS spectra at 1 pM concentration of plasmene
sheets with corresponding plasma processing times.® (e) FTIR and (f) S
2p XPS data of dodecanethiol-capped Au nanocrystals after 0's, 20 s or
40 s H, plasma treatment.®®
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ozone chamber with O, plasma at a flow rate of 0.5 L min~!
for 3, 5, and 10 min. Plasma treatment caused a red shift of
the plasmonic resonance (¢f. Fig. 4c). However, optimized
treating time (3 min) was crucial to decrease the nanocube
inter-particle spacing to provide strong plasmonic coupling as
well as avoid the aggregation of particles induced by van der
Waals attraction. As proved by the SERS spectra (¢f. Fig. 4d),
the plasmene sheet treated by O, plasma for 3 min showed an
enhanced response to 4-aminothiophenol compared to
untreated one, indicating a successful removal of ligand.
Longer treatments (>5 min) decreased the performance due to
the agglomeration of the nanocubes and oxidation of Ag
nanocubes.®®

Sivaraman and Santhanam successfully obtained chemi-
cally and thermally stable 2D Au nanoparticle arrays with
different inter-particle spacing (2-13 nm) by using plasma pro-
cessing. Dodecanethiol-capped Au nanocrystals were treated by
H, plasma of 20 W, 0.5 mbar, while polystyrene-capped nano-
crystals were treated by O, plasma of 20 W, 0.15 mbar to
prevent polystyrene cross linking. In dodecanethiol-capped Au
nanocrystals, 40 s of H, plasma treatment eliminated the FTIR
signal of methylene moieties (c¢f. Fig. 4e) and XPS S 2p signal
of thiols, leaving just the signal from sulfonate groups. A fol-
lowing water rinsing step removed the physisorbed sulfonate
and formed ligand-free Au nanoparticle arrays (¢f Fig. 4f). In
the case of polystyrene-capped Au nanocrystals, signal from
methylene stretch in FTIR spectra showed that polystyrene
could not be completely removed by O, plasma before nano-
particle aggregation (¢f. Fig. 5a). The SERS enhancement factor
of ligand-free 2D nanoparticle arrays was compared to that of
unprocessed arrays showing a difference in enhancement of 5
orders of magnitude.®

Au nanoparticle systems are of great interest for appli-
cations beyond SERS. For example Au nanoparticles are very
active catalysts for a range of reactions.’’ Au nanowires could
also serve as the active component in electrocatalytic reactions,
and the catalytic efficiency of Au nanowires is better than Au
nanoparticle under certain circumstances.””> Plasmas have
been applied in removal ligands from various structures com-
posed of Au nanowires, e.g. honeycomb macroporous pattern
films.”®> Maurer and coworkers showed that, when compared
with O, plasma, H, plasma treatment is more effective at remov-
ing the ligands while retaining the microstructure of Au nano-
wires (¢f Fig. 5¢ and d). Oleylamine-capped, 1.6 nm-thick Au
nanowires were dip-coated onto glass substrate and formed
10 nm-thick films. The films were then treated by either H,
plasma (0.3 mbar, 100 W, 5% H,/Ar,) or O, plasma (0.3 mbar,
100 W, 100% O,). After just 1 min of exposure, H, plasma treat-
ment showed significant reduction of sheet resistivity (from >40
MQ to 200 Q sq ). Longer processing times decreased the resis-
tance further (50 Q sq™") but sintered the nanowires, as indicated
by the disappearance of grazing-incidence small-angle X-ray scat-
tering (GISAXS) single wire scattering pattern. However, 1 min O,
plasma treatment could only reduce the resistance to the MQ
range and caused drastic changes in the morphology of the nano-
wire arrays, possibly due to surface oxidation.”

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Plasma processing of Au colloidal nanowires to remove ligands.
(a) FTIR and (b) S 2p XPS data of polystyrene-capped Au nanocrystals
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oleylamine-capped Au nanowire processed by H, plasma (red triangle),
O, plasma (blue circle) or ligand exchange (green square) at various
treatment time. (d) SEM and GISAXS (left corner inset) patterns of Au
nanowire sheets treated by H, or O, plasma for 1 or 5 min.”°

Plasma processing to control the structure and chemistry of
the surface of colloidal nanocrystals

Plasma processing of polymers is an industrially used process
to change the chemical composition of polymer surfaces to
improve adhesion,”®> change wettability,”® etc. Similarly,
plasma processing can change the composition of the surface
of inorganic nanocrystals by chemical reactions with the
plasma species, depending on the material and feed gas.
Boyen et al. studied the oxidation and reduction effects of
different plasma types on monolayers of ligand-free metal/
metal alloy nanocrystals, e.g. Au,”” Co°® and FePt.’® They
proved that O, plasma is capable of removing ligands as well
as oxidize the metal nanocrystals, while H, plasma could
reduce the oxidized nanoparticle back to the original metallic
phase. For example, a 5 min O, plasma processing (50 W,
0.005 mbar) oxidized Co nanoparticle into oxides, while 5 min
H, plasma processing (50 W, 0.005 mbar) could reduce most
of the oxides back to metallic state. These results obtained in
monolayers of nanocrystals were reproduced by Ozin and col-
leagues in multilayers of PbS and Bi,S; nanocrystals where oxi-
dation of the surface by air plasmas (5 W) resulted in the for-
mation of oxide, sulfate and sulfite groups. X-ray diffraction
(XRD) characterization demonstrated that the size of the nano-
crystalline chalcogenide phase was not modified, therefore
indicating that the oxidation was limited to the surface

61,62 Oxidation of the nanostructure surface could also

atoms.
be achieved indirectly by activating the surface atoms. Ar

plasmas can break bonds due to bombardment therefore acti-
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vating the surface towards further reaction'® (e.g., surface
grafting of carbon nanotubes'®'1%%),

More recent examples show the potential for these surface
chemistry approaches for the postprocessing of colloidal nano-
crystals. The encapsulation of Au nanoparticles with graphene
is considered a valuable strategy to improve the catalytic
efficiency of Au nanoparticles by preventing their aggrega-
tion.’®® However, the low solubility of carbon in Au makes it
difficult to deposit graphene on nanocrystals directly by chemi-
cal vapor deposition (CVD).'** O, plasma processing partially
oxidizes the surface of the gold nanocrystals, allowing the
surface oxide to serve as catalysts for graphene growth during
CVD.' Wu et al. studied the effect of O, plasma on gold
nanocrystals with the goal of optimizing the conditions for
carbon CVD.

Hexadecyltrimethylammonium-bromide-capped Au nano-
particles were drop-casted on Si substrates and then treated
with O, plasma (160 W, 600 mTorr) for different exposure dur-
ations. When the nanoparticles were processed for short
(<30 min) or long (>45 min) durations, nanoparticle aggrega-
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tion would happen due to the formation of new particles from
unreacted precursors or coalescence, respectively. Intermediate
processing times produced non-aggregated, surface-oxidized
Au nanoparticles without surfactants and reactants, as
suggested by the SEM results (¢f: Fig. 6a). The XPS results (¢f.
Fig. 6b) showed that surface AuO, was composed of Au,O and
Au,0;. A kinetic study revealed that the thickness of the AuO,
shell was a function of processing time and was independent
of oxide stoichiometry. The oxidized Au nanocrystals were then
used as electron acceptors in the xylene CVD process to facili-
tate graphene encapsulation. TEM result showed the formation
of a 1.6 nm-thick graphene shell surrounding the
nanoparticles.”

A new type of SERS substrate was created by grafting Au
nanocrystals on dendritic a-Fe,Os;. Tang et al. used Ar/O,
plasma to treat a-Fe,O3; nanostructure to increase the concen-
tration of ~OH groups on the surface and promote the grafting
of Au nanocrystals. Dendritic a-Fe,O; was synthesized by auto-
claving an aqueous solution of K;Fe(CN)s. The obtained
material was then treated by Ar/O, (5:1) plasma (10 Pa) for
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Fig. 6 Using plasmas to modify the surfaces of colloidal nanostructures. (a) SEM images of Au NPs treated with O, plasma for 0 min, 15 min, 45 min
and 60 min from left to right. (b) Au 4f XPS result of Au NPs treated with O, plasma for 45 min.”* (c) O 1s XPS spectra of unprocessed and Ar plasma
processed a-Fe,Os. (d) SEM images of Au NPs grafted on a-Fe,Os with (above) or without (below) Ar plasma treatment.”® (e) XPS spectra of the C 1s
signal before and after plasma treatment with H,, N,, O,, and O, followed by a brief H, plasma. (f) Reduced (metallic states indicated by solid lines)
Pt and Co after a sequential O,—H, plasma treatment (O,: 120 min at 20 W, H,: 45 min at 20 W).”® (g) XA spectra at the Co-L3,2, O-K, and C-K
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particles before (dashed line) and after plasma processing.78
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30 min before grafting with Au nanoparticles. O 1s XPS spectra
show that the intensity of the peak at 531.2 eV (attributed to
Fe-OH) is stronger after plasma processing (cf. Fig. 6¢), indicat-
ing the successful activation of the surface. The SEM character-
ization (¢f. Fig. 6d) showed a higher Au nanoparticle coverage
on the plasma processed dendritic a-Fe,O; structure. The Au
nanoparticle grafted a-Fe,O3; showed good performance when
used as SERS substrates.”

Gehl et al. studied the effect of plasma processing on the
surface modification of CoPt; nanocrystals capped with 1-ada-
mantane-carboxylic-acid and hexadecylamine. The nano-
particle solution was spin-coated on Si or Al,O; substrates and
formed layers of nanoparticles. The films were then treated by
different plasmas (H,: 30 sccm, 3.0 mbar; N,: 30 scem,
3.5 mbar; O,: 10 sccm, 3.5 mbar; 20-30 W power). The C 1s
XPS spectrum showed that O,, O, followed by H, (0,/H,), H,,
and N, plasmas could all remove the surface ligands (cf.
Fig. 6e). However, N, plasma (30 W, 120 min) and H, plasma
treatment (20 W, 140 min) sputtered or interconnected the
nanocrystals, respectively. O, plasma processing (20 W,
120 min) preserved the morphology of nanocrystals but caused
surface oxidation. A subsequent H, plasma treatment (20 W,
45 min) could reduce all the platinum oxide and most of
cobalt oxide back into metallic state (¢f. Fig. 6f) as well as
maintain the mesoscopic order. The nanoparticles processed
by O,/H, plasma showed a cobalt-rich surface due to the
surface-energy-driven surface segregation of the cobalt oxide
produced during O, plasma.”®

Wiedwald et al. showed that H, plasma is capable of redu-
cing both ligand-free Co;0, nanocrystals (that had been pre-
viously processed by O, plasma to remove the ligands), and
ligand capped Co/CoO nanocrystals. Oleic acid and oleyla-
mine-capped Co nanocrystals were deposited on a Si substrate
as a monolayer, where they oxidized and formed a passivating
layer (Co/Co0O). Some of the samples were first treated by O,
plasma (100 W, 7 Pa) to remove ligands, and then processed by
H, plasma (100 W, 5 Pa), while the other samples were directly
processed by H, plasma. SEM characterization showed that the
nanocrystals could preserve their morphology and dispersion
on the substrate. X-ray absorption spectroscopy (XAS) results
(¢f Fig. 6g) showed that, as H, plasma processing went on, the
intensity of the C-K edges gradually decreased, until 46 min
processing when there was only 40% of the original intensity.
The H,/0,/H, plasma processing could remove all the ligands
thus no C-K absorption could be detected, while the Co-L;,
spectra showed the reduction of the surface oxide into metal.””

Antoniak et al. studied the effect of H, plasma on oxidized
FePt particles by using a submonolayer of oleic acid and oleyla-
mine capped FePt nanoparticles on Si substrates. The films
were treated with H, plasma (50 W, 5 Pa, 30 min) to remove
ligands. From the X-ray absorption near-edge structure
(XANES) results (Fig. 6h and i), the intensity of the carbon K
absorption in H, plasma-treated films reduced, indicating a
removal of organic ligands. At the same time, multiplet fea-
tures of the Fe L;, edge vanished indicating the reduction to
the metallic state.”®’® While the above materials were chosen

This journal is © The Royal Society of Chemistry 2024
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for their magnetic properties, they also are useful for hetero-
geneous catalysis.'*>*%”

Doping of TiO, with N, plasma was recently reported.®%'
Titanium dioxide is a widely used photocatalyst. However the
wide bandgap of the anatase limit its use to visible light. Ever
since Morikawa et al. reported the band gap narrowing effect
of doping N into TiO, lattice,"'® there has been a significant
effort devoted to understanding the N-doping of TiO,. Islam
et al. used microwave-assisted N,/Ar plasma to process tita-
nium dioxide films deposited from TiO, sols. The result
showed that N,/Ar plasma successfully introduced nitrogen
atom into TiO,, as well as introduced catalytically active
surface defects on the particles. Preliminary results from our
work showed that similar effects can be obtained from col-
loidal nanocrystals, thereby avoiding the high-temperature cal-
cination step.

Application of plasma-processed
colloidal nanocrystals in catalysis

In the last part of this review we discuss most significant
examples of how the capabilities of plasmas in cleaning and
modifying the surfaces of colloidal nanocrystals were leveraged
for use in catalysis.'?

Banerjee et al. synthesized octadecanethiol-capped colloidal
nanocrystals consisting of a Au core coated by a Pt shell
(Au@Pt). Different batches were created with different Pt
loading and tested for catalytic efficiency towards methanol
oxidation. The nanoparticle solution was deposited on gold-
coated substrates to form very thin films (bilayers), which were
then treated by Ar plasma (100 W, 0.5 mbar, 2 min) to remove
the ligands. The removal of the ligands was demonstrated by
the absence of signal from sulfur species in XPS characteriz-
ation (¢f. Fig. 7a and b). Furthermore, the original ligand-
capped nanoparticle bilayer did not show any electrocatalytic
activity indicating the blockage of the redox species by the
organic ligands. While samples showed electrocatalytic activity
only when they had been treated with plasma.'**

In a following work, the same authors investigated the
effect of plasma exposure time on the electronic conductivity
and electrocatalytic activity of the Au@Pt nanocrystals with
different Pt loadings. The other plasma processing parameters
were kept constant (100 W, 0.5 mbar Ar plasma). The highest
electrocatalytically active surface area (ECSA) as well as the
lowest sheet resistance could be obtained at optimum plasma
processing time, resulting in an enhanced electrocatalytic
efficiency (¢f. Fig. 7c). For example, the magnitude of the resis-
tance change for closed packed Au@Pt samples with Pt/Au
ratio greater than 0.19 before and after plasma exposure is of
the order of 10”. Optimum plasma processing time prevents
the migration of Au atoms from the core to the surface which
was observed after extensive plasma processing, resulting in a
strong electronic interaction between surface Pt atoms and
underlying gold cores.'"*
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Fig. 7 Research on using plasmas to create heterogeneous catalysts
from colloidal nanocrystals. (a) S 2s XPS spectra of Au@Pt nanoparticles
(Pt/Au — 0.39) before and (b) after argon plasma treatment for
2 minutes. (c) ECSA values (red) and lateral electrical sheet resistance
values (blue) at various RF argon plasma treatment durations of of
Au@Pt nanoparticles (Pt/Au — 0.39).™' (d) FTIR spectra of a [Ni,Fe]O
(Ni: Fe 51:49) nanoparticle film spin-coated on high resistivity Si (~10
Q-cm) after 0 s, 10 s or 20 s of air plasma treatment, at 0.2 torr. (e)
Voltammograms of UV-treated, plasma-treated, untreated electrodes
(functionalized with 51: 49 [Ni,Fe]O nanoparticles), and a nanoparticle-
free ITO control, in 0.1 M KOH.!'2 (f) SEM image of SiNWs catalyzed by
Au-apo, immobilized on a Si (111) substrate after O,-plasma treatment.
(g) SEM image and the size distribution of 25 randomly selected SiNWs
with unspecific growth directions.

Nickel/iron oxide ([Ni,Fe]O) is an important candidate for
the catalysis of the oxygen evolution reaction (OER) of water
splitting."™ Bau and co-workers compared the effectiveness of
air plasma and UV irradiation for removing the surface ligands
from the nanocrystals. The oleate-capped [Ni,Fe]O nano-
particle solution was spin-coated on an ITO substrate and
formed a monolayer, which was then treated with either air
plasma (18 W, 0.2 Torr, 20 s) or a Hg lamp (15 mW, 254 nm,
1 h). The FTIR results (¢f. Fig. 7d) showed that air plasma
could achieve complete removal of oleate. However, the
current density-overpotential results (¢f Fig. 7e) showed that
the overpotential for UV-irradiated sample was smaller than
the plasma processed one. The performance and morphologi-
cal stability of the nanocrystal films during electrocatalysis was
better for the UV-treated films than for the plasma treated
films, possibly due to the crosslinking effect of UV-radiation
on residual ligands."*?

Zhang and coworkers synthesized Au nanocrystals inside
the protein cavity of apoferritin (Au-apo) on a Si substrate. The
goal was to control the size distribution of the Au nanocrystals
and to use them as catalysts for the CVD synthesis of highly
uniform, ultrathin Si nanowires with superior monodispersity

12744 | Nanoscale, 2024, 16, 12735-12749
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of diameter. The Au-apo was synthesized by reducing a
mixture of apoferritin and HAuCl, with NaBH,. The aqueous
solution of Au-apo was then deposited on the Si substrate and
treated with O, plasma (100 W, 0.9 Torr, 2 min) to remove the
apo matrix. After plasma treatment, UHV-CVD was applied to
the sample to form Si nanowires on the bare surface of Au
nanoparticle. SEM results showed that the Si nanowire
obtained by this method produced nanowires with a size dis-
tributions consistent with the size distribution of the catalyst
particles (cf Fig. 7f and g).'"®

Recent work by Vlachos et al.”" showed convincingly the use of
non-thermal atmospheric-pressure plasmas (a He/O, mixture, at
atmospheric pressure can produce a non-thermal plasma by
simple dielectric barrier discharge, basically a corona) to remove
polyvinylpyrrolidone (PVP) ligands from SiO,-supported Pd-col-
loidal nanoparticles and test their catalytic activity in furfural con-
version. Comparison with calcination was done to assess the
benefits of plasma processing. Consistently with previous work at
reduced pressures, the authors did not see thermal effects (sinter-
ing, shape changes) in the plasma treated samples. Importantly
they observed much improved activity of the nanoparticle cata-
lysts when the ligands were removed by plasma treatment rather
than calcination (c¢f Fig. 8).

l. 80

Summary of known effects of plasmas
on colloidal nanocrystal surfaces

For the purpose of clarity we here summarize the current
know-how of how plasmas affect nanocrystal surfaces,
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Fig. 8 Improved catalytic activity of SiO,-supported Pd nanocrystals
upon removal of the ligands by plasma treatment.8° This graph shows
the conversion (furfural hydrogenation) as a function of temperature for
SiO,-supported Pd nanocrystals capped with PVP and subjected to
different postprocessing treatments. In black is shown the untreated
control. In red is shown the sample calcined for 2 h. The remaining data
show samples that were plasma-treated in He/O, for different lengths of
time.
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especially directed at the Colleagues exploring this approach to
the post-processing of hybrid nanomaterials.

1. Low-pressure plasmas have near-room-temperature
average temperatures."’” In such plasmas, thermal effects are
not observed. Non-thermal atmospheric pressure plasmas can
be used to similar effect.

2. The most well-known components of plasmas are ions
resulting from ionizing collisions. Those species are “heavy”
and charged, hence carrying large kinetic energies upon col-
lision with the surface. They can cause ablation of the topmost
surface of the material.'"” They will not cause ablation inside a
porous material, especially if mesoporous.”>''® Ablation is
moderated/eliminated by using light gases (e.g., He rather
than Ar’"7?), reducing plasma power and (sometimes) increas-
ing pressure.'’® Ablation is followed by redeposition of the
ablated material all over the plasma chamber. Care must be
taken not to use easily ablatable material for the chamber
walls or the sample holder.

3. The second-most well-known component of plasmas are
free electrons. They interact only with the topmost surface of
the samples, either rupturing single bonds or implanting into
the material."*® They do not cause ablation.

4. The least well-known component of plasmas are radicals
and other excited species. These are produced by a variety of pro-
cesses in the gas phase. They are usually neutral, so they are not
accelerated in the plasma. Given the low pressure of the gas,
these species are much longer lived than the charged species:
“remote” plasma processing places the sample downstream from
a plasma, therefore exposing the sample purely to a radical-rich
atmosphere.'?° Radicals are highly reactive and usually dominate
the reactivity of plasmas towards nanocrystals."'® In the case of
nanocrystal superlattices, the vast majority of the removal of
organics is due to radicals produced in the plasma, diffusing into
the pores between the particles.'"’® The chemical nature of the
radicals depend mostly on the composition of the feed gas.

5. Another important consequence of plasma formation is
the generation of UV radiation that can affect organic matter
in the plasma.'*®

6. To some extent, the material being removed by the
plasma (i.e., by ablation or reaction) becomes part of the
plasma itself. The feed gas only determines the majority com-
ponent. Water adsorbed on the walls of the chamber will
become part of the plasma, at least until it is flushed out
(flushing of a plasma is very inefficient due to the low-pressure
and consequent high velocity at which feed gas moves through
the chamber).""” Hydrogen removed with the organic moieties
will become part of the plasma and can induce some unin-
tended reduction on the nanocrystal surfaces.

7. The composition of the plasma is not homogeneous.
Plasma chambers have a gradient in composition usually
oriented between the feed gas inlet and outlet. Feed gas often
creates a high-velocity stream in the line-of-sight path between
the feed gas inlet and outlet.”>'*° The position of a sample in
the chamber is an important parameter. These inhomogene-
ities can be reduced by structuring the gas flow in the
chamber through obstacles.

This journal is © The Royal Society of Chemistry 2024
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8. The removal of organics from the nanocrystal superlat-
tices, and the chemical modifications caused to the surface
will tend to a steady state that will persist as long as the
plasma is present. Turning off the plasma, and removing the
sample from the plasma chamber creates a different environ-
ment that inevitably leads to a modification of the surfaces:
water and adventitious carbon from the atmosphere will very
rapidly return to the exposed surfaces to reduce their chemical
potential. In our studies, the mesopores between ZrO, nano-
particles that had been plasma treated became saturated with
water which remained bound even in ultra-high vacuum.*®

9. With “inert” feed gases (e.g., N,, He), organic moieties
are removed while inorganic components to the ligands (e.g., P
in TOPO) seems to be left behind.”” With “reactive” feed gases
(e.g., O,), organic moieties are removed and the surface of the
nanocrystals is oxidized.

10. So far, most of the work in plasma processing of nano-
crystal superlattices has concentrated on understanding the
influence of the plasma parameters (e.g., feed gases, pressure,
power, temperature) on the removal of the ligands. Much work
still needs to be done on how to functionalize/protect the
exposed surfaces so that the extraction of the sample from the
plasma does not impair the function of the films.

Conclusion

The design and control of nanostructures and surfaces allowed
by the combination of colloidal chemistry and plasma proces-
sing is especially attractive for applications in catalysis. The
colloidal synthesis of nanocrystals provides exceptional control
on the size, shape, habit, interface chemistry, and interactions
of nanocrystals thereby providing the means to form assem-
blies of nanocrystals with controlled mesostructure or their
infiltration into porous supports. The use of dilute plasmas
allows for the removal of the surface-coordinating organic
ligands to expose bare surfaces, without incurring in the limit-
ations of sintering (coarsening, surface reconstruction,
diffusion, incomplete removal of organics, etc....). The use of
reactive gases as feeds allows for the control over the surface
chemistry in post-processing. Recently it was found that Cu
nanostructures after plasma processed with certain conditions
showed enhanced efficiency when served as catalyst for carbon
dioxide reduction.”® Gao et al. used Cu nanocubes as the
starting materials and found that O, plasma processing would
enhance the O content of Cu nanocubes greatly after CO, elec-
troreduction reaction, which has strong effect on the catalytic
efficiency and selectivity.'* The study of plasma interaction
with nanostructures is a promising topic, and extensive use of
colloidal nanoparticles as catalyst is just around the corner.
While these assets bode well for the use of plasmas for the
creation of heterogeneous catalysts with designed structure
and composition, several challenges and opportunities await.
(i) While the breadth of compositions accessible by col-
loidal chemistry is significant, many important phases (car-
bides, nitrides, most transition metals) remain either challen-
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ging to obtain or inaccessible. For those phases, plasma syn-
thesis offer a tremendous alternative, as discussed in other
reviews.>°

(if) While the use of low pressure plasmas allows for the
reduction of the thermal input into the nanocrystals and their
protection from coarsening, it also limits the scalability of
these approaches. Can atmospheric pressure plasmas be
adopted to yield similar or superior results in terms of etching
selectivity and efficiency, and surface modification?

(iii) While there is significant literature and understanding
concerning the effect of plasmas on surfaces directly exposed
to them, much less work deals with the effect of plasmas on
the interior volumes of porous materials. Recent work shows
that even mesoporous nanocrystal assemblies can be effec-
tively processed by plasmas through the diffusion of radicals
and exposure to UV and VUV radiation generated by the
plasmas. Nonetheless the fundamental limitations of this type
of processing are less clear: how thick a film can be homoge-
neously processed before diffusion limitations within the film
become limiting? How fast can the removal of the ligands be?
How homogeneous is the processing across the plasma
chamber?

(iv) Looking forward, can these approaches be integrated
into additive manufacturing processes to create nano-
structured materials, catalysts, and devices from the bottom-
up?

We believe that answering these questions will require the
combined expertise of plasma scientists and engineers,
materials chemists, computational scientists, characterization
experts. Powerful techniques of characterization, such as EBS,
could prove invaluable in providing firm quantitative basis on
which to compare experimental results with theoretical
models and simulations.
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