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Abstract

Soft-template strategy enables the fabrication of composite nanomaterials with desired
functionalities and structures. In this thesis, soft templates, including poly(ionic liquid)
nanovesicles (PIL NVs), self-assembled polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP)
particles, and glycopeptide (GP) biomolecules have been applied for the synthesis of versatile
composite particles of PILs/Cu, molybdenum disulfide/carbon (MoS,/C), and GP- carbon
nanotubes-metal (GP-CNTs-metal) composites, respectively. Subsequently, their possible
applications as efficient catalysts in two representative reactions, i.e. CO2 electroreduction
(CO2ER) and reduction of 4-nitrophenol (4-NP), have been studied, respectively.

In the first work, PIL NVs with a tunable particle size of 50 to 120 nm and a shell thickness
of 15 to 60 nm have been prepared via one-step free radical polymerization. By increasing
monomer concentration for polymerization, their nanoscopic morphology can evolve from
hollow NVs to dense spheres, and finally to directional worms, in which a multi-lamellar
packing of PIL chains occurred in all samples. The obtained PIL NVs with varied shell
thickness have been in situ functionalized with ultra-small Cu nanoparticles (Cu NPs, 1-3
nm) and subsequently employed as the electrocatalysts for CO2ER. The hollow PILs/Cu
composite catalysts exhibit a 2.5-fold enhancement in selectivity towards Ci: products
compared to the pristine Cu NPs. This enhancement is primarily attributed to the strong
electronic interactions between the Cu NPs and the surface functionalities of PIL NVs. This
study casts new aspects on using nanostructured PILs as novel electrocatalyst supports in
efficient CO2 conversion.

In the second work, a novel approach towards fast degradation of 4-NP has been developed
using porous MoS,/C particles as catalysts, which integrate the intrinsically catalytic property
of MoS; with its photothermal conversion capability. Various MoS,/C composite particles
have been prepared using assembled PS-b-P2VP block copolymer particles as sacrificed soft
templates. Intriguingly, the MoS,/C particles exhibit tailored morphologies including
pomegranate-like, hollow, and open porous structures. Subsequently, the photothermal
conversion performance of these featured particles has been compared under near infrared

(NIR) light irradiation. When employing the open porous MoS,/C particles as the catalyst

for the reduction of 4-NP, the reaction rate constant has increased by 1.5-fold under light
illumination. This catalytic enhancement mainly results from the open porous architecture

and photothermal conversion performance of the MoS; particles. This proposed strategy



offers new opportunities for efficient photothermal-assisted catalysis.

In the third work, a facile and green approach towards the fabrication of GP-CNTs-metal
composites has been proposed, which utilizes a versatile GP biomolecule both as a stabilizer
for CNTs in water and as a reducing agent for noble metal ions. The abundant hydrogen
bonds in GP molecules bestow the formed GP-CNTs with excellent plasticity, enabling the
availability of polymorphic CNTSs species ranging from dispersion to viscous paste, gel, and
even dough by increasing their concentration. The GP molecules can reduce metal precursors
at room temperature without additional reducing agents, enabling the in situ immobilization
of metal NPs (e.g. Au, Ag, and Pd) on the CNTSs surface. The combination of excellent
catalytic property of Pd NPs with photothermal conversion capability of CNTs makes the
GP-CNTs-Pd composite a promising catalyst for the efficient degradation of 4-NP. The
obtained composite displays a 1.6-fold increase in conversion under NIR light illumination
in the reduction of 4-NP, mainly owing to the strong light-to- heat conversion effect of CNTSs.
Overall, the proposed method opens a new avenue for the synthesis of CNTs composite as a
sustainable and versatile catalyst platform.

The results presented in the current thesis demonstrate the significance of using soft templates
for the synthesis of versatile composites with tailored nanostructure and functionalities. The
investigation of these composite nanomaterials in the catalytic reactions reveals their
potential in the development of desired catalysts for emerging catalytic processes, e.g.
photothermal- assisted catalysis and electrocatalysis.

Keywords: nanocomposite, soft template, block copolymer, poly(ionic liquid), glycopeptide,

catalyst



Zusammenfassung

Die Weiche-Vorlagen-Strategie ermdglicht die Herstellung von zusammengesetzten
Nanomaterialien mit gewtnschten Funktionalit&en und Strukturen. In dieser Arbeit wurden
weiche Vorlagen, darunter Poly(ionische Flissigkeit) -Nanovesikeln (PIL-NVs),
selbstorganisierte  Polystyrol-b-Poly(2-Vinylpyridin)-Partikeln (PS-b-P2VP) und
Glykopeptid (GP)-Biomolekile verwendet, um vielseitige Kompositen aus PILs/Cu,
Molybdé&ndisulfid/Kohlenstoff (MoS2/C) bzw. GP-Kohlenstoffnanordiren -Metall (GP-
CNTs- Metall) zu synthetisieren. Anschlief®nd wurden ihre m&glichen Anwendungen als
effiziente Katalysatoren in zwei repr&entativen Reaktionen, d. h. CO.-Elektroreduktion
(CO2ER) und Reduktion von 4-Nitrophenol (4-NP), untersucht.

Im ersten Abschnitt wurden PIL-NVs mit einer einstellbaren Partikelgrd2 von 50 bis 120
nm und einer Schalendicke von 15 bis 60 nm durch einstufige radikalische Polymerisation
hergestellt. Durch Erhéhung der Monomerkonzentration fUr die Polymerisation kann sich
ihre nanoskopische Morphologie von hohlen NVs zu dichten Kugeln und schlief3ich zu
gerichteten Schnecken entwickeln, wobei in allen Proben eine multilamellare Packung von
PIL-Ketten auftritt. Die erhaltenen PIL-NVs mit unterschiedlicher Schalendicke wurden
durch ultrakleinen Cu-Nanopartikeln (Cu-NPs, 1-3 nm) funktionalisiert und anschlief®nd als
Elektrokatalysatoren fir CO 2ER eingesetzt. Die PILs/Cu-Komposit-Elektrokatalysatoren
zeigen eine 2,5-fache Steigerung der Selektivita gegentber C 1-Produkten im Vergleich zu
den unbehandelten Cu-NPs. Diese Verbesserung wird in erster Linie auf die starken
elektronischen Wechselwirkungen zwischen den Cu-NPs und den
Oberfl&henfunktionalitéen der PIL -NVs zurickgefihrt. Diese Studie wirft neue Aspekte
auf die Verwendung nanostrukturierter PILs als neuartige Elektrokatalysatortr&ger fir eine
effiziente CO2-Umwandlung.

Im zweiten Abschnitt wurde ein neuartiger Ansatz fUr den schnellen Abbau von 4 -NP
entwickelt, bei dem por&e MoS »/C-Partikeln als Katalysatoren verwendet werden, die die
intrinsische katalytische Eigenschaft von MoS, mit seiner photothermischen
Umwandlungsfénigkeit verbinden. Verschiedene MoS2/C-Verbundpartikeln wurden unter
Verwendung von zusammengesetzten PS-b-P2VP Blockcopolymerpartikeln als geopferte
weiche Vorlagen hergestellt. Erstaunlicherweise weisen die MoS2/C-Partikeln
maf3jeschneiderte Morphologien auf, darunter eine granatapfe lartige, hohle und offenporige
Struktur. Anschlief®nd wurde die photothermische Umwandlungsleistung dieser Partikeln

unter Bestrahlung von Nahinfrarotlicht (NIR) verglichen. Bei der
"



Verwendung der offenporigen MoS,-Teilchen als Katalysator fir die Reduktion von 4

-NP hat sich die Reaktionsgeschwindigkeitskonstante unter Lichtbeleuchtung um das 1,5-
fache erhéht. Diese katalytische Verbesserung ist haupts&hlich auf die offenporige

Architektur und die photothermische Umwandlungsleistung der MoS,-Partikeln

zurCckzufthren.  Diese vorgeschlagene Strategie bietet neue Mdylichkeiten fUr eine
effiziente photothermisch unterstiizte Katalyse.

Im dritten Abschnitt wird ein einfacher und umweltfreundlicher Ansatz fUr die Herstellung
von GP-CNTs-Metall-Verbundwerkstoffen vorgeschlagen, bei dem ein vielseitiges GP-
Biomolekd sowohl als Stabilisator fir CNTs in Wasser auch als Reduktionsmittel fir
Edelmetallionen eingesetzt wird. Die zahlreichen Wasserstoffbric kenbindungen in den GP-
MolekUe verleihen den gebildeten GP-CNTs eine ausgezeichnete Plastizitd, die es
ermcglicht, polymorphe CNT - Spezies zu erhalten, die von einer Dispersion (ber eine visko
se Paste und ein Gel bis hin zu einem Teig reichen, wenn man ihre Konzentration erhdnt.
Die GP -MolekUe kdnnen Metallvorlaufer bei Raumtemperatur ohne zus&zliche
Reduktionsmittel reduzieren und erm@&glichen so die In -situ- Immobilisierung von Metall-
NPs (z. B. Au, Ag und Pd) auf der Oberfl&he der CNTs. Die Kombination der
hervorragenden katalytischen Eigenschaften von Pd-NPs mit der photothermischen
Umwandlungsfanigkeit von CNTs macht den GP -CNTs-Pd- Verbundstoff zu einem
vielversprechenden Katalysator fUr d en effizienten Abbau von 4- NP. Das erhaltene
Komposit zeigt eine 1,6-fache Steigerung der Umwandlung unter NIR- Licht- Beleuchtung,
wenn es als Katalysator bei der Reduktion von 4-NP verwendet wird, was haupts&hlich
auf den starken Licht -Wa&me -Umwandlungseffekt der CNTs zuriCckzufthren ist. Insgesamt
erdfnet die vorgeschlagene Methode einen neuen Weg fur die Synthese von CNT-
Verbundwerkstoffen als nachhaltige und vielseitige Katalysatorplattform.

Die in dieser Arbeit vorgestellten Ergebnisse zeigen, wie wichtig die Verwendung
weicher Templates fUr die Synthese vielseitiger Verbundwerkstoffe mit maf3jeschneiderter
Nanostruktur und Funktionalit&en ist. Die Untersuchung dieser Komposit -Nanomaterialien
in katalytischen Reaktionen zeigt ihr Potenzial fUr die Entwicklung gewinschter
Katalysatoren fUr neue Kkatalytische Prozesse, z. B. fir die Elektrokatalyse und die
photothermisch unterstiizte Katalyse.

Stichworte: Nanokomposit, weiche Vorlage, Blockcopolymer, Poly(ionische FlUssigkeit),
Glykopeptid, Katalysator
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Chapter 1

1 Introduction

Templating synthesis has been demonstrated to be one of the most effective approaches towards
the fabrication of multi-functional composites with desired nanostructures.: 2 Desired active
components can grow or self-replicate in the inner space or on the surface of the template.
Templating synthesis is primarily classified into two categories: soft-template and hard-template
methods. Hard templates often involve a group of inorganic materials such as metal particles, silica
spheres, and alumna oxide, which have been widely employed to prepare functional composites
with unique nanostructures.®® Hard templates are, however, limited by the choice of obtained
morphologies (e.g. simply hollow structure) and challenges in template removal. The latter is often
implemented under extreme conditions, e.g. strong acid or base etching. On the contrary, soft
templates made up of surfactant micelles, organic molecules, and homo/co- polymer assemblies
have been demonstrated as outstanding candidates for the construction of novel composite
materials.® 7 Such soft assembles can be easily altered to form various complex ordered
nanostructures (e.g. hierarchical porous structure), thus providing large space for the control over
desired architectures as well as functionalities. Another advantage of the soft template over the
hard template is the ease of template removal via simple solvent extraction or calcination. Thus,
rational design and synthesis of composite nanomaterials with controllable architectures as well as

versatile functionalities via soft template is in great demand.

Among the considerable candidates, poly(ionic liquid) (PIL) particles have been an intriguing
alternative due to their unique nanostructures based on intra-/inter- molecular assembly.® Moieties
with different properties (e.g. polarity and solvophilicity) can be directly integrated into the same
repeating unit of PIL chains.® PILs typically carry hydrophilic cationic backbones with
hydrophobic alkyl side chains and counter anions.'% ! The amphiphilicity of PILs can be easily
modulated by tuning either the length/type of side chains or type of counter ions. Driven by micro-
phase separation, PILs are capable of forming various well-ordered nanostructures including
spheres, vesicles, and worms.*2 Their simple and controllable synthesis permits the large-scale
production of nanostructured PIL nano-/micro- objects. Taking these into consideration, PILs can

be employed as the soft template for the scalable production of advanced composite materials.

Apart from PILs, block copolymers (BCPs) composed of two or more different moieties have been
intensively applied as the soft template for the formation of both organic and inorganic functional
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nanomaterials.*®> BCPs open new opportunities in the development of novel ordered nanostructures
due to their tunable microphase-separation.'* Concerning functionalization, abundant active
binding sites in selected blocks can incorporate with other metal and organic/inorganic components,
thus creating innovative hybrid materials. Therefore, using BCP as a soft template could be a

promising alternative for the production of nanostructured composite materials.

Alternatively, the structural diversity and complexity of nature-inspired biomaterials have
presented substantial potential in self-assembly and hybridization with other components.'> 6 At a
molecular level, hydrophilic carbohydrates are often conjugated with hydrophobic peptides or
nucleobases, which could form versatile assembled nanostructures ranging from spherical micelles,
and nanofibers, to cubic structures. Besides, the electron donor groups (e.g. oxXygen or nitrogen-
rich segments) of peptides or DNA may enhance the binding capacity to a variety of metals or metal
ions. Therefore, green and controllable synthesis of metal or inorganic materials can be realized
with the assistance of these amphiphilic biomolecules.t” *® Thus, multi-functional biomaterials
could also serve as promising templates for the sustainable synthesis of functional composite

materials.

This cumulative thesis aims at exploring novel functional nanocomposites based on the above-
mentioned soft templates including BCPs, PILs, and amphiphilic biomolecules. Three systems
have been investigated including the synthesis of PILs/copper (PILs/Cu) vesicles, molybdenum
disulfide/carbon (MoS>/C) particles, and glycopeptide-carbon naontubes-metal (GP-CNTs-metal)
composites using PILs, BCPs, and amphiphilic GP biomolecules as the soft template, respectively.
Their possible applications as heterogeneous catalysts in different reactions have been studied and
will be discussed in the following chapters.

1.1 PIL particles as carriers for catalytic metal particles

Owing to the unique asymmetric ionic structure, ILs typically refer to organic salts with a low
melting point (below 100 <T). *° ILs have received extensive research interest in many fields
including catalysis, sensing, energy conversion and storage, and many more.?° Their polymerized
ILs (PILs) are composed of covalently linked IL monomers, where the charged backbones can be
integrated either in the side chains or main chains of the polymer structure. The incorporation of

charged backbones with surrounding counter ions yields a huge variety of PILs including anionic,
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cationic, or even zwitter-ionic PILs (Figure 1.1.1a). By varying the composition and structure of
the IL monomers, the resulting PILs can exhibit tunable physical or chemical properties such as
solubility and ion conductivity. 1% 2* Therefore, the rational design and synthesis of PILs determine
their fundamental properties, nanostructures, and final functionalities. So far, various
polymerization methods have been developed for the fabrication of PIL particles and PIL-based
functional composite materials, such as emulsion polymerization, suspension polymerization, and
dispersion polymerization.?? 2> Among them, one-pot dispersion polymerization has emerged as a
simple and scalable method for the synthesis of nanostructured PIL particles for decades. Notably,
both internal and surface nanostructures of PIL particles can be controllably designed through this
method due to the intrinsic electrostatic repulsion generated by charged PIL chains. Nevertheless,
current reports primarily focus on the design of their molecular architecture that significantly
affects the final morphologies of the resulting particles. The key to determine the self-assembly

behavior of PILs through dispersion polymerization remains elusive.
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Figure 1.1.1. (a) Chemical structure of several typical PILs. X: functional groups. Y: counter ions. (b) Synthetic
scheme of vesicular metal/PIL composites. (c) Cryo-TEM image and (d) bright-field TEM image of Pd clusters in the

I
1 Metal cluster (MC)
! (Single metal/bimetallic alloy)

PIL vesicle. Reproduced with permission. Copyright 2017, American Chemical Society.?

Metal nanoparticles have gained significant attention owing to their potential applications in
diverse fields such as catalysis, photonics, and magnetic devices.?*> 26 No doubt that the small size
of metal particles could significantly enhance the reaction efficiency due to the abundant specific

surface area. However, when the size of metal particles goes down to several nanometers, e.g. 2
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nm, direct synthesis and application of metal nanoparticles (NPs) is rather challenging as metal
NPs with the ultra-small size is prone to irreversibly aggregate, driven by high surface energy.?’
The most frequently reported strategy is to use amphiphilic molecules or surfactants as a capping
agent to stabilize the metal particles as well as a mediator to tune the catalytic activity. Amphiphilic
PILs have been demonstrated to attach to the surface of various materials such as carbon, inorganic
materials, and metal NPs. For instance, copper NPs (Cu NPs) coated with a thin layer of PILs have
been recently reported to adjust the reaction selectivity towards hydrocarbons in the conversion of
CO02.22 However, the surface modification by capping agents may lead to the partial loss of
accessible active sites, which are paramount for the possible catalytic reactions.

By contrast, loading metal particles on polymer templates is another promising approach to
simultaneously dispersing and stabilizing the catalytically active centers. Increasing the number
and/or decreasing the size of metal NPs on desired polymer templates is capable of enriching the
total surface-active sites involved in the catalytic reactions. In principle, a high specific surface
area of the polymer templates could enable high loading amount of metal particles. From the
structural perspective, a hollow or porous interior possesses a relatively higher specific surface
area than that of a solid counterpart of the same size. PIL particles have been reported to work both
as carriers and stabilizers to support metal particles on their surface, thus ensuring sufficient
amounts of surface-active sites of metal NPs. For instance, Sun et al. developed triazolium-based
PIL vesicles in mixed solvents (dichloromethane and methanol) for the support of ultra-small size
of palladium (Pd) clusters (below 1 nm) with a high loading amount of 14.5 wt.% (Figure 1.1.1b-
d).?* However, the formation of such PIL hollow particles is driven by sequential three-step
methods, namely, polymerization from IL monomers, self-assembly of obtained PILs, and final
functionalization with metal NPs. In addition, the sophisticated synthesis and inevitable
involvement with organic solvents could impede the sustainable fabrication of PIL composite
particles. Therefore, it is essential to develop a novel strategy that could efficiently functionalize
metal NPs with PIL assembles for the fabrication of versatile PIL-based nanocomposites via a

scalable and green approach.

10
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1.2 BCP-templated synthesis of functional metal sulfides
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Figure 1.2.1. (a) Synthetic scheme of the mesoporous PANi/MoS; composites. SEM images of the PANi/MoS;
composites with (b) spherical and (c) cylindrical pore structure. Reproduced with permission. Copyright 2017,

American Chemical Society.?®

Assembled BCPs in bulk or other medium has been attractive owing to their astonishing diversity
in morphological control and capability in creating hybrid materials with tailored functionalities.
Using nanostructured BCPs assemblies as a sacrificed soft template makes it possible for the
controllable fabrication of multi-functional composite materials. Typically, BCPs can co-assemble
with inorganic salts or direct self-assemble into featured nanomaterials. The co-assembly process
strongly relies on the weak non-covalent interactions (e.g. hydrogen bonding, electrostatic
interactions, or coordination interactions) between BCPs with the inorganic materials or ion
precursors (e.g. metal alkoxides or nitrates). For instance, Mai et al. reported a co-assembly
approach for the synthesis of polyaniline/molybdenum disulfide (PANi/Mo0S2) composites with
tunable pore structures and sizes using polystyrene-block-poly(ethylene oxide) (PS-b-PEQO) and
commercial triblock copolymer poly(ethylene oxide)-block-poly(propylene glycol)-block-
poly(ethylene oxide) (PEO-b-PPO-b-PEO, P123) as the structure-directing agents (Figure 1.2.1).2°
However, such strategy requires a highly precise control over synthetic conditions, including ionic
strength and solvent quality for the assembly process, as well as annealing or aging treatment for
the formation of targeted inorganic components. By contrast, the direct assembly

11
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method appears to be relatively easier to manipulate the resulting structure of the targeted
composites due to its sequential synthesis. Driven by the minimization of free energy, the
micro/nanoscopic morphologies of given BCP particles can be simply tuned by varying synthetic
conditions such as solvent composition, temperature, or additives. Even subtle changes in
temperature or solvent of the dispersion could trigger the partial movement of selective blocks of
the primary BCP chains. This could lead to the formation of novel hierarchical architecture or
morphologic transformation. Subsequently, the featured BCP particles can be employed as a robust
scaffold for the deposition of active inorganic components. The targeted functional composites can
be thereby achieved after removing the organic polymer framework through subsequent
calcination or solvent dissolution, leaving a highly ordered and porous structure. Therefore, BCP
particles fabricated through direct self-assembly could be a promising soft template for the

controllable synthesis of multi-functional composite particles.

In recent years, metal sulfides such as MoS, and tungsten disulfide (WS.) have emerged as a
prominent field of research due to their widespread application in energy conversion and storage,
catalysis, and photothermal conversion.®°-3? Of particular interest is the enormous availability of
metal sulfides in various geometries, crystal sizes, crystalline phases, and chemical compositions.
The edge sites of their crystal sheets are inherently active centers for the catalytic reaction. Metal
sulfides also exhibit good stability under various reaction conditions, which is vital for maintaining
their catalytic activity over time. In addition, metal sulfides are a class of semiconductor materials
with distinctive electronic band gaps and band positions as well as remarkable light response,
rendering them capable of harnessing the most/entire spectrum of solar light and converting the
solar energy to thermal energy through photothermal conversion.® Upon light irradiation, excited
electrons and holes are generated with exceptional mobilities. Their recombination will lead to the
generation of additional heat, which transports from the bulk surface of metal sulfides to the
surrounding regions. The resulting light-induced heat can facilitate the chemical reaction rates in
return. However, the lack of active catalytic sites and low efficiency of light capture/conversion

remain significant challenges for pristine metal sulfides.

Several protocols have been developed to improve the photothermal conversion efficiency
including band gap engineering, defects design, and structural heterojunction via hybridization

with other active chemical components such as titanium oxide (TiOx), nickel oxide (NiOy), or
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tungsten oxide (WOx). However, these modification approaches often involve complex fabricating
techniques including hydrothermal or acid etching treatments, which are either energy-demanding,
time-consuming, or unsustainable. Alternatively, structural engineering is another promising
method for simultaneously boosting their light-to-heat conversion and catalytic performance.
Specifically, the fabrication of hollow or porous nanostructures has been reported to increase the
interaction between incident light and the metal sulfide framework. The resulting hollow
architecture enables multiple light reflections and extended residence time within the metal sulfide
channels, thus promoting the efficient utilization of light. In addition to the advantages in light
harvest, nanoporous engineering approaches also maximize the curvature of particle templates,
providing abundant exposed active sites of metal sulfide nanosheets for possible catalytic
reactions.3*3® Therefore, there is a great demand for the development of nanostructured metal

sulfide materials for light harvest/conversion as well as efficient catalysis.

1.3 Carbohydrate as stabilizer and reducer for the synthesis of metal nanoparticles

Carbohydrate-containing biomolecules such as glycoproteins, proteoglycans, and glycolipids are
extremely diverse due to a large family of natural building blocks in biological systems.3" 3
Functionalization with synthetic polymers, metal, or inorganic materials greatly broadens their
application fields such as in catalysis, sensing, and energy conversion and storage.3*** The driving
force for the formation of those specific nanostructures at the molecular level involves hydrogen
bonding interactions, hydrophobic interactions, electrostatic interactions, or coordination
interactions with metal ions. The interplay of those multiple interactions in biomolecules
collectively determines their assembled morphologies, binding affinity, and final multi-
functionalization. Naturally, carbohydrates are highly hydrophilic, which are often conjugated to
hydrophobic lipids, aromatic nitrogenous bases, or peptides to form glycolipids, nucleosides
(nucleotides), and glycopeptides (GP), respectively (Figure 1.3.1a). Such combination confers the
carbohydrates with amphiphilic properties and thus provides their diversity in both self-assembly

and functionalization.

Specifically, glycolipids comprise a hydrophilic carbohydrate head with fatty chains (long
hydrophobic alkyl tail). The hydrophobic interactions of the alkyl chains in glycolipids result in

the formation of microphase separation, which in turn gives rise to the creation of various
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morphologies, including micelles, vesicles, and nanotubes. Tailoring the chain length of the alkyl
tail, the corresponding packing parameter would be changed thus affecting the final morphology
of glycolipid assemblies.*? For glycolipids tethered with given carbohydrate units, however, the
nonpolar nature of alkyl tails provides them weak interactions with other polar active components

(e.g. organic molecules or metal ions), thus restricting their widespread functionalization.

By contrast, nucleosides and nucleotides typically possess a monosaccharide covalently linked
with a highly polar nucleobase (i.e. aromatic nitrogenous base), thus enabling the incorporation
with other inorganic materials.*® From the perspective of self-assembly, aside from hydrogen
bonding interaction and n-x stacking, electrostatic interactions resulting from the phosphate groups
make it possible for nucleotides to complex with various metal or metal ions.** Nevertheless, the
limited type of nucleobases (only five) in nature leads to the lack of molecular structural diversity.
This limitation could hinder the capability to meet the increasing demand for self-assembly and

functionalization of nucleobases.

Therefore, intensive attention has focused on synthetic GP molecules due to their massive
availability in structural composition and potential for multi-functionalization. In terms of
chemical components, mono- or di- saccharide (e.g. mannose and glucosamine) is often conjugated
with several amino acid parts with known physiochemical properties.*® One of the most popular
strategies is to insert additional aromatic segments either as a part of the linker or at the peptide
end of the amphiphiles. Thus, additional n-n stacking interactions could further enhance the self-
assembly of these obtained amphiphiles (Figure 1.3.1b-c). The complex multiple interactions
normally result in the formation of core-shell nanofibers with peptides in the core and
carbohydrates on the shell.*

In addition to the possibilities in self-assembly, functional carbohydrate amphiphiles have been
also utilized for the stabilization of metal or metal-based nanoparticles.*” ¢ Chemical modification
or co-assembly with metal particles is an effective approach towards the fabrication of ordered
functional metal/carbohydrate composites.'® 4% 0 In most of the current studies, however, the
synthesis of metal nanoparticles has been conducted in the presence of strong toxic reducing agents,
such as sodium borohydride, hydrogen, or hydrazine, which are undesirable for scalable production
and unsustainable. Considering the presence of reducing hydroxyl groups in common carbohydrate

units, metal ions could be directly reduced and stabilized by carbohydrate-based
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molecules under mild conditions, which is yet rarely reported for GP-based assembly.>! Thus, it is
worth attempting to develop a novel hybrid material using reducible GP without the use of
additional reducing agents for the synthesis of hybrid functional metal/carbohydrate composites
and facilitate their catalytic applications.
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Figure 1.3.1. (a) Chemical structure of three typical carbohydrate amphiphiles. Copyright 2021, Elsevier.¥” (b)
Chemical structure of sialyllactose-triphenylalanine and (c) AFM images of the corresponding nanofibers assembled

in water. Reproduced with permission. Copyright 2021, American Chemical Society.*

1.4 Application of nanostructured functional composites

Environment pollution and energy crisis are long-standing issues that threaten human’s health and
future civilization development.® Catalytic chemical reactions (e.g. reduction, oxidation, or
coupling reaction) using suitable catalysts are effective means to thoroughly degrade/harvest the
dissolved gases or organic compounds, and subsequently, convert them into other valuable
chemical products. Indeed, catalytic reactions often demand catalysts with specific properties for
the desired reaction. Efficient catalyst systems can be constructed through the optimization of their
nanostructures and chemical components. For instance, tuning the size and morphology of the
catalyst particle can endow the desired catalysts with abundant accessible active sites. In addition,

the incorporation of photo-responsive materials such as plasmonic metal NP, metal sulfides, or
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carbon materials (e.g. CNTs) could lead to a substantial temperature increase in the reaction
interface when illuminated with appropriate wavelengths. This localized heat at the nanoscale in
return accelerates the catalytic reaction progress. However, from the perspective of material
synthesis, these strategies are commonly realized based on different templates. Hence, the
screening and design of suitable templates is essential for the synthesis of catalysts with desired

properties, thus optimizing the corresponding catalytic performance.

1.4.1 COz electroreduction

Another attractive catalytic reaction is CO2 conversion. Considering the surging CO> emissions
and energy shortage, attention has been attracted to the strategies for capturing and converting CO-
into more valuable products. No doubt that plants or other phototrophs are consuming and utilizing
a large amount of CO, every moment via natural photosynthesis. The converted biomass as a
carbon source could be a promising alternative for carbon recycling. However, this method is often
limited by the huge land requirement for the planting and transporting of biomass-based products.
The traditional chemical industry provides several significant solutions for CO fixation and
transformation, which includes methanation, Fischer-Tropsch transformation, and methanol
synthesis. However, extreme working conditions such as at high pressures and temperatures are

usually involved, thus hampering the efficient conversion of CO,.53

The CO:> electrochemical reduction (CO2ER), typically under mild liquid/gas-phase conditions,
enables the efficient production of various valuable adducts 546, A primary technological
challenge is the design of selective catalysts that are capable of reducing CO2 electrochemically at
low overpotentials with high selectivity and current densities. Unsurprisingly, the parasitic,
thermodynamically favorable hydrogen evolution reaction (HER) is another crucial issue that
needs to be tackled > %8, Metal-based catalysts have been intensively reported for decades in
reducing CO: to various products via different electron routes, ranging from 2e~ process for the
formation of CO and formic acid to 18e~ process for propanol. 53 5% 80 The final products are often
determined by the binding energy of specific intermediates on the catalyst surface. Generally, most
metal catalysts only produce limited kinds of products such as CO and formic acid, and lack
availability in the production of high calorific valued hydrocarbons (e.g. CHs and C2Ha). Cu is the

only reported metal catalyst that can convert CO- to various adducts via CO2ER, particularly multi-
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carbon products, with considerable production rates i.e. current density. Another distinct advantage
of Cu metal is its low price and massive availability in nature compared to other metal catalysts
such as Ag and Au. However, its poor selectivity towards specific products is an apparent
bottleneck for practical applications.®*® To circumvent such issue, many efforts have been devoted
to tailoring the crystal structure, particle size and shape, and even surface oxidation state.>* % Among
them, size manipulation has been frequently reported to effectively alter the catalytic activity of
CO:2ER. A decrease in the size of Cu particles, particularly below 5 nm, has been reported to result
in an appreciable increase in the catalytic activity and selectivity for H, and CO.% Therefore, the
synthetic advance in the Cu-based catalyst with small particle size for the modulation of the CO2ER

activity is in great demand.

1.4.2 Catalytic reduction of 4-nitrophenol

4-Nitropheol (4-NP) is a typical organic pollutant in water, while its reduced product 4-
aminophenol (4-AMP) is an important intermediate for the production of other valuable chemicals
including paracetamol, antipyretic, and phenacetin. Its reduction reaction has been intensively
studied by researchers predominantly due to distinctive merits such as reduction under mild
conditions and few side reactions or byproduct generation. A large number of materials have been
reported to catalyze the reduction reaction of 4-NP. These materials generally include metallic NPs
such as silver (Ag) and gold (Au), and metal-based compounds (metal sulfides or oxides). Among
them, metal particles are the most frequently reported catalysts owing to their highly catalytic
reactivity.?® However, metal NPs face challenges in limited availability in nature, production cost,
as well as catalytic and structural instability during reaction recycling as mentioned above.

As a typical heterogeneous catalytic reaction, the reduction of 4-NP is a surface reaction as well
as a temperature-dependent reaction. Enriching the accessible surface area by creating hierarchical
hollow or porous architectures is the most common approach to increasing the catalytically active
sites. Moreover, increasing the operating reaction temperature, particularly the surface temperature
of the catalysts, is also of great significance in accelerating the conversion reaction rate.®® Although
conventional heating methods through water or oil bath are commonly used to elevate the operating
temperature of catalytic reactions, novel approaches such as photothermal heating under light

irradiation have been explored to increase the temperature more efficiently. However, it is
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important to note that the heat induced by light irradiation can transport from the surface of
photothermal absorbers to the surrounding environment. In this regard, the surface temperature of
the absorbers, particularly those that act as thermo-insulators (e.g. metal sulfides), might be
considerably higher than that of the reaction solution, which could remarkably accelerate the

reduction rate of 4-NP on the catalyst surface.

Therefore, two possible strategies can be applied to address the abovementioned issues. One is to
downsize the catalytic metal NPs, thus reducing the catalyst amount and maximizing the active
centers for the reaction. Meanwhile, the reaction rate can be further accelerated by combining with
other photothermal converting materials such as conjugating polymers and carbon materials. To
address the high production cost of metal catalysts, an alternative strategy is to explore low-cost
multi-functional metal sulfides. These materials display excellent catalytic performance and
stability in reactions, as well as exceptional photothermal conversion performance when exposed
to light irradiation. These characteristics have led to great interest in the design of multi-functional
metal sulfides that can integrate with superior catalytic properties and photothermal conversion

capabilities for the fast degradation of 4-NP.

Overall, this thesis focuses on these two catalytic reactions using well-designed composite
nanomaterials. Briefly, porous MoS2/C composite particles derived from BCP templates and GP-
CNTs-metal composites have been used for the reduction of 4-NP with the assistance of light
irradiation. In addition, PILs/Cu composite particles based on PIL assembles have been employed

as the electrocatalyst for CO2ER.

1.5 Objectives

The main objective of this cumulative thesis is to synthesize novel functional composite materials
with desired complex structures and functionalities using three kinds of organic molecules, i. e.
PILs, polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP) block copolymers, and versatile
glycopeptide (GP) biomolecules as soft templates. Their possible applications as efficient catalysts
in two representative reactions, i.e. reduction of 4-NP and CO2ER, will be investigated respectively.
Concretely, the investigation of these novel functional composite materials has been carried out as

follows:
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Article I: The design of polymer nanovesicles (NVs) with controllable shell thickness and overall
size remains challenging. Herein, a straightforward, scalable synthetic route towards PIL
homopolymer NVs have been proposed. Taking advantage of their hollow architectures as well as
functional backbones, desired metal Cu NPs have been functionalized as the electrocatalysts for
the COzER.

1) To tune their particle size and shell thickness, PIL NVs have been synthesized at various
monomer concentrations via one-step free radical polymerization induced self-assembly.

The morphologic transformation has been discussed in detailed

2) To explore their potential applications, PIL NVs with varied shell thickness have been in
situ functionalized with ultra-small Cu NPs. The obtained PIL/Cu composite particles have

been subsequently employed as the electrocatalysts for CO2ER.

Article II: Porous MoSz/carbon particles can be employed as catalysts as well as photothermal

conversion agents. The main interest of this section is to realize the integration of their catalytic

properties and photothermal heating capability for the efficient reduction of 4-NP.

1) To synthesize nanostructured MoSz/carbon particles, assembled PS-b-P2VP particles have
been applied as sacrificed soft templates. VVarious MoSz/carbon particles have been thus
prepared, exhibiting a variety of tailored morphologies.

2) To evaluate their catalytic reduction activity with the assistance of near infrared (NIR) light
irradiation, their photothermal conversion performance has been first compared under the
light irradiation. The dispersion temperature variation has been tracked by a digital
thermometer as well as an IR camera. Finally, their catalytic reduction in the

absence/presence of NIR light irradiation have been conducted.

Article I1I: A straightforward strategy for the synthesis of GP-CNTs-metal composites have been
presented. A versatile GP biomolecule has been used not only as a reducing agent for the in situ
generation of metal NPs but also as a stabilizer for both CNTs and metal NPs in aqueous solution.

The GP-CNTs-metal composites have been ultimately utilized for the degradation of 4-NP.

1) To prepare a homogenous dispersion of CNTs in water, GP has been used as a green

amphiphilic dispersant. In addition to the diluted dispersion, GP-CNTSs in various states
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2)

can be consecutively achieved by simply increasing their concentrations in water. In the
absence of any additional reducing agents, a variety of noble metal ions could be directly
reduced to metallic NPs (e.g. Au, Ag, Pt, and Pd) by GP molecules at room temperature,

and subsequently in situ immobilized on the surface of CNTSs.

To study their catalytic performance, the GP-CNTs loaded with metal NPs have been
subsequently used as catalysts for the fast catalytic degradation of 4-NP with the help of
NIR light irradiation.
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2 Theory
2.1 Self-assembly of PIL particles

2.1.1 Synthetic strategy of PILs
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Figure 2.1.1. Typical synthetic routes for imidazolium-based PILs: (a) polymerization of non-ionic monomers
followed by quaternization and (b) direct polymerization of IL monomers with subsequent anion exchange to obtain
the desired PILs.

The synthetic strategy towards PILs from their IL monomers can be classified into two approaches
(Figure 2.1.1): polymerization of existing non-ionic monomers followed by post-modification of
the obtained polymers (Route a) and direct polymerization of IL monomers (Route b). Route a
allows a huge diversity in the molecular design of PILs through various polymerization techniques.
The ionization of neutral polymers is further realized by quaternization reaction. Taking imidazole-
based PILs as an example, the neutral poly(1-vinylimidazole) is first polymerized from its 1-
vinylimidazole monomer or even received as purchased. Afterwards, alkyl substitution reactants
attack the N3-site in the imidazole rings, thus forming the charged PIL products. However, the
quaternization yield is hard to reach 100 %, thus leading to the original uncharged block remaining
in the ultimate polymer chains.

Alternatively, direct polymerization of IL monomers shows much higher purity of targeted PILs
(Route b). The vinylimidazolium specie is first converted to the IL monomers, followed by
polymerization under appropriate conditions. The counter ions in PILs can be replaced via anion

exchange. Similar to the post-modification method, the impurity issue still exists if a different
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counter ion is required. Therefore, it is significant to design the targeted counter ion in the initial
step of monomer synthesis. In terms of polymerization technique, direct polymerization of IL
monomers can be conducted via radical polymerization. This involves conventional free radical
polymerization and controlled radial polymerizations including reversible addition-fragmentation
chain transfer polymerization (RAFT) and atom transfer radical polymerization (ATRP).5" 8
Despite the latter two methods having been demonstrated effective to control the molecular weight
distribution of the obtained polymers, their relatively tedious synthesis could impede the scalable
production of PILs. Alternatively, free radical polymerization has been demonstrated to be a

straightforward and robust method for the synthesis of various PILs.

2.1.2 Self-assembly of PILs via dispersion polymerization

To construct a stable colloidal system, additional repulsive interaction such as steric or electrostatic
interaction among colloidal particles is needed to compromise Van der Waals attraction.®® The
Derjaguin-Landau-Verway-Overbeck (DLVO) theory is commonly used to quantitatively analyze
the aggregation behavior of colloidal particles. The DLVO theory describes the sum of Van der
Waals attraction (Ga) and electrostatic repulsion (Gr) as a function of the distance (h) between two
particles.’® ™* For two ideal spherical particles with an identical diameter (R) at a certain h, the Ga

and Gr can be described as below:

AygR
Gy = —é’—h (2.1.1)
Gp = — 2K g—xch 2.1.2)

12

where An, Kk, T, and « are the Hamaker constant, Boltzmann constant, system temperature, and

Debye-Hickel parameter, respectively. Therefore, the total potential energy (G) can be given by:

AyRx ,bkT _ 1
G=Gy+Gp="7 e ) (2.1.3)
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3

where y and n are reduced surface potential and the total number of charge density, respectively.

The plot of G as a function of h is depicted in Figure 2.1.2. When two particles initially approach
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each other from an infinite distance, the attraction interaction dominates during this period until
reaching a reverse aggregation point (second minimum well). At distances closer than this reverse
point, the Van der Waal attraction force becomes more intense than the repulsion force. Once the
energy barrier is overcome, typically through thermal energy or external forces, the particles come
into close contact and irreversibly aggregate, leading to particle growth and potentially even
macroscopic sedimentation. Therefore, the colloidal stability of dispersed polymer particles mainly
depends on the concentration of the particle dispersion, nature of dispersed particles (size, shape,
and charge amount), solvent quality (ionic strength and polarity), and so on. These factors can
collectively affect the balance between attractive and repulsive forces, ultimately determining the
kinetics of particle aggregation.
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Figure 2.1.2. DLVO theory described by a sum of the attractive and repulsive forces as a function of the distance.
Reproduced with permission. Copyright 2022, Elsevier.”

To prevent the particle aggregation, additional amphiphilic molecules have been introduced as the
stabilizer in the dispersion to provide essential repulsive forces for the formation of stable colloids.
The physical adsorption or chemical grafting of amphiphilic molecules onto the particle surface
leads to the formation of a protective layer, known as a steric or electrostatic barrier. In case of PIL
dispersions, charged PILs usually exhibit inherently electrostatic repulsion and thus require no
external stabilizer for the preparation of colloidal particles. From the perspective of the driving

force for the self-assembly, the electrostatic interaction from their charged backbone also endows
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them with richness and distinction in the self-organization activity. Crucial factors include the
chemical nature of PILs, polymerization conditions, and external additives, e.g. crosslinking or

salting-in effects.

2.1.2.1 Charged backbones

Charged backbone, as the most fundamental component of PILs, highly influence the solubility of
PILs in water or organic medium. A subtle difference in hydrophilicity of charged backbones could
alter the surface preference or energy of the entire PIL particles, thus determining the surface as
well as internal structure. For example, replacing the imidazolium with the more hydrophilic
triazolium backbone in PILs could give rise to the formation of “wasp-like” PIL particles (Figure
2.1.3a-b). Compared with imidazolium cations, the triazolium counterparts are demonstrated to
show higher affinity with water medium via proton exchange. More exposure of the internal

hydrophobic part thus enables the elongation of PIL particles.’

2.1.2.2 Side chain

Considering the highly hydrophilic feature of centered backbones, a hydrophobic side chain is thus
needed for driving the self-aggregation process of polymeric IL chains. A practical approach
towards the formation of PIL assembles is to modulate the type or length of their side chains, as
shown in Figure 2.1.3a and c. When it comes to the vinylimidazolium-type PILs with hydrophobic
side chains, PIL chains can segregate into assembly nanoparticles via simple free-radical
polymerization in water. When the side chain length increases above a critical value, the side chain
could also undergo crystallization during the assembly process, which further induces the
formation of an anisotropic PIL particle instead of a standard spherical geometry. Although a long
alkyl or aromatic tail is beneficial for the microphase separation, excessively long hydrophobic
side chain could also lead to the low solubility of IL monomers in water, thus preventing the
subsequent polymerization process. In addition, high hydrophobicity of the propagating PIL chains

could result in a fast particle nucleation and thus a relatively small size of final PIL particles.” 7
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Figure 2.1.3. Featured PIL particles prepared under various conditions: (a) Imidazolium-based and (b) triazolium-
based PILs with a n-dodecyl side chain (C12). Reproduced with permission. Copyright 2011 and 2016, American
Chemical Society.'? 7 (c) Imidazolium-based PILs with a n-hexydecyl chain (C16).*? (d) Imidazolium-based PILs
were prepared at an extremely high monomer concentration of 50 mg/mL. 2 (e) Scheme of the possible packing
mechanism of the PIL molecular bilayer. (f) The particle size of PILs as a function of the concentration of additional
KBr salts. The inset is a scheme of the compressed electric double layer. (g) Particle size as a function of the cross-
linker concentration. The inset is a scheme of the cross-linked molecular bilayer.”* Reproduced with permission.

Copyright 2012, WILEY-VCH.

2.1.2.3 Polymerization conditions
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Polymer assembly is usually sensitive to the polymerization kinetics that can be correlated by the
type and amount of used initiator, polymerization temperature, and initial monomer concentration.
Nevertheless, the former two have been reported to exert little influence on the assembly behavior
of PILs. On the contrary, monomer concentration has been reported to strongly impart the assembly
behavior of PIL particles. The transformation from a zero-dimensional sphere to a one-
dimensional rod of PILs has been realized by polymerizing IL monomers at a high concentration.
When polymerizing at extremely high monomer concentrations, both the size and number of PIL
particles drastically increase. When the charged particles come closer and the distance between
each other becomes narrow until a critical value, the strong VVan der Waal force induced by charge
polarization would facilitate the alignment organization of the neighboring PIL particles owing to
the liquid feature of their internal space (Figure 2.1.3d).” For these PILs with hydrophobic side
chains (e.g. long alkyl chains), a typical bilayer packing model often occurs as a general molecular
organization of the polymer chains (Figure 2.1.3e). This ordered lamellar architecture can be
identified by small-angle X-ray scattering (SAXS) or cryogenic transmission electron microscopy
(cryo-TEM). In the cryo-TEM images, the lighter lamellae domain comes from the hydrophobic
alkyl substituent, while the darker rings result from the polymer backbones that commonly exhibit

higher electron density of ion pairs.

2.1.2.4 Additives

Adding external salt and cross-linker has been proven to impact the assembly of PIL particles.
Different from the conventional neutral polymer candidates, additional electrostatic interaction
with other metal or inorganic ions enriches the self-assembly behavior of PILs (or polyelectrolytes)
owing to their highly charged backbones and surrounding counter ions. Upon introducing a slight
amount of external electrolyte during PIL polymerization, the PIL particles could drastically expand
in size due to the weakened electrostatic double layers (decreasing the amount of surface charge),
as shown in Figure 2.1.3f. Another approach toward tuning the particle size of PILs is to add a
cross-linker in the polymerization. Chemical cross-linking is often adopted in the assembly of PIL
particles using dual-functional vinyl-based monomers for copolymerization (Figure 2.1.3g).
Limited chain mobility gives rise to the fast self-organization process as well as an obvious increase

in final particle size.”
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Hence, the use of PILs in one-pot polymerization processes offers a wide range of possibilities for
the customization of assembled polymer particles. Desired structures and properties can be realized
by tuning the molecular structure of IL monomers or polymerization conditions. This allows for
precise control over the size, shape, and composition of the resulting particles, making PILs a
promising candidate as the soft template for various applications.

2.2 Self-assembly of BCPs

BCPs stand out as a prominent example of self-assembly due to their adjustable phase behavior,
especially when incorporating different moieties with distinctive interactions with other medium.”:
6 The methodology for building up a unique molecular architecture of BCP for hierarchical
interaction has become another emerging topic and raised widespread interest in polymer assembly.
The phase behavior of a given BCP molecule strongly relies on the thermodynamic of the entire
system. Herein, we take diblock copolymer (A-b-B) as an example and assume A is the selective
minority block (e.g. solvophobic). The relative mass/volume fraction (f), the polymerization degree
(N), and the Flory-Huggins interaction parameter (yag) are the key parameters that direct their self-

assembly process. Among them, yag can be given by the following equation:
1
XaB = ,;7 [eaB — 5 (aa + €pp)] (2.2.1)

where T, z, and kg are the system temperature, Boltzman constant, and coordination number,
respectively. eas, eaa, egp are the interaction energies of each block, respectively. The value of yaeN
describes the incompatibility degree of the block A and B, thus determining the microphase
separation behavior.}* Based on self-consistent field theory (SCFT), its phase diagram (yasN as a
function of fa) can be depicted, as shown in Figure 2.2.1a.”” As fa increases, the morphology of
BCP correspondingly evolves from spheres (SPH), to cylinders (CYL), gyroids (GYR), and finally
to lamellae (LAM). Specifically, when the BCP molecules are exposed to a selected solvent at a
low fa, the solvopholic block A are confined within the center of segregated domains. While, the
solvophilic block B (higher fraction in the entire BCP chain) tends to actively interact with the
surrounding medium, leading to the formation of SPH. Increasing fa of BCP results in a closely
packing of solvophobic block A, inducing the formation of CYL. When fa further rises up to ~ 0.5,
a highly ordered lamellar organization forms. The block A presents in most aggregated state in
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this stage. On the contrary, the solvophilic block B interacts least with solvent and transfers into a
least energetically favorable state. In addition to the segregated structure, the size of the segregated

domains (a) can be expressed by:

a =~ xS N2/3 (2.22)

where | is the statistical segment length.”® Therefore, the formation of segregated domains with a
relatively small size is favored when using a BCP with a high y value but low N. By carefully
selecting the appropriate BCP composition and controlling the synthetic conditions, a desired

nanostructure with suitable segregated size could be achieved in the BCP self-assembly system.

120 — .
.'_"'“ -*-"‘ b Solvent exchange induced nanoprecipitation
spn 100 1 spH
a ) o
% 60 i ] b N
N Addition of o . |
' poor solvent \ .

In good solvent

Solvent swelling

U -.l 1 1 1
0 02 04 0.6 0.8 1 Swellmg Drylng
I L’-\‘J}P
C  Emulsion-solvent Evaporation ' ’3

Pore formation

$s¢ |
. . ‘ Iivapora:l?n . . E
® T e

Water/drganic solvent

Figure 2.2.1. (a) Phase diagram of the self-assembly morphology of BCP. Reproduced with permission. Copyright
2022, Frontiers Media S.A.”” Scheme of the solvent variation methods: (b) solvent exchange induced nanoprecipitation,
(c) emulsion-solvent evaporation, and (d) solvent swelling. Porous PS-b-P2VP films prepared by selective swelling in

ethanol: (e) bicontinuous pores, (f) standing pores, and (g) gyroidal pores. The inset are corresponding models before

swelling. P2VP and PS block are highlighted in red and blue, respectively. Reproduced with permission. Copyright

2019, American Chemical Society.

From the perspective of experimental conditions, featured BCP assemblies are directly related to
synthetic methods, which are generally determined by factors including their component, surface

chemistry, space size, and geometric conformation.” These factors have been intensively
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investigated by studying the dispersions of polymer colloids. To date, several significant synthetic
strategies of nanostructured BCP particles have been proposed, which can be mainly divided into
the following strategies: solvent variation, template-assisted method, and polymerization-induced

assembly.

2.2.1 Solvent variation

As discussed above, solvent quality plays a pivotal role in the morphology formation or
transformation of BCPs. The corresponding phase behavior of BCPs relies on the interaction
between polymer and polymer chains or polymer and solvent, which can be altered through
removing the original solvent or tuning the solvent component by introducing additional solvents.
The Hansen solubility parameter (i) of a selected block can be calculated from the sum of

dispersion force (dq), dipolar force (Jp), and hydrogen bonding (on) as below:

8i = (8a + &p + 6n)1/2 (2.2.3)
Next, the total solubility parameter () of BCPs can be estimated by:

8¢t = x464 + xB0B (2.2.4)

where xaand xg are the corresponding molar ratio of block A and B, respectively.®® 8 To maximize
the dissolution of a given BCP in a selected solvent, their solubility values needs to be well-
matched. Also, the deviation between a specific block of BCPs and solvent could trigger the
reorganization of BCP chains. In terms of experimental synthesis, several significant strategies
have been developed typically including emulsion-solvent evaporation, solvent exchange induced

nanoprecipitation, and solvent swelling method.

In solvent-exchange induced nanoprecipitation method, the selected BCP has to be first dissolved
in a good solvent to form a homogenous polymer solution (Figure 2.1.1b). Afterwards, a relatively
poor solvent is introduced, thus leading to a rapid solution exchange. This solvent variation could
trigger the phase separation and the polymer chains gradually precipitate out as dispersed particles
in the mixture solvent. During the solvent exchange from a good to poor solvent, the interaction
between polymer chains and solvent medium becomes slightly weakened and enhances the

incompatibility between polymer chains and surrounding medium®. Especially, different blocks of
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BCPs show different affinity to the good or poor solvent. Therefore, the final morphology of

polymer particles relies on the nature of the used polymers, ratio of poor/good solvent, and so on.®?

Emulsion-solvent evaporation is another widely used strategy for the preparation of nanostructured
BCP assemblies (Figure 2.2.1¢).83% Desired components such as polymer blends or BCPs are first
dissolved in a suitable (organic) solvent that is usually immiscible with water. Afterwards, the
mixture solution is emulsified into colloidal particle or droplets (with primary nanostructures) with
the assistant of additional surfactants. Then, nanostructured polymer particles can be obtained after
removing the organic solvent at specific temperature. During vaporing process, the diffusion rate
of the organic solvent in each domain of BCPs directly determines the chain movement of selective
blocks including stretching, mobility, or orientation.®® & Therefore, the formation or
transformation of (secondary) nanostructure of BCPs collectively depends on solvent composition

and evaporation rate.

Similar to emulsion-solvent evaporation method, solvent swelling requires BCP to be in the form
of thin film or colloidal particles in a medium (Figure 2.2.1d). Afterwards, the solvent composition
is changed by adding or replacing to a good solvent, thus inducing the morphology change. Taking
polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP) as example, good solvents such as ethanol or
chloroform are often used to swell PVP block. Cylindrical PVVP blocks are randomly distributed in
PS matrix before swelling. Slight swelling in ethanol results in the formation of bicontinuous
nanopores after evaporating ethanol (Figure 2.2.1e). While, replacing ethanol with 1, 1, 2-
trichloroethane could induce the perpendicular orientation of PVP block along the film plane,
finally leading to the formation of well-ordered cylindrical hollow channels (Figure 2.2.1f).
Moreover, a unique gyroid phase of PS-b-P2VP was first obtained owing to the intense hydrogen
interactions between the solvent and PVP block. Thus, an ordered gyroidal pore was preserved
after swelling (Figure 2.2.1g). Considering that the Flory-Huggins interaction parameter is also
strongly affected by the environment temperature according to the equation (2.2.1), further
elevating the environment temperature could promote the uptake of good solvent molecules into
selected PVP blocks. In addition, the chain movement of the selected blocks leads to a partial
plastic deformation of BCP, driven by the local osmotic pressure. Compared with the

abovementioned two means, selective swelling method is relatively easier to control without
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precise control over solvent kinetics. Particularly, porous or hollow nanostructures can be obtained

using this swelling strategy after finally removing the solvent.

2.2.2 Template-assisted engineering

An interesting strategy towards nanostructured BCP particles is to induce microphase separation
of a multicomponent system within a confined space.® Template synthesis is especially promising
because various unique structures can be directly synthesized by simple processes of materials
growth and replication in the inner space or surface of the template. Moreover, the surface/internal
structure of BCPs can be further tuned by solvent composition, addictive, and the chemical nature

of polymers.

Anodic aluminum oxide (AAO) membrane owing to its well-defined geometry, is considered as
an ideal template for the formation of versatile internally nanostructured BCP particles.®-%
Normally, AAO template presents a strong attraction for BCP solution filtration due to the high
surface energy of the hydroxylated wall (Figure 2.2.2a). The interfacial interaction between AAO
nanochannels and a given BCP is strongly influenced by the BCP concentration, solvent quality,
and volume faction of a selected polymer block. In addition, the physical confinement effect could
lead to the entropy loss of the entire BCP system, thus inducing the assembly of polymer chains to
a segregated microdomains. Therefore, the ratio of its diameter (Do) and length (Lo) is another key
parameter to direct the self-assembly behavior of BCPs inside the confined hollow channels. Based
on Monte Carlo simulation (Figure 2.2.2b), the morphology of a given diblock polymer (the
volume fraction of the minority block is 0.25) was found to vary with the ratio of Do/Lo from

0.5 to 4.5, showing a transformation from a string of spheres to a continuous cylinder or discs, and
even a single or double helix.%? At a low ratio of Do/Lo (below 1), the polymer chains are strongly
compressed due to the confinement effect from the surround AAO wall. While at relatively high
ratio of Do/Lo (above 1), the sufficient free space of AAO facilitates the fully stretching of BCP
chains along the lateral direction, enriching the possibility of molecular organization. Furthermore,
the inert surface and wide temperature window (above 500 °C) of AAO allow the investigation of
the thermal behavior.*® For instance, PS-b-P2VP nanospheres with a tunable size can form within
AAO with a Do/Lo ratio above 5 (Figure 2.2.2c-¢).°* Upon thermal annealing, nanorods containing

regular encapsulated holes were first generated due to Rayleigh instability. Because of the
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susceptibility to sonication, these nanorods could be further cut into short rod-like blocks with a
uniform size. With an appropriate surfactant and a good solvent to minimize the surface energy,

the swollen PS-b-P2VP chains deformed and spontaneously transformed into nanospheres.

a Diblock copolymers b ':':(-)’\‘ veo®00 ©00 © 00 ©00 @O 0
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Figure 2.2.2. (a) Scheme of the self-assembly of BCPs inside AAO channels. (b) Assembled morphologies of diblock

copolymer within AAO at various ratios of D/L, using Monte Carlo simulation. Reproduced with permission.
Copyright 2006, American Chemical Society.?? (c) Scheme of the swelling process for the preparation of PS-b-P2VP

particles. The corresponding SEM images of structural transformation from (d) nanotubes to (e) nanospheres.

Reproduced with permission. Copyright 2011, American Chemical Society.%*

2.2.3 Polymerization-induced self-assembly

Polymerization-induced self-assembly (PISA) become prevailing due to the combination of
polymerization and self-assembly process in one step. Chemical polymerization triggers the
physical transformation, thus leading to the formation of versatile nanostructure of BCPs. Many
amphiphilic BCPs have been explored to produce colloidal nanoparticles in water or a water-based
dispersant.®® As the polymerization of BCP proceeds, the growing polymer chains become
insoluble in water once their polymerization degree (N) is beyond a critical value. The insoluble

chains are subsequently swollen by the surrounding monomers and fed by monomer diffusion from
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large monomer droplets through the water phase, the growing particles can continue to consume
monomers and incorporate the formed polymer chains, leading to the formation of final
nanoparticles. From the perspective of polymerization method, there are mainly two groups that
are often used for the generation of featured polymer particles. The first group is reversible chain
transfer reaction such as RAFT. PISA via the RAFT polymerization technique combined the
favorable tolerance of the radical process with a controlled chain growth in polymerization.%: %
The second one is reversible termination reaction including nitroxide-mediated polymerization
(NMP) and ATRP.%-101 Additional source of macromolecular radicals is not necessarily in NMP
or ATRP.192 103 The radicals can be produced through the thermal activation of an alkoxylamine
or halogen-carbon bond with a metallic complex. In both cases, BCPs with desired chain structure
can be controllably synthesized using specific macromolecular radicals, enabling the controllable
design and synthesis of BCPs. Various morphologies could be obtained by adjusting the molar
masses of both the hydrophilic and hydrophobic blocks, degree of polymerization, solvent

composition, and monomer concentration.

In short, solvent composition/kinetics, polymer composition, and environmental responses (pH,
temperature, and ionic strength) could influence both the thermodynamics and kinetics of the
assembly process. A suitable technique for the microphase separation of BCP chains is paramount

for the formation of robust BCP templates with desired nanostructures.

2.3 COz electrochemical reduction using metal particles as catalyst

CO: is a typical nonpolar molecule that exhibits chemically inert and stable under normal
conditions. As the carbon atom in the CO2 molecule is at the highest formal oxidation state, and
its conversion to reduced products with high energy densities requires the transfer from additional
electrons to the carbon atom.'® A mixture of gaseous and or liquid products instead of a single
product tends to be generated via CO2ER. To assess the selectivity of a specific product (e.g. Ho,
CO, CHg, and CzH4) during CO2ER, Faradaic efficiency (FE) is an important parameter that can
be explained by:

mx-F-f

FE (%) = x 100% (2.3.1)

i
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where x is the mole fraction of the product, m is the electron transfer number that is required to
generate a given product from COy, f is the gas flow rate, i is the total current, and F is the Faradaic
constant (96485 C/mol).

Combining with Henry’s Law, all the standard potentials (E) of the resulted products can be
calculated through the Gibbs free energy of each reaction. The commonly reported products and
corresponding equilibrium potentials are shown in Table 2.3.1. As a typical electrochemical
reaction, reduced products are produced at the cathode, while the oxygen generation reaction

proceeds at the anode (Figure 2.3.1a).

Table 2.3.1. Various products and the corresponding potentials via electrochemical reactions. Reproduced with
permission. Copyright 2017, WILEY-VCH.

Reaction E/(V vs. RHE) Product

2H* +2e— H, (9) 0 Hydrogen (Hy)

2H,0 — Oz + 4H* + 4e- 1.23 Oxygen (02)

CO; + 2H* + 26~ — HCOOH (aq) -0.12 Formic acid (HCOOH)
COz2+2H"+2e-— CO (g) + H:0 -0.10 Carbon monoxide (CO)
CO; + 6H" + 6e- — CH30OH (aq) + H.0 0.03 Methanol (MeOH)
CO, + 8H"* + 86~ — CHa(g) + 2H:0 0.17 Methane (CHa)

CO2 + 12H* + 126~ — CyH4 (g) + 4H,0 0.08 Ethylene (C2Ha)

CO; + 14H" + 12e~ — CyHs(g) + 4H20 0.14 Ethane (CzHs)

2C0O; + 12H* + 12e- — C;HsOH (aq) + 3H20 0.09 Ethanol (EtOH)

3CO; + 18H" + 18e~ — C3H;OH (aq) + 5H20 0.10 Propanol (PrOH)

The reaction mechanism of the product can be affected by many parameters, such as the reaction
condition (e.g. local pH, temperature, and gas pressure), electrolyte, and electrocatalyst (e.g.
geometry, crystal face, and size), thus determined the reaction pathways.>® The selectivity of
specific products mainly depends on the binding energies of the corresponding reaction
intermediates on the active sites of the metal catalysts. For example, metallic Tin (Sn) and Lead
(Pb) mainly produce formic acid (HCOQ") in aqueous solution due to the weak binding between
the CO2" intermediates with their surface. On the contrary, the CO is the main product of Ag, Pd,
and Au metals since their tight binding capability with the formed *COOH intermediates but weak

adsorption with the *CO species. The CO formation mainly proceeds through the following steps:
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CO2(g) + H*(aq) + e~ - COOH (2.3.2)
COOH + H*(aq) + e~ =% CO + H20(]) (2.3.3)
* CO = CO(g) (2.3.4)
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Figure 2.3.1. (a) Scheme of a typical CO2ER with various generated products. Reproduced with permission. Copyright

2017, WILEY-VCH.'% Possible reaction routes for the formation of various products in CO,ER using Cu as catalysts:

(b) methane and methanol, ethylene and ethanol, and (d) formic acid. Reproduced with permission. Copyright 2015,

American Chemical Society.'%

Particularly, Cu metal is capable of generating various products including alcohols, CO, even other

long-chain hydrocarbons. This is predominantly because the *CO intermediates can tightly bind

on the Cu surface and subsequently dimerize with *COH or *CHO intermediates, thus ultimately

generating other products. Concretely, the adsorbed CO, molecules will form into CO2™

intermediate that is quickly desorbed into HCOQO™ in the aqueous solution, as revealed in Figure

2.3.1b-d. In this process, the formation of CO," is a rate-determined step (RDS). When it comes

to the multiple electrons transfer reaction, such as methane (CHas) or ethylene (C2Ha) generation,

the reaction steps become more complicated and could run in various reaction routes. For CH4

generation, *COO™ or *COOH intermediate is generated and transformed into the most important
CO intermediate. Afterwards, the CO intermediate will be reduced to a *CHO or *COH specie
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and finally reduced to methane. For C> product (e.g. C2Hs) formation, the C-C coupling reaction
for the multi-carbon product formation is realized by CO dimerization. This dimerization is the

key RDS for the subsequent generation of *C202" intermediate as well as the reduction of CO.

Thus, the development of an efficient catalyst system with high catalytic activity is crucial to
improve the current density and selectivities towards valuable hydrocarbon products, particularly
valuable CH4 and C2Hs in CO2ER.

2.4 Reduction reaction of 4-nitrophenol

a 20 b

1.6
NHOH

SRRl

Figure 2.4.1. (a) A set of typical UV-Vis absorption spectra of the reduction of 4-nitrophenol. (b) Possible reaction
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routes for the reduction of 4-nitrophenol using an excess amount of NaBH, as reducing agent.

In the reduction reaction of 4-NP, a suitable catalyst and reducing agent are needed. The most
common reducing agent for the reduction of 4-NP is NaBH4. The reaction process in an agqueous
solution can be recorded by UV-Vis absorption spectroscopy. In Figure 2.4.1a, a set of typical
UV-Vis absorption spectra of the 4-NP reduction shows the adsorption intensity as a function of
reaction time. When the reaction takes place under alkaline conditions, the reactant 4-NP will be
first deprotonated into nitrophenolate ions, which exhibit a distinct absorption peak at 400 nm.
After reduced by NaBHa4, nitrophenolate ions are progressively converted to 4-aminophenol (4-
AMP), which shows an absorption peak located at ca. 300 nm. Eventually, a disappearing intensity
of the absorption peak at 400 nm demonstrates the completion of the reduction of 4-NP. In addition

to the two distinctive peaks resulting from reactant and product, the presence of isosbestic points
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at ca. 280 and 310 nm in the UV-Vis spectra point out that no side reactions take place or possible

byproducts are generated.

It should be noted that due to the electrostatic strong repulsion between negative nitrophenolate
and BH4™ ions, direct reduction without the catalyst is a kinetically unfavorable process. It has been
demonstrated that the reduction of 4-NP mainly proceeds on the surface of the catalyst, which is
supported by the classical Langmuir - Hinshelwood (LH) model. According to the LH model, an
ideal catalyst needs to provide a sufficient reaction surface for the adsorption of nitrophenolate
ions. Meanwhile, BH4™ ions will transfer surface-hydrogen species onto the surface of catalyst
particles. Subsequently, the adsorbed nitrophenolate ions are reduced by the surrounding hydrogen
species. During the reduction, two reaction intermediates, 4-nitrosophenol and 4-hydroxylamine
(Hx) will be generated, as shown in Figure 2.4.1b. Hy is relatively stable compared to 4-
nitrosophenol. The formed Hy is ultimately reduced to the stable product 4-AMP, which
subsequently desorbs and diffuses from the catalyst surface to the bulk solution.

The overall reaction process can be summarized into two steps. Step A: reduction of 4-NP to Hx.
Step B: reduction of Hyto 4-AMP. To establish an overall kinetic model for this reduction reaction,
two significant assumptions are often made. Firstly, reactant molecules adsorbed on the catalyst
surface are assumed to be negligible compared to those in the bulk solution, implying that the
adsorption process hardly affects the total concentration of 4-NP. Secondly, it is assumed that the
adsorption/desorption equilibrium between the bulk solution and catalyst surface can be rapidly

achieved. Therefore, the reduction kinetics for step A can be expressed by:

dCNp _ _ _ dCHx
T4 kappCNp = kASQNp93H4 = (2.4.1)
dc (Knpcnp)"KBH,CBH
— Z°NP _ " — 47704 > (2.4.2)
dy (1+(KnpcNp)"+KH, CHy,+KBH,CBH,)

where CHy, CeHa and cnp are the concentration of Hy, BH4~, and 4-NP, respectively. Onp and 6gna
refer to the actual coverage fraction of the catalyst surface by 4-NP and BHa4~, respectively. S
represents the specific surface area of the catalyst normalized by the total volume of reaction
dispersion. kapp and ka are the apparent rate constant and the overall reaction rate of step A

normalized by S, respectively. Knp, Knx, and Kgna is the corresponding Langmuir adsorption
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constant, respectively. n stands for the LH exponent, which normally is assigned to be 0.6 for
simplification. Likewise, the reduction kinetics of step B can be also described by:

KHyCH,xKBH4CBH,4
(1+(KNpCNP) "+ KHy CHy +KpH4CBH, )2 (2.4.3)

dCHx

— A :kBS

where kg is the overall reaction rate of step B normalized by S. Therefore, the overall rate equation

for the generation of Hy can be written as below:

denx _ S (KNpCNp)"KBH4CBH, —kes KHyCHxKBH4CBH,
dat A2 A+ (RnpCnp)"FKHxCH, TKpH,CpH,)?2 B [T+ (RnpCNp)"FKHxCHx TKBH4CBH4 )2 (24.4)

It has been reported that step B (i.e. conversion of Hy to 4-AMP) is the rate-determining step of the
overall reduction reaction. Therefore, ka is usually much larger than k. Also, these kinetics models
directly correlate the concentration of the reactant and reducing agent, which can be used for the

comprehensive study of reaction kinetics from the standpoint of both simulation and experiment.
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Figure 2.4.2. (a) The linear relationship between In(c/co) and t obtained from the reduction reaction when using an

excess amount of NaBH. as the reducing agent. (b) &zppas a function of the total surface area S; of the catalyst particles.

Two kinetic constants, the apparent rate constant (kapp) and surface area-normalized rate constant
(k1), are essential for the quantitative evaluation of the catalytic activity of various catalysts.!%® The
reactant concentration is correlated with reaction time. According to Beer-Lambert law, the
reactant concentration is proportional to the absorption intensity in UV-Vis spectroscopy. Besides,
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when introducing an excess amount of the NaBH4 (Figure 2.4.2a), the reduction of 4-NP follows
a pseudo first-order law, as shown in the equation (2.4.5):

c 1
InS=n_ — _p. ¢ (2.4.5)

co Io

where c and co are the 4-NP concentration, | and I are the absorption intensity at 400 nm at a given
reaction time t, and the corresponding initial intensity, respectively. kapp can be directly calculated

from the linear relationship between In(l/lo) or In(c/co) and t.

Considering that the reduction of 4-NP is mainly conducted on the surface of the catalyst particles.
The #app is thereby proportional to the total active surface area (St) of the catalyst particles used in

the reaction, as shown in Figure 2.4.2b. The surface area-normalized ki can be given by:
kapp = k1St (246)

If we assume the catalyst particles used in the reduction reaction are ideally spheres, St can be
calculated according to the total mass of catalyst particles estimated from TGA measurement and

their average diameter calculated from HRTEM analysis.
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1. Self-assembly of PILs: the principle of PILs assembly, polymerization methods, and self-

assembly behavior of PILs, essential factors for the structural transformation of PIL assembles.
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Functionalization of PILs with metal particles: synthesis of metal particles, incorporation of

metal particles with PILs templates; challenges in size and morphology control.

. Application in CO2ER: advancement in CO2ER; catalyst screen, comparison analysis of Cu-

based catalysts the role of PILs in CO2ER.

Experimental and characterization

1. Self-assembly of PILs: synthesizing IL monomers and corresponding PILs via dispersion

polymerization; determining their chemical structures by analyzing the NMR results; studying
their thermal properties by analyzing the DSC and TGA results; studying the influence of
monomer concentration on the final morphology through SEM and TEM; exploring the
original structure by analyzing the cryo-TEM results; determining the particle size by DLS;

proposing a possible evolution mechanism.

. Synthesis of the PILs/Cu composites: preparing metallic particles on PILs template by using

hydrazine as the reducing agent; optimizing the PILs/Cu synthesis using various PILs templates;
analyzing their nanostructures by SEM and TEM; determining the crystal structure of Cu NPs
in the PILs/Cu composites by XRD; studying the interaction between Cu and PILs by UV-Vis

spectroscopy.

. Optimization of PILs/Cu for CO2ER: enhancing the CO2ER efficiency and current density

through PILs/Cu optimization: tuning the synthetic conditions such as PILs/Cu dispersion
concentration and using different templates, optimizing the Cu loading in the PILs/Cu
composites.

Manuscript writing: result analysis, schemes and figures plotting, manuscript drafting,

collaborative revising, and finalizing with co-authors.

Detailed manuscript can be found in Appendix.
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the formation of nanostructured inorganic particles; essential factors for the transformation of
organic to inorganic materials.

2. Functional metal sulfides: basis of metal sulfides, synthetic methods and application of metal

sulfides; feasibility of using soft assemblies as templates for the preparation of desired metal
sulfides.
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3. Photothermal conversion and catalytic reduction: photothermal conversion of nanostructured

MoSz, reduction of 4-NP, and catalytic kinetics.

Experimental and characterization

1. Assembled BCP particles: preparing the colloidal BCP particles using commercial PS-b-PVP;
studying the influence of block components and swelling temperature on their final structures;

analyzing their morphologies by SEM and TEM.

2. Nanostructured MoS,/C composites: preparing the MoS; particles using BCP particles as the
soft templates; optimizing the shell thickness by varying the precursor concentration; analyzing
their nanostructures by SEM and TEM; determining the crystal structure of the obtained MoS;
by XRD, determining the mass fraction of MoS; and carbon by analyzing the TGA results.

3. Photothermal conversion-assisted reduction of 4-NP: recording the temperature change of
photothermal conversion by IR camera and digital thermometer; studying the catalytic
reduction behavior of 4-NP by UV-Vis spectroscopy; investigating the influence of various
reaction conditions (catalyst concentration, reaction temperature, with/without NIR light
irradiation) on the catalytic performance; exploring their catalytic stability; studying the
reaction mechanism by comparing the activation energy with/without light irradiation.

Manuscript writing: result interpretation, graphic content creation, manuscript writing, revising,

and finalizing.

Detailed manuscript can be found in Appendix.
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3.3 Multi-functionalized carbon nanotubes towards green fabrication of heterogeneous catalyst
platforms with enhanced catalytic properties under NIR light irradiation
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Contribution to this Article Literature research
Literature research

1. Aqueous dispersants for CNTs: synthesis and application of CNTSs; dispersion of CNTs in
various liquid phases; existing candidates for CNTs dispersing in water, interaction between

CNTs and dispersants; green methods for dispersing CNTSs, bio-based dispersants.
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Metal/CNTs: strategy of loading metal particles on CNTSs; reduction mechanism of metal
particles by various reducing agents; existing methods for the simple synthesis of metal/CNTs
composites; possible application in catalytic reaction in aqueous solution; comparison of

metal-based catalyst in the reduction of 4-NP.

Photothermal conversion-assisted reduction of 4-NP: photothermal heating mechanism of
composite materials; comparison of photothermal conversion of various materials; specific

role in the catalytic reaction; catalytic activity of various catalysts in the reduction of 4-NP.

Experimental and characterization

Water-dispersible GP-CNTs: preparing the CNTs dispersions using glycopeptide (GP)
molecules as the multi-functional dispersant; analyzing their dispersion state by SEM and
TEM; investigating the interaction between GP and CNTs through UV-Vis spectroscopy
measurements and analyzing the Raman spectroscopy results.

Synthesis of metal/CNTs composites: synthesizing various metallic particles by directly
mixing GP-CNTs dispersion with the corresponding metal precursors; tuning the size of Au
particles by varying the Au precursor, GP concentration, and reaction temperature;
determining the morphology by SEM and TEM; exploring the spatial distribution of Au NPs
on CNTs by analyzing the STEM results; determining the metal loading by analyzing the TGA

results.

Photothermal assisted reduction of 4-NP: studying the photothermal heating effects by
tracking the solution temperature recorded by digital thermometer and IR camera; comparing
the reduction activities using various metal/CNTs composites as the catalysts; comparing the
reduction with/without NIR light irradiation; analyzing the reduction rate constant and
conversion determined by UV-Vis spectroscopy.

Manuscript writing: Result analysis, scheme creation, manuscript writing, revising, and

finalizing.

Detailed manuscript can be found in Appendix.
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4 Discussion

Templating methods have been attractive for decades due to their potential in fabricating versatile
composite materials. To realize specific functionalities or architectures of the final composites, it
is critical to design and synthesize suitable templates with special superficial/internal structures
and physiochemical properties. Correspondingly, the synthetic methods for these templates also
vary. Soft templates allow effective control over their size or morphologies through self-assembly.
In this thesis, three distinct soft templates have been used for the synthesis of versatile composite
materials, which have been applied in two different catalytic reactions. Article I focuses on CO2ER
using homopolymer templated composites as the catalysts. Articles Il and 11l explore the
photothermal conversion-assisted reduction of 4-nitrophenol (4-NP) using block copolymer and
biomolecule templated composites as the catalysts, respectively. This chapter mainly discusses the
scientific content, compares results with the existing literature, and establishes a mutual connection

among the individual works.

4.1 Synthesis of templates

In Article I, PIL nanovesicles (NVs) are selected as the soft templates, which have been prepared
through conventional dispersion polymerization. By simply tuning the initial monomer
concentration (Cm) in polymerization, the overall size and shell thickness of the PIL NVs can be
respectively controlled from 50 to 120 nm and 15 to 60 nm. The covalent linking of individual
monomers enables the propagation of PIL chains. Once reaching above a critical molecular weight,
the formed amphiphilic PIL chains will self-organize to well-ordered NVs in water, driven by the
strong hydrophobic interaction from their alkyl side chains and electrostatic repulsion from their
inherently charged backbones. Although the synthesis of polymer NVs has been carried out by
many groups, the precise control of the overall size, particularly shell thickness remains
challenging.1%-1%° Most of the existing polymer NVs are synthesized using amphiphilic block
polymers owing to their distinct boundary between the hydrophilic and hydrophobic blocks.
Therefore, it is rather difficult to use homopolymers for the controllable synthesis of NVs. The
scientific novelty in Article I is the good control over the shell thickness of NVs using PIL
homopolymers. It is found that increasing Cm from 3 to 48 mg/mL triggers their morphologies

transforming from hollow to solid spheres, eventually to one-dimensional solid worms. Although
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a similar structure has been individually realized for PIL systems such as solid spheres or
directional worms, the continuous variation of their morphologies using PIL homopolymers has
been rarely reported in the literature.?* " 19 To figure out the transformation mechanism, cryo-
TEM, SAXS/WAXS, and DLS analysis have been conducted. Collectively, it reveals the strong
correlation between the chain length of PILs and the shell thickness of NVs. Finally, PIL NVs have

been selected as the soft templates for the preparation of the PILs/Cu composite catalyst for CO2ER.

In addition to homopolymers in Article I, BCPs with well-defined molecular structures have been
intensively investigated for the self-assembly of polymer particles. 77 Their phase behavior in the
medium can be altered by tuning their molecular architecture, molecular weight and distribution
of each block. In Article II, assembled PS-b-P2VP BCP particles have been used as the soft
templates for the synthesis of MoS,/C composites. The colloidal PS-b-P2VP BCP particles were
first prepared by emulsifying PS-b-P2VP/toluene in water with additional surfactants (SDS). The
hydrophobic interaction of BCPs and electrostatic repulsion from SDS drives the formation of
primary particles. Considering the difference in the selectivity of each block (normally the minority
block) to solvent, the chain movement (stretching or orientation) can be strongly influenced by the
local osmotic pressure, caused by the interaction between BCP chains and solvent molecules in the
vicinity. This provides the opportunity for the structural transformation of obtained BCP particles.
Therefore, ethanol, a good solvent for the P2VP but a poor solvent for the PS block, has been used
for the selective swelling of the PS-b-P2VP particles. The dependence of block fraction of P2VP
(0.25 and 0.37) and swelling temperature (30 to 90 <C) have been systematically studied. Selective
swelling of the BCP particles in ethanol has been found to induce their morphologic transformation.
More interestingly, an open porous structure (inter-connected channels) has been realized by
swelling PS-b-P2VP (P2VP fraction of 0.25) at 75 <C for 1 h.

Aside from the amphiphilic macromolecules used in Article I and Article II, amphiphilic small
biomolecules also show potential in self-assembly and creation of versatile composites. In Article
III, we chose biomolecule glycopeptides (GP) as the soft templates, which play a multi-functional
role in the preparation of metal/CNTs composites. Specifically, the GP molecules are composed
of a hydrophilic moiety (a trisaccharide with carboxyl and hydroxyl groups) and a hydrophobic
counterpart (three phenylalanine). Through gentle sonication, the GP molecules are directly mixed

with pristine CNTSs in water, yielding a homogenous GP-CNTs dispersion. The coating of GP on
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CNTs is driven by the hydrophobic interaction from the aromatic rings and slightly electrostatic
repulsion from the carboxyl groups. It is worth mentioning again that although a qualified template
usually shows a strong binding capability for metal particles, additional reducing agents are
necessary for the formation of metal particles during the synthesis of metal-based composites.
While the abundant hydroxyl groups in the trisaccharide moieties endow the GP molecules with
noticeable reducibility towards metal ions. Therefore, the GP molecules in this article can not only
disperse CNTs but also reduce metal ions to metallic particles and thus immobilize them on the
CNTs surface. In short, the GP-functional CNTSs then serve as versatile templates for the formation

of metal/CNTs composites.

In summary, we demonstrate that both polymers (homopolymers in Article I or copolymers in
Article 1) and small molecules could serve as excellent soft templates for the creation of
functional composites, as shown in Table 4.1. The similarity among these three templates is the
distinctive amphiphilicity, derived from their unique chemical structures. However, the synthesis
process of these featured templates differs significantly. The preparation method in 111 is relatively
more straightforward, sustainable, and energy-efficient compared to that in Articles I and I1.
Water is the primary solvent for the fabrication of desired templates (as well as the final composites)
in Articles I and I11. Conversely, the involvement of organic solvents is typically inevitable in the
self-assembly of BCPs, particularly toxic toluene has been used in Article Il. Regarding the
driving forces for the template formation, the preparation of PIL particles in Article I is determined
by chemically covalent bonding (polymerization), physical electrostatic repulsion stemming from
the ionic backbones, and hydrophobic interactions stemming from the pendant alkyl chains.
However, in Articles Il and 111, only physical driving forces (mainly hydrophobic interaction and
electrostatic repulsions) govern template formation. Despite the relatively complex synthesis,
selective swelling in Article Il could enable the fine modulation of the assembled BCP chains,
yielding more diverse assembly structures. Beyond nanostructure, function of the obtained
templates also plays a significant role in the preparation of desired composite materials. Compared
with the templates used in Articles I and 11, the templates in Article 111 display multiple functions.
In addition to the fundamental supporting capability for catalytic components, the GP molecules
in Article 111 could also reduce metal ions to catalytic metal NPs and further immobilize them on
the CNTSs surface. Overall, the design, synthesis, and properties of these three templates are

primarily dictated by the final application in the catalytic reactions.
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Further details about the fabrication of the final composites and their corresponding catalytic

performance are discussed in the following Sections 4.2 and 4.3.

Table 4.1. Comparison of the synthetic templates in this thesis.

Templates in Article |

Templates in Article IT

Templates in Article I

Polymer or small

Homopolymers

Block copolymers

Small molecules

molecules?

Synthetic methods  One-pot dispersion  Emulsion (room temperature, Direct dispersion (room
polymerization (75 <C, water, toluene/water), selective temperature, water, ~30
overnight) swelling (ethanol, 30-90 T ,1  min)

h)

Driving forces Chemical and physical  Physical (electrostatic ~ Physical (electrostatic
(covalent bonding, repulsion, hydrophobic  repulsion,  hydrophobic
electrostatic repulsion, interaction, osmotic pressure)  interaction)
hydrophobic interaction)

Morphology Vesicles (hollow, solid, or Spheres (solid, inter-  Thin layers
worms) connected channels)

Single or multi-

function (s)?

Single (support/stabilize Cu
NPs)

Single (support MoSy,)

Multiple (disperse CNTSs,

reduce metal precursors,

immobilize metal NPs on
CNTs)

4.2 COzelectroreduction

In Article I, we have successfully controlled the morphology and size of PIL templates by varying
the initial Cm in polymerization. Based on these nanostructured PIL templates, various PIL/Cu
composites have been prepared. Specifically, the charged nature of PIL NVs could enable the
capture of copper ions. In addition, the imidazolium rings in PIL chains show a strong affinity to
metallic Cu NPs. Therefore, the copper precursors (CuAcz) have been first reduced by hydrazine
to ultra-small size of Cu NPs (~1.8 nm), which has been subsequently immobilized in PIL particles.
It is worth mentioning that the PIL NVs with different shell thicknesses show different loading
amounts of Cu NPs. The PIL particles (a shell thickness of 18 nm) show a higher Cu loading of
19.2 wt%, which is much higher than that of those with a shell thickness of 60 nm (Cu loading of

8.9 wt%). This difference is mainly attributed to the relatively higher specific surface area resulting
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from the hollow structure. Subsequently, the obtained PIL/Cu composites have been used as the

electrocatalysts in CO2ER.

As a result, our PILs/Cu composite particles show a 2.5-time increase in Faradic efficiency (FE,
selectivity) towards Ci products, compared to the pristine Cu NPs sample (amorphous bulk
structure). Recently, PILs/Cu composite particles have been used as the electrocatalyst to tune the
CO:ER selectivity towards hydrocarbons in CO-ER.?® However, the reported Cu NPs are
functionalized with PILs on their surface, thus presumably impairing the utilization of catalytically
active Cu NPs. Conversely, the small size of Cu NPs in this article is immobilized in PIL templates.
The catalytic Cu NPs could thus expose more active sites in the catalytic reactions, leading to a
substantial increase in the production rate in CO2ER. In our case, the PIL NVs/Cu indeed showed
a much higher CHa production rate of ~38 mA mg* cm compared to the pristine Cu NPs (~2 mA
mg™ cm?) at the applied cathodic potential of -1.2 V. Therefore, we demonstrate that the CO2ER
performance of metallic electrocatalysts can be tuned by using the well-defined PILs template.

4.3 Reduction of 4-nitrophenol

In Article II, the nanostructured BCP particles have been employed as the soft templates for the
fabrication of MoS2/C composite particles. Concretely, the (NH4)2MoS4 precursor is deposited on
the surface of polymer templates through coordination interactions with the polar pyridine groups
in the PVP block. After calcination, most of the polymer framework (organic components) turns
into amorphous carbon, resulting in the formation of hollow channels in the final composite
particles. While the inorganic precursor is decomposed to be MoS; as the main active component
for the following catalytic reactions. Eventually, the composite particles exhibit diverse
morphologies including pomegranate-like, hollow, and open porous structures, mainly resulting
from the structured polymer templates. Among these composite particles, the open porous MoS,/C
nanoparticles (PNPs) show a mesoporous structure (pore size of 10 - 20 nm) with a large specific
surface area of 106.6 m?/g, surpassing that of the bulk MoS; (36.3 m?/g). Regarding nanostructure,
the obtained porous MoS; particles show more intricate features, i.e., open porous architectures
with inter-connected hollow channels, when compared to the MoS; particles reported in the
literature.!' 12 In addition, most of the existing hollow or porous MoS; are prepared by
hydrothermal treatment or chemical/mechanical exfoliation (Table 4.2). These procedures are
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typically carried out under harsh conditions. By comparison, the MoSz synthesis presented in this
article can be realized under relatively mild conditions, directly through thermal decomposition of
precursor ions. Therefore, Article II presents a novel strategy for the facile synthesis of porous

MoS: particles using assembled BCPs as the sacrificed soft templates.

Next, the as-prepared composite particles have been used as the catalyst for the reduction of 4-NP.
To better compare with the MoS»-based catalysts reported in the literature, herein we primarily
calculated their rate constant (km), which represents kapp normalized with catalyst mass used in the
reaction, as shown in Table 4.2. Compared with existing MoSz-based catalysts, our MoS»/C
composite particles show good catalytic performance in the reduction of 4-NP. It is mainly due to
the high porosity of the MoS>/C particles (i.e., sufficient specific surface area) and the fast diffusion
of 4-NP molecules to the superficial/internal active sites. Again, it confirms that the active sites of
composite catalysts can be altered using the BCP templates with tunable nanostructures. As
discussed above, the reduction of 4-NP is a temperature-sensitive reaction. MoSz has been reported
to convert solar energy to thermal energy upon light irradiation. The obtained MoS2/C particles
show a temperature increase of ~ 20 <T under NIR light irradiation (10 min, 808 nm, 3 W/cm?),
which is significantly higher than that of pure water (increase of ~5 <C) . It demonstrates their good
photothermal conversion capability. Therefore, we used the MoS2/C composite particles as the
catalyst for the reduction of 4-NP assisted by NIR light irradiation. As expected, the light irradiation
(808 nm, 3 W/cm?) could lead to a high reaction temperature of 37 °C in 10 min. Correspondingly,
a kapp 0f 0.012 s was observed, which is higher than the reaction conducted without light (Kagp of
0.003 s, room temperature). To illustrate the role of photothermal heating in the enhanced catalytic
performance, the reduction was performed at the same temperature of 37 °C heated in a water bath.
The reaction shows a kapp of 0.008 s, which is still lower than the reaction conducted under NIR
light irradiation. Overall, the incorporation of catalytic properties and photothermal conversion
capabilities under NIR light irradiation makes MoSz a promising catalyst in the catalytic reaction.
These two capabilities of the composite catalysts can be well-controlled using BCPs as soft

templates with tunable nanostructures.
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Table 4.2. Comparison of the catalytic activity of the MoSy-based catalysts in the reduction of 4-NP at room

temperature*.
Catalyst Preparation Morphology/size ~ Cnagna (MM)  Cane (MM)  km x<10°  Ref.
method simg?

Acetic acid-  Electrochemical Nanosheets 1100 12 168 us

functionalized functionalization (200>6 nm)

MoS,

MoS2/Zn0O Exfoliation Nanoflowers 132 0.5 0.486 14
(200-500 nm)

MoS; Li- exfoliation Nanosheets 72 0.12 56.18 1s
(3001 nm)

Pd/MoS; Hydrothermal Nanosheets (100- 14.1 0.1 4.29 16
200 nm)

Fes0,@MoS; Hydrothermal Core-shell 100 1 48.8 ur
particles  (~200
nm)

MoS,-Fes04/Pt Hydrothermal Nanosheets 100 10 174.44 18
(amorphous)

MoS,/PMMT Hydrothermal Nanosheets 72 0.12 12.05 19
(amorphous)

MoS,/C Calcination Porous 20 0.1 80.46 This
nanoparticles work

*Ceat, Cnagra, Canp, and km are the catalyst concentration, NaBH4 concentration, 4-NP concentration, and Kapp

normalized with the catalyst mass, respectively.

In Article III, photothermal CNTs have been functionalized with highly catalytic metal NPs to
form metal/CNTs composites, which have been further employed as the catalyst for the reduction
of 4-NP. Considering the amphiphilicity nature, the GP molecules are capable of stabilizing both
CNTs and metal NPs. As the hydroxyl groups of sialyllactose show strong reducibility to noble
metal ions, the GP molecules containing sialyllactose moieties in this article could also reduce
metal ions to metallic particles. As expected, various metal NPs including Au, Ag, Pt, and Pd NPs
have been successfully loaded on the surface of CNTs without any additional reducing agents at
room temperature. The size and morphology of Au NPs can be also controlled by optimizing the
GP/precursor concentration and reduction temperature. The obtained Au NPs in the GP-CNTs-Au
composites and Pd NPs in the GP-CNTs-Au composites show an average size of 5.6 and 1.8 nm,
respectively. In the literature, a few molecules (e.g. ascorbic acid) have shown one or two

capabilities, i.e. stabilizing CNTs in water, reducing metal ions to metallic particles, and/or
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stabilizing the formed metal NPs in aqueous solution. In this article, the GP molecules have
demonstrated not only good reducibility to metal ions but also the capability to stabilize the formed
metal NPs as well as CNTSs in water. Therefore, the primary scientific novelty in this article is to
realize the simple and green synthesis of metal/CNTs composites using multi-functional GP

molecules.

For the reduction of 4-NP, the catalytic performance of the GP-CNTs-Pd and GP-CNTs-Au
composites has been compared using surface area-normalized rate constant (ki). As a result, GP-
CNTs-Pd shows a much higher k; of 0.062 s* m™ L than that of GP-CNTs-Au (ki value of 0.0081
st m?2 L). It could result from the small size of Pd and its intrinsically catalytic activity when
applied in the reduction of 4-NP. Furthermore, the photothermal conversion performance of the
obtained GP-CNTs-Pd composites has been tested following the same procedures in Article I1.
The GP-CNTs-Pd composite dispersions show a 4.6-fold temperature increase compared to pure
water under NIR light irradiation (15 min, 808 nm, 3 W/cm?), demonstrating its excellent
photothermal conversion performance. Similarly, the reduction of 4-NP has been further conducted
under NIR light irradiation (808 nm, 3 W/cm?). The reduction conducted under light irradiation
(32 <C) shows a conversion of 91.2 % in 5 min, which is nearly 2.6 times than that of the reaction
at the same temperature in a water bath without light illumination (conversion of 35.1%). It
confirms that photothermal heating of CNTs significantly enhanced the catalytic performance of
Pd NPs. In this case, the strong photothermal heating effects of the well-dispersed CNTs lead to
localized heat, which quickly transports to the superficial catalytic metal NPs and reaction solution
in the vicinity. Thus, the high surface temperature could substantially accelerate the reduction
process. Overall, in addition to the design of MoS; in Article II, in Article IIl we demonstrate
another promising strategy to enhance the degradation of 4-NPs by combining the photothermal

CNTs with catalytic metal NPs using the versatile GP molecules as the soft templates.

In this thesis, various strategies have been developed to improve the catalytic activity of the
composite catalysts in different reactions (Table 4.3). These approaches can be generally
summarized as increasing the reaction active sites and elevating the local reaction temperature.
First of all, increasing the active sites is a common theme across the three articles, which has been
achieved by reducing the particle size or creating hollow/porous nanostructures. In Articles | and

I, the abundant active reaction sites primarily originated from the small size of metal particles
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(Cu, Au, and Pd). While the high specific surface of MoS; in Article II is enabled by the formation

of hollow or open porous structures.

Table 4.3. Comparison of the composite catalysts in this thesis.

Composites in Article |

Composites in Article IT

Composites in Article LI

Catalytic reaction

Strategies for
enhancing the

catalytic performance

Origin  of catalytic

sites

Synthetic conditions

Morphology

Components

Electroreduction of CO;

Increase reaction active

sites

Small size of Cu NPs
(~1.8 nm)

Reduction by hydrazine,
water phase, 80 C

Vesicles (Cu NPs dotted
in PIL NVs)

Catalytic Cu NPs (~18.9
wt.%), PIL templates

Reduction of 4-NP

Increase reaction active sites;

elevate reaction temperature

by photothermal conversion

Open  porous  structure

(mesopore size of 10-20 nm)

Calcination at 500 <C in an
argon atmosphere

Mesoporous, pomegranate-
like, or hollow particles

Catalytic and photothermal
MoS; (~61.1 wt.%), carbon

Reduction of 4-NP

Increase reaction active sites;
elevate reaction temperature

by photothermal conversion

Small size of Pd NPs (~1.8

nm)

Reduction by GP, water
phase, room temperature

Nanotubes (GP and metal
NPs on CNTs surface)

Catalytic metal NPs (Pd:
~13.2 wt.%), photothermal

GP-CNTs templates

Besides increasing the active sites, elevating the local reaction temperature by photothermal
heating can effectively enhance the reaction rate, as demonstrated in Articles IT and III. Herein,
the photothermal composite catalysts are designed through two different strategies. In Article II,
we developed the nanostructured MoS,/C composite catalysts that integrate the catalytic property
of MoS; and its photothermal capability. These two characteristics have been intensified by
creating open porous structures, which are realized by duplicating the nanostructure of BCP soft
templates. Alternatively, in Article LI, the metal/CNTs composites have been employed as the
catalysts, combining the highly catalytic activity of metal NPs and photothermal CNTs. The
excellent catalytic performance of the composite catalysts is thus enabled by using the ultra-small
size of metal NPs as the catalytic species and well-dispersed CNTs template as the photothermal
heating source. Different from Article I, no additional reducing agents are involved in the
preparation of metal/CNTs composites in Article III. Also, the fabrication process can be

conducted under mild conditions (room temperature and gentle stirring), which requires less
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energy compared to that of the MoS/C composites in Article II (calcination at 500 <C). Regarding
the final morphologies, the obtained composites in Article II show diverse morphologies,
particularly open mesoporous structures. On the contrary, the final composites in Article I simply
show similar morphology to the corresponding templates.

In conclusion, we have demonstrated that tailoring the catalyst performance can be realized by
adjusting the number of reaction active sites and manipulating the reaction temperature, strongly
influenced by the particle size or the surface/internal structures. These distinct morphologies of the
composites can be created using soft templates (whether polymers or small molecules). A wide array
of tools is available to create assembled templates with specific nanostructures and functionalities.
Despite the differences in their synthetic strategies, the diversity and versatile functionalization of
template candidates hold promise in the design of composite catalysts for various catalytic
reactions.
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5 Summary and Outlook

This cumulative thesis presents the synthesis of functional nanocomposites with desired novel
nanostructures based on soft-template methods. Soft templates, including nanostructured
poly(ionic liquid) (PILSs) vesicles, polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP) particles, and
glycopeptide (GP) biomolecules have been prepared and then utilized for the fabrication of
PILs/Cu, molybdenum disulfide/carbon (MoS>/C), and GP-carbon nanotubes-metal (GP-CNTs-
metal) composites, respectively. As a step forward to explore their applications, these composites
have been employed as catalysts in two typical reactions, i.e. reduction of 4-nitrophenol (4-NP)

and CO. electroreduction (CO2ER), respectively.

In Article I, a simple and scalable strategy towards the fabrication of PIL homopolymer
nanovesicles (NVs) with a multi-lamellar chain packing structure has been demonstrated via free
radical polymerization. The overall size and shell thickness of the PIL NVs have been controlled
by tuning the initial monomer concentration (Cm) for polymerization. The increase in Cn drives
the morphology of PIL NVs evolving from hollow to solid spheres, further to directional solid
worms. This morphologic transformation of PIL NVs has been studied in detail, revealing a strong
correlation between the polymerization degree of PILs and the shell thickness of NVs. It is also
worth exploring the growth kinetics of particles in future work. Subsequently, the obtained PIL
NVs with different shell thickness have been utilized as soft templates for the immobilization of
ultra-small Cu nanoparticles (NPs, 1.8 nm on average) and used as electrocatalysts for COzER.
Remarkably, the hollow PILs/Cu composite electrocatalysts show a 2.5-fold increase in selectivity
towards C1 products (e.g. CHs) compared to the pristine Cu NPs. This work opens opportunities
for using assembled PILs as versatile templates in CO> conversion. To achieve deep insights into
the CO2ER activity based on PIL-functionalized metal catalysts, the size effect of Cu NPs on
CO2ER activity could be investigated through in situ Raman, density functional theory (DFT)

simulations, and XPS analysis.

In Article II, self-assembled PS-b-P2VP block copolymer particles have been prepared via
selective swelling. These featured polymer particles have been further employed as sacrificed soft
templates for the formation of various nanostructured MoS,/C composite particles. These particles
show desired morphologies such as pomegranate-like, hollow, and open porous structures. These

nanostructured MoS,/C particles exhibit excellent photothermal conversion performance when
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exposed to near infrared (NIR) light irradiation. Under the light illumination, the porous MoS,/C
particles exhibit a 1.5-fold enhancement in rate constant of reduction of 4-NP. The enhancement
in catalytic performance is primarily attributed to their unique porous architecture and exceptional
photothermal conversion performance of the MoSz. This proposed strategy casts new aspects on
using nanostructured MoS, for efficient photothermal-assisted catalysis. To deepen the
understanding of the influence of the photo-induced charge transfer process of MoS,/C on the
catalytic behavior, a systematic study on the charge separation of MoS2/C upon light irradiation
and electron transfer pathway during the catalytic reaction could be carried out via electron

spinning resonance, photoluminescence, XPS, and DFT simulations.

In Article 111, a versatile GP-CNTs-metal composite has been fabricated using an amphiphilic GP
biomolecule both as a stabilizer for CNTSs in water and as a reducing agent for noble metal ions.
Various metal ions can be reduced by GP under mild conditions, leading to the formation of metal
NPs (e.g. Au, Ag, Pt, and Pd) on the CNTSs surface. The incorporation of catalytic Pd NPs and
photothermal CNTs makes GP-CNTs-Pd an ideal catalyst candidate for the degradation of organic
pollutants, as demonstrated by a model reduction reaction of 4-NP. When employed as the catalyst
in the reaction, the obtained GP-CNTs-Pd composite displays a 1.6-fold increase in its conversion
with the assistance of NIR light illumination, owing to the strong photothermal heating effect of
CNTs. This strategy demonstrates the potential for the design and synthesis of CNTs-based
composite as an efficient and sustainable catalyst platform. To further enhance the multi-
functionalization of CNTSs, it would be valuable to investigate the influence of the molecular
structure of the amphiphilic glycopeptides, which can be achieved by varying the number and type

of peptide or carbohydrate units.

Overall, this thesis demonstrates that the utilization of soft templates enables the controllable
synthesis of multi-functional nanocomposites with ordered structures and tailored properties. This
study has established a clear relationship between the selected soft templates and final application
performance. The proposed synthetic strategy broadens the application scope of composite
materials in various catalytic processes. The findings of this thesis contribute to the development
of materials science and catalysis, opening up new possibilities for the design and synthesis of

novel and efficient catalysts.
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6 Experimental

6.1 Chemicals and materials

Chemicals Purity Supplier
1-Bromodecane >99 % Sigma-Aldrich
1-Vinylimidazole >99 % Sigma-Aldrich
2,2'-Azobis[2-methyl-N-(2-hydroxyethyl) propionamide] -~ 99 % FUJIFILM Wako
(VA86) Chemicals
2,6-Di-tert-butyl-4-methylphenol (BHT) >99 % Sigma-Aldrich
3-Mercaptopropionic acid (3-MPA) >99 % Sigma-Aldrich
4-Nitrophenol (4-NP) >99 % Sigma-Aldrich
Ammonium tetrathiomolybdate ((NH4)2M0S,) >99 % Sigma-Aldrich
Carbon nanotubes (CNTS) >99.9% Timesnano
Copper acetate monohydrate (CuAcz*H20) >99 % Sigma-Aldrich
Gold chloride trihydrate (HAuUCl4*3H,0) >99 % Sigma-Aldrich
Hydrazine hydrate solution (N2H4*H0) 35 wt.% Sigma-Aldrich
Hydrochloric acid solution (HCI) 37 % Sigma-Aldrich
Palladium chloride (PdCly) 97 % Sigma-Aldrich
Polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP) 99 % Polymer Source Inc.
Potassium bromide (KBr) >99.8 % Sigma-Aldrich
Potassium hydrogen carbonate (KHCOs) 99.7-100.5 wt.% Sigma-Aldrich
Silver nitrate (AgNOs3) 99.9 % Sigma-Aldrich
Sodium borohydride (NaBH.) >99 % Sigma-Aldrich
Sodium hydroxide (NaOH) 97 % Sigma-Aldrich
Sulfuric acid (H2SO4) >99.8 % Sigma-Aldrich
2-Propanol (PrOH) >99.8 % Sigma-Aldrich
Diethyl ether =99.0% Sigma-Aldrich
Dimethyl sulfoxide-d6 (DMSO-d6) >99.9 atom %D Sigma-Aldrich
Ethanol (EtOH) >99.8 % Sigma-Aldrich
Methanol (MeOH) >99 % Sigma-Aldrich
Toluene >99.7 % Sigma-Aldrich
Ultrapure water 18.20 MQ-cm Thermo Scientific

6.2 Material synthesis

6.2.1 Synthesis of PIL/Cu composites
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6.2.1.1 Synthesis of the IL monomer
N\
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Figure 6.2.1. The synthetic reaction of IL monomers.

The synthesis of the IL monomer 3-n-decyl-1-vinylimidazolium bromide was shown in Figure

6.2.1.” 10 mL of 1-vinylimidazole and 10 mL of methanol were loaded into a 100 mL flask. 22.8
mL of n-decyl bromide and 50 mg of inhibitor (BHT) were introduced to the solution. The mixed
solution was stirred at 300 rpm at 60 <C in an oil bath for 15 h. After cooli ng down, the mixed
solution was slowly added to ~300 mL of diethyl ether. Next, the unreacted reactants in the
supernatant layer were removed, while the precipitated product in the bottom layer was washed
with diethyl ether 5 times. Finally, the obtained viscous yellow liquid was dried at 50 T in a
vacuum oven overnight to completely remove the residual solvent. The chemical structure of
obtained IL monomers was confirmed by nuclear magnetic resonance (NMR) analysis (Figure
6.2.2). The reaction yield is ca. 34%. The obtained liquid product was stored in dark at 4 T in a
fridge for further use.
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Figure 6.2.2. 'H-NMR spectrum of the IL monomers dissolved in DMSO-d6.
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6.2.1.2 Synthesis of PIL NVs
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Figure 6.2.3. Free radical polymerization for the synthesis of PILs.

In a typical run, various amounts of IL monomers (0.3 - 4.8 g) were fully dissolved in 100 mL of
deionized water in a 250 mL of Schlenk flask to form a homogenous solution. The monomer
solution was mixed with 50 mg of thermo-initiator (VA86) under magnetic stirring at 250 rpm for
30 min. The mixture was completely deoxygenated by five cycles of nitrogen replacement.
Afterwards, the mixture was stirred at 75 <C in an oil bath overnight for the formation of colloidal

PIL dispersion. The polymerization reaction is depicted in Figure 6.2.3.

The colloidal PIL dispersion was exhaustively dialyzed against deionized water using a dialysis
tubing (cellulose, diameter of 44 mm, thickness of 20 pm) until the conductivity of cleaning water
was below 3 S/cm. Eventually, the PIL dispersion was stored at 4 <C in the fridge for further use.
The PIL dispersion was freeze-dried overnight, forming a PIL powder used for the NMR
measurement. The corresponding *H-NMR spectrum of the obtained PILs is shown in Figure 6.2.4.
The PIL NVs prepared at the monomer concentration (Cm) of 12 and 24 mg/mL are named as NVs
and SNSs, respectively, according to their morphology under TEM characterization. To calculate
the polymerization yield (Y), a desired amount of PIL dispersion at a given Cn (V mL) after dialysis
was completely dried at 90 <T in an oven overnight until its weight remained constant (W g). Each
sample was repeated 5 times to calculate the average value. Therefore, Y can be determined by:

_ Vxem —

y = 2% 5 100% (6.2.1)

VXcm
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Figure 6.2.4. *H-NMR spectrum of the PILs prepared at Cr, of 12 mg/mL dissolved in DMSO-d6.

6.2.1.3 Synthesis of PIL/Cu composite particles

The facile synthesis of colloidal PIL/Cu composite particles was conducted based on the previous
study.'?! For PIL NVs (Cm of ~ 12 mg/mL), the obtained PIL dispersion (4 mL, 10 mg/mL) was
diluted with 32 mL of deionized water. Then a fresh copper acetate (CuAc>) solution (4 mL, 10
mg/mL) was slowly added to the dispersion under vigorous stirring at 500 rpm. The mixed
dispersion was stirred at room temperature for 4 h, followed by quickly injecting an aqueous N2H4
solution (0.4 mL, 35 wt.%). The color of the mixed dispersion turned from light blue to pink.
Afterwards, the mixed dispersion was heated at 80 <C in an oil bath under stirring at 250 rpm
overnight to complete the reduction of Cu?* ions. The color of the mixed dispersion changed to
dark red the next day. After cooling down, the resulting dispersion was sonicated (30 W, 37 kHz)
for 20 min. Subsequently, the dispersion was filtered off using a syringe filter (Acrodisc with Supor
Membrane, polyethersulfone, 1.2 m in pore size, and 25 mm in diameter) to remove any big
aggregates. The dispersion was subjected to centrifugation at 8500 rpm for 30 min and washed
with fresh water once, yielding the final product of PIL/Cu composite particles. The obtained
composite particles were re-dispersed in 25 mL of fresh water before further use. For PIL SNSs
(Cm of ~ 24 mg/mL), the as-synthesized PIL dispersion (2 mL, 20 mg/mL) was used for the
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preparation of the corresponding PIL/Cu composite in the same manner as mentioned above. By
comparison, the pristine Cu NPs were also prepared in the same way without any PIL templates.
Cu NPs-decorated NVs and SNSs are denoted as NVs/Cu and SNSs/Cu, respectively.

6.2.2 Synthesis of M0S2/C composites
6.2.2.1 Assembly of block copolymer as templates

Two block copolymers (BCPs) with different mass fractions of P2VP moiety have been used for
the formation of assembled polymer particles, as shown in Table 6.2.1. Taking PSagsk-b-P2VP16 sk
(Mn, ps = 48.5 kg/mol, M, p2ve = 16.5 kg/mol, Mw/Mn = 1.06) for an example, 40 mg of the as-
purchased BCP powder was completely dissolved in 4 mL of toluene to form a homogenous BCP
solution (10 mg/mL). The BCP solution was then introduced to 80 mL of deionized water
containing 0.12 mL of a surfactant solution (SDS, 0.5 wt.%). The mixture was completely
emulsified under sonication (30 W, 37 kHz) for 30 min to form a well-dispersed colloidal
dispersion (2 mg/mL). The formed BCP dispersion was subjected to rotatory evaporation at 40 C
in a water bath for ca. 2 h to remove toluene and solidify the BCP particles. The solidified particles
in water were collected by centrifugation at 9000 rpm for 2 h, followed by re-dispersing in ca. 80
mL of ethanol. The particle dispersion in ethanol was further heated at various temperature ranging
from 30 to 90 <T in an oil bath for 1 h to induce the selective swelling of the BCP particles. After
cooling down to room temperature, the BCP dispersion was condensed to ca. 4 mg/mL using the
rotary evaporator at 40 <TC in the water bath for ca. 2 h. For PSsg sk-b-P2V P23k (Mn, ps = 38.5 kg/mol,
Mn, p2ve = 23 kg/mol, Mw/Mn = 1.03), the BCP particles were obtained using the same protocol but

swelling at 50 <T in ethanol.

Table 6.2.1. Selective swelling condition of the two PS-b-P2VP particles.

BCPs Swelling temperature (C)
PSg5k-b-P2VP1g .5 30
PSug5k-b-P2VP1g .5 50
PSug5k-b-P2VP1g .5 75
PSug5k-b-P2VP1g .5 90
PSss5k-b-P2VP23 50
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6.2.2.2 Synthesis of nanostructured MoS/C composite particles

As shown in Table 6.2.2, the obtained BCP dispersion (4 mg/mL, 10 mL) was added in 140 mL
of (NH4)2MoSs solution with the final concentration of (NH4)2Mo0S4 maintained at 1, 1.5, and 3
mg/mL, respectively. The particle dispersion was stirred at 250 rpm for 30 min. Afterwards, an
HCI solution (0.16 mL, 1 M) was added dropwise into the dispersion, resulting in the partial
decomposition of the precursor into molybdenum sulfide (MoSx, x = 2~3). To improve the
hydrophilicity of the MoSx in the aqueous solution, 100 puL of 3-MPA was added into the mixed
dispersion under stirring at 550 rpm. The chemical reaction is shown in the equation (6.2.2). The
mixed dispersion was stirred for ~30 min, followed by centrifugation at 8000 rpm for ~40 min and
washing with fresh water 3 times. Next, the obtained brown particles were completely dried by
freeze-drying overnight. The particles were then calcined at 500 <C in an argon atmosphere for 2
h at a heating rate of 3 <T/min, yielding t he final product of MoS, with carbon (termed as MoS2/C),
as shown in equation (6.2.3). In comparison to MoS,/C composite particles prepared with various
polymer templates, the bulk MoS; was fabricated by following the same process without any BCP
templates. The MoS,/C particles prepared with the final concentration of (NH4)2MoS4 of 1, 1.5,
and 3 mg/mL are denoted as M0S,/C-1, M0S,/C-1.5, and MoS,/C-3, respectively.

MoS;~ + 2H+ — MoS3 | +H258 1T (6.2.2)
A
(NH4)2M0S4 - MoS2 + 2NH3 T +H25 T (6.2.3)

Table 6.2.2. Preparation conditions of (NH4)2MoS, coated block copolymer particles.

(NH4)2MoS4 concentration

Polymer templates (NH4)2MoSs amount (mg)
(mg/mL)

PSagsk-b-P2VP16 51 particles swollen at 75 <C 1 150

PSagsk-b-P2VP16 51 particles swollen at 75 <C 15 300

PSus sk-b-P2VP16 51 particles swollen at 75 <C 3 600

PSus sk-b-P2VP16 51 particles swollen at 50 <C 15 150

PS3s 5k-b-P2VPasy particles swollen at 50 <C 15 150

6.2.3 Synthesis of GP-CNTs-metal composites
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The glycopeptide (GP) molecule was provided by our project collaborator Dr. Rongying Liu from

Fudan University. It was synthesized according to the methods reported in the previous study.*® In

short, the GP molecule was prepared through a coupling reaction between the hydrazide group of
the triphenylalanine and hydroxyl end of sialyllactose at 50 <C. The reaction yield is ca. 59%. As
shown in Figure 6.2.5, *H-NMR (400 MHz, DMSO-d6, 8, ppm): 9.63 (d, 1H), 8.37 (d, J = 8.6 Hz,
1H), 8.17 (s, 1H), 7.87 (d, 1H), 7.26-7.16 (m, 15H), 6.90 (d, J = 8.9 Hz, 1H), 5.73 - 5.65 (m, 1H),
5.15 (d, J = 3.6 Hz, 1H), 4.89 (d, J = 6.0 Hz, 1H), 4.72 (d, J = 5.8 Hz, 1H), 4.63 - 4.48 (m, 7H),
4.42 (s, 1H), 4.35(t, J = 5.7 Hz, 1H), 4.28 (t, J = 5.4 Hz, 1H), 4.18 - 4.11 (m, 1H), 4.11 - 4.03 (m,
1H), 4.02-3.93 (m, 1H), 3.81 - 3.72(m, 2H), 3.70 (s, 1H), 3.66 - 3.54 (m, 7H), 3.53 - 3.42 (m, 4H),
3.22-3.17 (m, 4H), 3.03 - 3.00 (m, 2H), 2.95 - 2.90 (m, 1H), 2.89 - 2.85 (M, 1H), 2.84 - 2.73 (m,

4H), 2.64 - 2.57 (m, 1H), 1.90 (s, 3H), 1.26 (s, 9H).
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Figure 6.2.5. 'H-NMR spectrum of the GP powder dissolved in DMSO-d6.

6.2.3.1 Synthesis of GP-CNTSs in various states
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To prepare the diluted CNTs dispersion, 1 mg of as-purchased multi-wall carbon nanotubes
(MWCNTSs, outer diameter of 10-30 nm, inner diameter of 3-5 nm, length of 10-50 jum ) powders
were added in 1 mL of fresh GP solution (1 mg/mL) and dispersed by sonication (30 W, 37 kHz)
in an ice bath for 30 min. After centrifugation at 8000 rpm for 20 min to remove the residual bundle
complexes, a diluted GP functionalized CNTs (termed as GP-CNTSs) dispersion was obtained. The
preparation of single-wall carbon nanotubes (SWCNTS, an average diameter of 1-2 nm, an average
length of 5-30 m ) dispersion followed the same procedure as described above. As a control
experiment, the pristine MWCNTSs powders were directly dispersed in water without any GP
molecules. To synthesize the GP-CNTSs paste, the diluted GP-CNTSs dispersion was concentrated
further by centrifugation (8000 rpm, 40 min) to form a highly viscous state. The concentrated paste
was subsequently coated onto an alumina foil and dried at 40 <C in an oven, ultimately yielding a
uniform thin film. For the preparation of gel and dough, MWCNTSs powder was directly mixed
with GP molecules at the same weight ratio (1:1) but the total concentration in water increased
from ~70 to 200 mg/mL or even higher and followed by simple hand-grinding in a mortar for ~30

min.

6.2.3.2 Synthesis of GP-CNTs-metal composites

The synthesis of GP-CNTs-metal particles is conducted under similar conditions. Taking Pd as an
example, a PdCI, solution (50 pL, 10 mM) was directly mixed with the as-obtained GP-CNTs
dispersion (4 mL, 0.05 mg/mL). The pH value of the GP-CNTSs dispersion was adjusted to ~8.5 by
adding NaOH. After stirring at 250 rpm at room temperature for 15 min, the Pd NPs coated GP-
CNTs (denoted as GP-CNTs-Pd) were achieved by centrifugation at 8000 rpm for 20 min. For Au,
Pt, and Ag, HAUCI4 (60 uL, 10 mM), H2PtCle (60 uL, 10 mM), and AgNOs (60 uL, 5 mM) solution
were respectively used as the precursor for the synthesis of Au NPs coated GP-CNTs (denoted as
GP-CNTs-Au), Pt NPs coated GP-CNTSs (denoted as GP-CNTs-Pt), and Ag NPs coated GP-CNTSs
(denoted as GP-CNTs-AgQ).

6.3 Experiments

6.3.1 CO:2 electrochemical reduction
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The pristine Cu NPs and PIL/Cu composite particles were used for the CO electroreduction
(CO2ER). The as-prepared pristine Cu NPs and PIL/Cu dispersions (ca. 4 mg/mL) were deposited
on a Freudenberg H1C49 gas diffusion layers (GDLs, 180 pm in thickness) using an ultrasonic
atomizer (Sonaer, 130 kHz, low-flow tapered tip) connected with a LF130K focusing plume shaper.
The GDLs were placed on a hot plate (150 <C) at a fixed distance of 15 cm between the nozzle tip
and the surface of the hot plate. The dispersions were pumped through the nozzle using a Harvard
Apparatus syringe pump at a flow rate of 0.5 mL/min. The compressed air supplied to the nozzle
was at a pressure of 0.5 bar.

The CO2ER measurements were conducted in an H-type electrochemical cell containing 0.1 M
KHCO3z aqueous solution (as electrolyte). The electrochemical setup is shown in Figure 6.3.1. The
cathodic compartment was continuously purged with CO2 gas at a flow rate of 20 mL/min to ensure
the electrolyte solution was saturated with CO>. The GDLs coated with either pristine Cu NPs or
PIL/Cu particles were employed as the working electrode (WE), while a Pt wire and an Ag/AgCl
electrode were used as the counter electrode (CE) and reference electrode (RE), respectively. The
electrochemical bias was provided using SP-200 potentiostat (Biologic) under chronoamperometry
mode. Reduction reaction takes place on WE. The reduction reaction of several main products can

be expressed by:

2H* + 2e~ - H2(9) (6.3.1)
COz + 8H+ + 8¢~ > CHa(g) + 2H20 (6.3.2)
CO2 + 12H* + 12e~ — C2Ha(g) + 4H20 (6.3.3)

Correspondingly, an oxidation reaction occurs on CE to complete the circuit within the
electrochemical cell. The reaction is given by:

2H20 - 02(g) + 4e- (6.3.4)

The gaseous and liquid products were then quantified using online gas chromatography (GC) and
high-performance liquid chromatography (HPLC), respectively.5°

85% of ohmic resistance (iR) was compensated automatically and the applied potentials were
converted to reversible hydrogen electrode (RHE) according to the equation below:

E vs.RHE (V) = Evs.Ag/AgCl (V) + E® vs.Ag/AgCl (V) + 0.059 pH (6.3.5)
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where E vs. Ag/AgCI is the measured cationic potential and Eo vs. Ag/AgCl is the standard
potential of Ag/AgCI electrode (0.1976 V at 25 <C). The pH of the electrolyte (0.1 M KHCO3)
was measured to be 6.8. The samples were tested in the potential ranging from -0.8 to -1.2 V vs.
RHE. The measured current density (J) was normalized to the geometric surface area of WE. The
product analysis of CO2ER is mainly conducted by Siddharth Gupta and Dr. Gumaa Nagar from
HZB.

N,/ CO, Gas product

it

U

Nafion
membrane

PILs/Cu
CO; saturated 0.1 M KHCO;,

Figure 6.3.1. Setup scheme of a typical H-cell for CO2ER.

6.3.2 Photothermal conversion performance

MoS,/C composite particles: the photothermal conversion performance of the MoS,/C composite
particles was measured using their aqueous particle dispersions at various concentrations (0.05 -
0.5 mg/mL), as shown in Figure 6.3.2. Specifically, 1 mL of the desired dispersion was stirred at
300 rpm in a quartz cuvette (110-QS Hellma, 10 mm) under the near infrared (NIR) light irradiation
using a NIR laser (PhotonTec Berlin, turn-key 808 nm diode laser system, wavelength of 808 nm)
at various intensities (2 - 4 W/cm?) for ca. 10 min. To avoid direct heating by light, the thermometer
was kept far away from the laser spot, while the distance between the laser spot and the
thermometer was fixed at ca. 6.5 cm. The temperature change of the dispersion was recorded by a
digital thermometer (P300 Thermometer, Dostmann electronics) every 20 s. The IR camera (FLIR-

E8 XT) was employed to visualize the temperature changes of the dispersion every 3 min.
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GP-CNTs-metal composites: the photothermal conversion performance of metal/GP-CNTSs
composite was evaluated using the same setup as that for MoS2/C particles. While, the obtained
dispersions in the cuvette were stirred at various concentrations (1 mL, 0.01 - 0.12 mg/mL) under

the NIR light irradiation at a fixed intensity of 3 W/cm?.

Thermometer

MoS, NPs under stirring

NIR light y

Figure 6.3.2. Setup scheme of photothermal conversion of the MoS,/C particles (same setup for the metal/GP-CNTs

sample).

To quantitatively evaluate the light-to-heat conversion of the obtained dispersions based on the

heating-cooling profile (Figure 6.3.3a), the photothermal conversion efficiency () can be given

by:

_ hs(Tmax—Tsur)—Qpis
T I(1-104808) (6.3.6)

where h, s, and Qpis are the heat transfer coefficient, surface area of the container, and heat
dissipated from the light absorbed by the quartz sample cell containing pure water, respectively. |
and Asos are the laser intensity and absorption of dispersion at the wavelength of 808 nm,
respectively. Tsur and Tmax are the surrounding temperature and highest temperature of the

dispersion, respectively.1?? 123

To calculate hs, a dimensionless parameter (6) needs to be introduced and determined by:

(6.3.7)
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2023
t = —1sln (0) (6.3.8)
where 75, t, and T are the time constant, time, and temperature during the cooling stage, respectively.
Herein, zs can be determined from the slope of the cooling curve (Figure 6.3.3b). Then, hs can be

determined by:
(6.3.9)

mpC
hs = —22

Ts

where mpand Cp are the mass of water (1 g) and heat capacity (4.2 J/g -<C), respectively.
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Figure 6.3.3. (a) Temperature variation of dispersion under NIR irradiation. (b) t versus —/n(8) obtained from the

cooling stage.

6.3.3 Catalytic reduction of 4-Nitrophenol

To exclude the influence of dissolved O, molecules in the solvent on the reduction reaction, all the
solutions and dispersion were purged by fresh N> for 30 min to remove the dissolved O, before

use.

6.3.3.1 Catalytic reaction in the absence of NIR light

MoS>/C composite particles: appropriate amounts of MoS,/C aqueous dispersions (0.1 - 0.25 mL,
1 mg/mL) were sonicated (30 W, 37 kHz) for ~15 min and then added into a clean quartz cuvette
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(110-QS Hellma, 10 mm). A fresh 4-NP solution (0.25 mL, 1 mM) was introduced to the MoS»/C
dispersion under stirring at 300 rpm. The dispersion volume was fixed at 2.5 mL by adding the
proper amount of fresh water. Finally, the reaction was initialized by quickly introducing a fresh
NaBHjs solution (0.5 mL, 0.1 M) at room temperature. The dispersion in the cuvette (light path of

10 mm) was measured by UV-Vis absorption spectroscopy.

GP-CNTs-metal composites: the catalytic reaction of the GP-CNTs-metal composites in the
absence of light irradiation was evaluated using the same protocols as that for MoS2/C particles.
While, 1.75 mL of fresh water, 0.25 mL of 4-NP solution (1 mM), and an appropriate amount of
GP-CNTs-metal dispersion (50 - 150 pL, 0.1 mg/mL) were successively introduced to a clean
cuvette under stirring at 250 rpm. Next, a fresh NaBH4 (0.5 mL, 0.1 M) solution was quickly
injected to initialize the reduction reaction of 4-NP at room temperature. Finally, the mixed

dispersion in the cuvette was then measured by UV-Vis absorption spectroscopy.

6.3.3.2 Catalytic reaction in the presence of NIR light

MoS2/C composite particles: A MoS»/C particle dispersion (0.05 mL, 1 mg/mL) was added in a 4-
NP solution (0.5 mL, 2 mM) in a cuvette under stirring at 300 rpm. Next, 0.45 mL of fresh water
was introduced to the dispersion. After being irradiated with the NIR laser at the intensity of 3
W/cm? for ~15 min, the temperature of the dispersion reached equilibrium. A fresh NaBHa solution
(100 uL, 2 M) was then injected into the mixed dispersion to start the reaction. 0.1 mL of the
reaction dispersion was taken out every 40 s and then quickly diluted in 1.9 mL of water. The
MoS,/C particles were then filtered out using the syringe with a filter (Acrodisc with Supor
Membrane, polyethersulfone, 0.22 pm in pore size, and 13 mm in diameter), and the residual
solution was tested via UV-Vis absorption spectroscopy. To calculate the activation energy (Ea)
under different heating conditions, the MoS; dispersion (0.03 mg/mL) was heated by an external
heating plate and NIR light (2 W/cm?), and the reaction temperature was recorded by the
thermometer. In comparison to the NIR-assisted reduction, the reaction without light irradiation

was conducted at the same temperature as that under NIR light irradiation.

GP-CNTs-Pd composites: the catalytic reaction of GP-CNTs-Pd under NIR light irradiation was
evaluated using the same protocols as that of MoS»/C particles. While, 0.45 mL of fresh water, 0.5
mL of 4-NP solution (2 mM), and 0.03 mL of the GP-CNTs-Pd dispersion (1 mg/mL) was
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successively added in a cuvette and stirred at 300 rpm. The mixed dispersion was irradiated by
NIR light (3 W/cm?) for ~15 min to reach a constant temperature. A fresh NaBH4 solution (100
ulL, 2 M) was rapidly introduced to trigger the reaction. To monitor the reduction progress, 0.1 mL
of the reaction dispersion was extracted after 5 min and then diluted with 1.9 mL of fresh water.
The resulting diluted dispersion was then subjected to filtration using the syringe with a filter
(Acrodisc with Supor Membrane, polyethersulfone, 0.22 pm in pore size, and 13 mm in diameter).
The remaining solution was eventually analyzed using UV-Vis absorption spectroscopy. In
comparison to the NIR-assisted reduction, the non-irradiated reactions were conducted in a water
bath heated at the same temperature as the same condition as above.

6.4 Characterization methods

6.4.1 UV-Vis spectroscopy

UV-Vis spectroscopy is commonly used in analytical chemistry for the quantitative or qualitative
determination of diverse samples, such as plasmonic metal particles (e.g. Au, Ag, and Cu),
transition metal ions, and conjugated organic compounds. The detector in a UV-Vis
spectrophotometer measures and compares the intensity of light before and after passing through
the sample. The intensity of the transmitted light decreases due to the light absorption by the
samples at specific wavelengths. The absorbance of a sample solution is based on the Beer-
Lambert law that can be given by:

i 1
A=¢ecL=1og1g (?) =logio (;) (6.4.1)

where A is the absorbance of the sample, L is the path length of the cuvette, ¢ is the sample
concentration, lo is the initial light intensity, | is the transmitted light intensity, T is the
transmittance of the sample, and ¢ is the molar absorptivity.*2* When passing through a transparent
cuvette filled with the sample solution, the light intensity is proportional to the sample

concentration.

In this thesis, the dispersion samples were contained in a clean quartz cuvette (110-QS Hellma, 10
mm) and measured on a PerkinElmer Lambda 650 spectrometer at room temperature. The

reference spectra of the corresponding composite samples were replaced with water.
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6.4.2 Raman spectroscopy

Raman spectroscopy was used to detect the vibration modes of molecules, thus providing a both
chemical and structural fingerprint of the samples. Raman spectroscopy detects scattered Raman
light from the sample when irradiated by a laser.'® Raman scattering rarely occurs (ca. 1 in 10
million photons), which is an inelastic scattering process with an energy transfer between the
molecule and scattered photon (Figure 6.4.1). Generally, two types of scattering processes occur:
Stokes and anti-Stokes scattering. Stokes Raman scattering refers to the scattering of photons that
lose energy during the interaction with a measured molecule. Inversely, if the scattered photon
gains from a molecule, its wavelength will decrease, which is often defined as anti-Stokes Raman

scattering.

Herein, the Raman spectra were obtained on an InVia 2R9X81 Raman spectrometer with a detector
of Renishaw Centrus 2MYA08 and a HeNe laser (a wavelength of 532 nm). Before measurement,
the dispersion samples were completely dried on a clean silicon wafer overnight inside the fume
hood.

An‘aser )‘scatter < An‘aser

Incident light ~ ’ Anti-Stokes scattering
-

Ascatter = An‘aser

A > A
scatter - laser Rayleigh scattering

Stokes scattering

Figure 6.4.1. Three types of scattering processes that occur when the incident light interacts with a molecule.

6.4.3 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) measurements were used to determine the chemical structure
of as-synthesized samples. The 'H-NMR spectra were recorded at room temperature using a Bruker
DPX-400 spectrometer operating at 400 MHz. Dimethyl sulfoxide-ds (DMSO-ds) was used as the

solvent to dissolve the samples (i.e. ILs, PILs, and GP molecules).
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6.4.4 X-ray photoelectron spectroscopy

The quasi in situ X-ray photoelectron spectroscopy (XPS) measurements were carried out on a
SPECS PHOIBOS 100 analyzer with Al K, radiation (1486.74 eV). The CO2ER experiments were
conducted in an O.-free glovebox using the H-type cell specified above and under the same
conditions. After the electrolysis, the samples were completely dried and stored in the glovebox.
Next, the samples were transferred to the XPS vacuum chamber using a transfer arm, which was
kept in an inert atmosphere.!?® The oxidation state of Pd in the GP-CNTs-Pd composite was
determined by XPS with an ESCA-Lab-220i-XL X-ray photoelectron spectrometer (Thermo
Fisher Scientific) with Al K, sources (hv = 1486.6 eV).

6.4.5 Gas chromatography

Gas chromatography (GC) was used to analyze the gaseous products (e.g. H2, CO, CH4, and C2H4)
from CO2ER. The products were measured on an online GC (Thermo Scientific, Trace 1310,
double column) equipped with a flame ionization detector (FID) for multi-carbon (C>+) products
and a pulse discharge detector for light components (e.g. H2, CO, CH4). Helium (He) was used as
the carrier gas. The mixed gas products were first diluted with pure CO> gas and then measured

every 10 min for ~3h.%°

6.4.6 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) was employed to quantify the liquid products
(e.g. methanol and formic acid) from CO2ER. The measurement was performed on an HPLC
(Thermo Scientific, UltiMate 3000 Series, Dionex, single column) equipped with a variable
wavelength detector (VWD, UltiMate 3000, Dionex), a refraction index (RefractoMax 520, ERC)
detector, and an automatic sampling unit. A fresh 5 mM H2SO4 solution was used as an eluent.
After the reaction, 1 mL of the electrolyte solution containing the liquid products was collected in

a clean glass vial and transferred to the automatic unit for the measurement.®

6.4.7 Differential scanning calorimetry
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Differential scanning calorimetry (DSC) is a thermo-analytical technique that can be used to detect
the phase transitions of samples. The IL monomer was measured on a Netzsch Phoenix F204

instrument at a heating rate of 10 < /min under a continuous N2 flow.

6.4.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is applied to estimate the mass fraction of each component in
the composite materials. During the high-temperature pyrolysis in a synthetic air atmosphere,
organic polymers (e.g. BCPs) or carbon materials (e.g. amorphous carbon and CNTs) can be

burned out, while the inorganic materials or inert metals would be left in the measured container.

Herein, the samples were measured on PerkinEImer (TGA 8000) in a temperature range of 25-
900 <T at a heating rate of 10 <T/min in synthetic air. Vigorous oxidation reaction occurs during

heating process in the air atmosphere.

For MoS»/C samples, the chemical reactions are shown below:

30,(g) + MoS,(s) = MoO5(s) + S03(g) (6.4.2)
0,(g) + C(s) = COz(9) (6.4.3)

Herein, we assume the initial amount of carbon and MoS; are x and y, respectively. The molar
masses of MoS; and MoOs are 160.1 g/mol and 143.9 g/mol, respectively. If the final mass of the

residual is z %, the mass equilibrium before and after calcination can be given by:

x+y=100% (6.4.4)
143.9
Te01 Y =% % (6.4.5)

For PILs/Cu composite particles, PILs were burned out and metallic Cu was oxidized to CuO

during calcination, respectively. The chemical reaction can be given by:

0,(g) + 2Cu(s) = 2Cu0(s) (6.4.6)

The molar masses of Cu and CuO are 64.5 g/mol and 79.5 g/mol, respectively. If the final mass
determined from TGA curve after calcination is x %, the original mass fraction of Cu in the

PILs/Cu composites (i.e. the loading amount of Cu) is thereby 0.8x %.
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6.4.9 Gel permeation chromatography

Gel permeation chromatography (GPC) is a typical column chromatographic techniqgue commonly
used to determine the relative molecular weight and the corresponding distribution of polymer
samples. The principle of GPC separation is based on the difference in polymer size or
hydrodynamic volume (radius of gyration). As shown in Figure 6.4.2, the polymer sample is first
dissolved in a good solvent that is also used as an eluent (i.e. mobile phase). The polymer solution
after filtration is injected into the column composed of porous gel particles. Afterwards, larger
sizes of polymer chains are excluded from penetrating the pores of gel particles, thus showing a
shorter eluted time. While, smaller sizes of polymer chains can enter the porous channels,

increasing their total retention time in the column.'?’

Sample injection  Size separation Large particles Small particles
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Figure 6.4.2. Scheme of the working mechanism of GPC.

Number-average molecular weight (M») and molecular weight distributions of the PIL samples
were determined by GPC. The GPC equipment was equipped with a PSS SECcurity 1260
autosampler injector, a PSS SECcurity 1260 HPLC pump, and a PSS SECcurity 1260 differential
refractometer (RID) detector using PSS columns (PSS GRAM, 10 mm, Guard + 100 A + 2 x
10,000 A). A fresh N, N-dimethylacetamide (DMAC) solution containing lithium bromide (LiBr,
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10 mg/mL) was used as the eluent at a flow rate of 1.0 mL/min at 70 <C. 1% The PIL powder after
freeze-drying was first dissolved in the DMAC/LiBr solution and kept shaking at 50 <C for ca. 1 h
to ensure the complete dissolution. Afterwards, the solutions (ca. 3 mg/mL) were left overnight at
room temperature for equilibration. The as-prepared solutions were filtered through a syringe filter
(average pore size of 1.0 um) before injection. The My and its distributions were calculated based
on linear polystyrene standards (Mn = 470-2520000 g/mol) for calibration by a PSS WinGPC

UniChrom Version 8.4 software.

6.4.10 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to obtain information about composition, surface
morphology, and geometry by scanning the samples with electron beams. Limited by the low
resolution (o) of optical microscopy, the electron microscope possesses a much higher resolution,

which can be explained by:

0.6114
8 = -
usin

(6.4.7)

where 4, |4 and £ are the wavelength of the radiation, refractive index of the viewing medium, and
semi-angle of collection of the magnifying lens (usinf also refers to the numerical aperture),
respectively.'?® After approximation, the resolution is nearly equal to half the wavelength of
incident light. The relationship between the wavelength and energy (E) of electrons accelerated in
the microscope can be expressed by Louis de Broglie’s equation if ignoring relativistic effects and

inconsistency in units *°:

1.22
A=1Z (6.4.8)

Thus, a narrow beam of high-energy electrons accelerated by a high voltage (normally below 50
kV) source provides a high resolution to visualize the morphology of the samples. The excited
electrons interact with atoms of the sample, which yields various characteristic signals including

secondary electrons, backscattered electrons, and X-rays, as shown in Figure 6.4.3.
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Figure 6.4.3. Various signals produced through the interactions between incident electrons with samples.

In SEM, the surface morphology of the samples is often spotted by secondary electrons (SE) and
backscattered electrons (BSE). The energy or wavelength of these characteristic X-rays can be
measured by Energy-dispersive X-ray spectroscopy (EDX), thus predominantly used to identify
the elements and corresponding distributions in the sample.

In this work, the surface morphologies of the samples were recorded on a LEO GEMINI 1530
microscope equipped with an EDX (Zeiss) using an In-Lens detector (SE mode) operated at 3 - 10
kV. All the dispersion samples (~50 pL, 0.05 mg/mL) were dropped on a clean silicon wafer and
fully dried at 60 <C in an oven for 4 h. Afterwards, the samples were coated with a thin carbon
layer (ca. 5 nm) before imaging to enhance the conductivity using a carbon sprayer.

6.4.11 Transmission electron microscopy

Transmission electron microscopy (TEM) is a high-resolution imaging technique that can be used
to obtain various information such as morphology, crystal structure, and chemical composition.
Unlike SEM, the electron beams in TEM generated by much higher voltage (typically 100 - 300
kV) are able to transmit through a specimen to form a two-dimensional image. The imaging
mechanism mainly relies on the contrast (or differences) in the thickness or density, atomic number,

crystal structure or orientation, energy loss of transmitted electrons, and many more.
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Normal TEM: The TEM measurements were performed on a JEOL JEM-2100 instrument operated
at an accelerating voltage of 200 kV. Continuous carbon-coated copper TEM grids (200 mesh,
Science Services, Germany) were used for conventional TEM measurements after treated with
glow discharge for ~50 s. The sample dispersion (~5 uL, 0.1 wt.%) was dropped onto the grid to
prepare the TEM specimen. After completely drying inside a fume hood for ~2 h (depending on
the dispersion solvent), the specimen on the grid was loaded on the sample holder and then inserted

into the column for imaging.

Cryogenic transmission electron microscopy (cryo-TEM): Native or fine structures of a soft matter
(e.g. polymer assemblies) in dispersion are hard to maintain in conventional TEM due to the drying
effect, cryo-TEM was thereby needed.!3! Cryo-TEM specimens were prepared by dropping 4 pL
of a dispersion sample onto Lacey carbon-coated copper TEM grids (200 mesh, Science Services)
and plunge-frozen into liquid ethane with an FEI Vitrobot Mark IV set at 4 <C and 95% humidity.
Vitrified grids were either transferred directly to the microscope cryogenic transfer holder (Gatan
914, Gatan, Munich, Germany) or stored in a liquid N2 tank. The TEM equipment was operated at
an accelerating voltage of 200 kV with a defocus of the objective lens at 2.5 - 3 um. The imaging
process was carried out at ca. - 183 T and the corresponding images were recorded using a
bottom-mounted 4 k x4 k CMOS camera (TemCam-F416, TVIPS, Gauting, Germany). The total
electron dose in each micrograph was kept below 20 e/A2,

Scanning transmission electron microscopy (STEM): STEM was used to study the elemental
mapping of the as-synthesized GP-CNTs-Pd sample. STEM for electron energy-loss spectroscopy
(EELS) analysis was performed on a Nion HERMES microscope (Nion Co., Kirkland, WA, USA)
equipped with a Dectris ELA direct electron detector (Dectris AG, Baden-Daettwil, Switzerland).
Similar to the sample preparation for cryo-TEM, ~5 uL of the GP-CNTs-Pd dispersion was placed
on a lacey carbon-coated copper grid (200 mesh, Electron Microscopy Sciences, Hatfield, PA) and

followed by drying under mild conditions.

6.4.12 Powder X-ray diffraction

Powder X-ray diffraction (XRD) is a powerful method that can provide information such as phase
identification, sample purity, and crystallite size of the samples. The incident X-ray beam at a

certain angle enters (10 - 809 the crystal lattice and is diffracted by the atom layers in the
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samples.’®? This constructive interference phenomenon can be described by Bragg’s equation
(6.4.9):

nA =dsinf (6.4.9)

where n, 4, d, and @ are the diffraction order, wavelength of X-ray, crystal spacing, and diffraction
angle, respectively. The position of the diffraction peaks is determined by the distance between
parallel crystal planes. The diffraction pattern of a mixture (or composite materials) is the sum of

the diffraction patterns of each component.

The XRD measurements herein were mainly used to detect the crystal structure of the as-prepared
samples. The XRD was conducted on Bruker D8 using a monochromatized X-ray beam with Cu
K, radiation at a scan rate of 0.059min at room temperature. All the samples were collected after
freeze-drying and kept in an air-tight XRD holder (Bruker) to avoid possible oxidation of metal

nanoparticles during measurement.

6.4.13 Small angle X-ray scattering and wide angle X-ray scattering

Small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) measurements are
conducted to obtain both the morphology and size information of the samples. In comparison to
powder XRD, SAXS is typically recorded at smaller scattering angles (0.1-109. Particularly, a
crystalline sample is not essential in SAXS.!3% 134 Characteristic distances of partially ordered
structures can be detected by SAXS/WAXS. The average distance (d) between repeated spacing
(or long period) is then roughly as a function of the scattering vector (q), as presented in the

following equations:

__ 4msin®
y!

d= 27 (6.4.11)

(6.4.10)

where q, 4, and @ are the scattering vector, wavelength of X-ray, and scattering angle, respectively.
When scattering from spherical particles dispersed in a medium, scattered intensity (1) can be

expressed by:
1(q) = nAp2V2P(q) S(q) (6.4.12)
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where n, 4p, V, P(q), and S(q) are the number of scatters, the difference in electron density, form
factor, and structure factor, respectively.!®® Therefore, the samples with higher electron density
exhibit a stronger contribution to the scattering signal. The other parameters such as the form and

structure factor also influence the overall scattering intensity in the system.

The PIL dispersions were measured at the four-crystal monochromator (FCM) beamline of
Physikalisch-Technische Bundesanstalt (PTB) at the BESSY Il synchrotron radiation facility
(Helmholtz-Zentrum Berlin, Germany).?*® The PIL dispersions were measured in tightly sealed
borosilicate glass cuvettes (Hilgenberg, Malsfeld, Germany, 80.0 x 4.2 x 1.25 mm 3). All the
measurements were performed at a photon energy of 8000.0 £0.8 eV. The SAXS/WAXS images
were recorded with a Pilatus 1M detector (Dectris Ltd., Baden, Switzerland) at a sample-to-
detector (SD) distance of 5.107 +0.005 m for SAXS and a distance of 0.206 #0.002 m for WAXS
measurement, respectively.*®” These SD distances were calibrated with the long-period spacing

(001) peak of silver behenate by the triangulation method. To determine the scattering signal
resulting from the used container and solvent, the empty cuvette and separated cuvette containing
pure water were measured as background, respectively. In addition, the lower section of the
cuvettes was filled with Fluorinert FC-3283 acquired from lolitec (Heilbronn, Germany) to
determine the optical path length of the cuvettes.*3® The SAXS/WAXS images were recorded on
multiple spots along the cuvettes and averaged to eliminate the possible sedimentation effects.
Each sample was repeated 3 times to detect potential X-ray damage to the PIL particles. The
obtained SAXS/WAXS images were circularly averaged and the SAXS curves were accordingly
fitted using custom-made software with a model for hollow spherical core-shell particles under the
assumption of a log-normal size distribution. The uncertainties of the fit parameters for the overall

diameter, shell thickness, and errors of the fits were determined based on the reduced - method.**°

6.4.14 Dynamic light scattering

Dynamic light scattering (DLS) is a technique to measure the hydrodynamic size of particles in
dispersion. Particles dispersed in a suitable solvent continuously undergo Brownian motion,
resulting in a fluctuated light scattering over time. In addition, the size-dependent behavior of
scattering intensity variations can provide information on the dynamics and motion of particles in

a scattering system. Large particles tend to show a slower change in scattering intensity compared
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to smaller particles.'® Specifically, the velocity of the Brownian motion can be indicated by the
translational diffusion coefficient (D), the hydrodynamic diameter (Dp) is thus calculated based on
the Stokes-Einstein equation (6.4.13):

kT
Dn =
3nnD

(6.4.13)
where k, 77, and T are Boltzmann constant, viscosity, and absolute temperature of the dispersion,

respectively.

The average Dn and distributions of PIL dispersions were determined by using a Malvern Zetasizer
Nano ZS at room temperature. A HeNe laser (wavelength of 632.8 nm, output power of 25 mW)
was utilized as the light source, and the scattered light was detected at a fixed angle of 173< The
PIL dispersion (~0.01 mg/mL) was filtered with a syringe filter (Acrodisc with Supor Membrane,
25 mm in diameter, and 5 um in pore size) and subsequently placed in a disposable cuvette

(DTS0012, polystyrene, 12 mm). Each measurement was repeated 5 times at room temperature.

6.4.15 Nitrogen adsorption/desorption

Nitrogen adsorption/desorption at low-temperature was used for porous structure analysis. N2
adsorption/desorption isotherms were obtained using a Quantachrome Autosorb-1 system at 77 K.
The specific surface area of porous MoS»/C particles was calculated using Brunauer-Emmett-
Teller (BET) method based on a multipoint analysis and the pore size distributions were obtained
from Barrett-Joyner-Halenda (BJH) method. Before all measurements, samples were outgassed at
100 <€ for 12 h under vacuum.
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List of Abbreviations

3-MPA
4-AMP
4-NP
AAO

Ag
AgNOs3
ATRP

Au

BCPs
BET

BHT

BJH
CNTs
CO:ER
cryo-TEM
Cu
CuAcz*H.0
DLS

DSC
EELS
FT-IR

GC

GP

GPC
H2SO4
HAADF
HAuUCl4*3H.0
HCI

HER

3-Mercaptopropionic acid
4-aminophenol

4-Nitrophenol

Anodic aluminum oxide

Silver

Silver nitrate

Atom transfer radical polymerization
Gold

Block copolymers
Brunauer-Emmett-Teller
2,6-Di-tert-butyl-4-methylphenol
Barrett-Joyner-Halenda

Carbon nanotubes

CO: electroreduction

Cryogenic transmission electron microscopy
Copper

Copper acetate monohydrate
Dynamic light scattering

Differential scanning calorimetry
Electron energy loss spectroscopy
Fourier transform infrared spectroscopy
Gas chromatography

Glycopeptide

Gel permeation chromatography
Sulfuric acid

High-angle annular dark-field

Gold chloride trihydrate
Hydrochloric acid

Hydrogen evolution reaction
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HNPs Hollow nanovesicles
HNVs Hollow nanoparticles
HPLC High-performance liquid chromatography
Hx 4-hydroxylamine
ILs lonic liquids
KBr Potassium bromide
KHCOs Potassium hydrogen carbonate
LH model Langmuir-Freundlich model
MoS: Molybdenum disulfide
N2H4*H20 Hydrazine hydrate solution
NaBH. Sodium borohydride
NaOH Sodium hydroxide
(NH4)2Mo0S4 Ammonium tetrathiomolybdate
NIR Near infrared
NMP Nitroxide-mediated polymerization
NMR Nuclear magnetic resonance
NVs Nanovesicles
Pd Palladium
PdCI Palladium chloride
PILs Poly(ionic liquid)s
PISA Polymerization-induced assembly
PLNPs Pomegranate-like nanoparticles
PNPs Porous nanoparticles
PS-b-P2VP Polystyrene-b-poly(2-vinylpyridine)
RAFT Reversible addition-fragmentation transfer
SAXS Small-angle X-ray scattering
SD Sample-to-detector
SEM Scanning electron microscopy
SNSs Solid nanospheres
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
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TGA Thermogravimetric analysis

VA86 2,2'-Azobis[2-methyl-N-(2-hydroxyethyl) propionamide]
WAXS Wide angle X-ray scattering

WS, Tungsten disulfide

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

a Size of the segregated domains

A Arrhenius pre-factor

Ay Hamaker constant

C Concentration

d Long period determined from Bragg’ equation
D Translational diffusion coefficient

Dn Hydrodynamic diameter

Do Diameter

E Standard potentials

Ea Activation energy

€ Interaction energies of each block

f Volume fraction of one block

F Faradaic constant

G Attraction/repulsion energy between two particles
h Distance between two particles

i Current

I Absorption/scattering intensity

J Current density

K Langmuir adsorption constant

Ky Surface area-normalized rate constant
Kapp Apparent rate constant

I Statistical segment length

Lo Length

m Electron transfer number

Mn Number-averaged molecular weight

87



2023 Xuefeng Pan
n Number of charge density/scatters
P(q) Form factor
q Scattering vector
R Radius
S Normalized specific surface area
SeeT Specific surface area based on BET method
S(q) Structure factor
t Time
T Temperature
X Molar ratio of one block
z Boltzman constant
%) Solubility parameter
n Photothermal conversion efficiency
0 Actual coverage fraction
K Debye-Hickel parameter
X Flory-Huggins interaction parameter
V4 Reduced surface potential
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graphical abstract

This study casts new aspects on using nanostructured PILs as new electrocatalyst supports in COz conversion to C1 products.
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Article history: Herein, we report a straightforward, scalable synthetic route towards poly(ionic liquid) (PIL) homopoly-
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mer nanovesicles (NVs) with a tunable particle size of 50 to 120 nm and a shell thickness of 15 to 60 nm
via one-step free radical polymerization induced self-assembly. By increasing monomer concentration for
polymerization, their nanoscopic morphology can evolve from hollow NVs to dense spheres, and finally
to directional worms, in which a multilamellar packing of PIL chains occurred in all samples. The trans- formation
mechanism of NVs’ internal morphology is studied in detail by coarse-grained simulations, revealing a

s?l/;:foriiliquid] correlation between the PIL chain length and the shell thickness of NVs. To explore their potential
Nanovesicles applications, PIL NVs with varied shell thickness are in situ functionalized with ultra-small (1 ~ 3
Polymerization-induced self-assembly nm in size) copper nanoparticles (CuNPs) and employed as electrocatalysts for CO: electroreduc- tion. The
Nanoparticles composite electrocatalysts exhibit a 2.5-fold enhancement in selectivity towards Ci: products (e.g., CHa),
CO: electroreduction compared to the pristine CuNPs. This enhancement is attributed to the strong electronic
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interactions between the CuNPs and the surface functionalities of PIL NVs. This study casts new aspects
on using nanostructured PILs as new electrocatalyst supports in COz conversion to C:1 products.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Polymer nanovesicles (NVs) self-assembled from amphiphilic
polymers have aroused intensive interest in diverse research areas
such as drug delivery, cell mimicking, nanoreactors, and water
remediation.[1-5] Owing to their inherent hollow shape, polymer
NVs possess light weight, large surface area, and a unique compart-
mentalized cavity.[6-8] These structural characteristics are
directly associated with their mechanical stability, membrane per-
meability, and encapsulating capability, which impact their mate-
rial performance.[9-11] For instance, when it comes to
nanoreactors, the tiny cavity of the NVs is beneficial for achieving
higher reaction rates and potentially better catalytic performance
due to the shortened transport distance for the reaction medium
and reactants.[12,13] Recently, various synthetic approaches
toward precise control over the size of NVs have been developed,
including the solvent exchange method, template-assisting route,
and microfluidics.[14-17] However, from the applicative perspec-
tive, the involvement of organic solvents and /or complex devices in
the above-mentioned approaches is undesirable and may limit
their future practical use.

From the structural perspective, in addition to the dimension of
the NVs, the shell thickness is essential in regulating the shape
robustness and mass transport into and out of NVs. As the majority
of vesicles are made up of amphiphilic block polymers via the
default concept of block copolymer self-assembly, it is common
to alter the relative and absolute length scale of the hydrophilic and
hydrophobic blocks to dictate the shell thickness.[18,19] How- ever,
the tedious, time-intensive synthetic protocols for block
copolymers via multistep polymerizations are the apparent
dilemma and bottleneck for real-life applications. By contrast,
efforts have been rarely directed to tailor shell thickness by the
homopolymer approach, which is often ignored in the NV synthesis
for lack of qualified homopolymers and the fuzzy boundary
between hydrophobic and hydrophilic moieties within the same
repeating unit.

Poly(ionic liquid)s (PILs), as a fascinating group of functional
ionic polymers, have been actively employed in multiple research
areas including ionic liquids (ILs), polymer science, materials
chemistry, sensing technology, and analytic chemistry, just to name
afew.[20-25] In terms of molecular structure design, a series of PIL
homopolymers has been fabricated from diverse IL mono- mers;
these PIL homopolymers typically carry cationic backbones (e.g.,
polyimidazolium, polypyridinium, and polyphosphonium) with
side alkyl chains of various lengths and counter anions (e.g., halides,
acetate, and hexafluorophosphate).[26,27] The amphiphilicity of
PILs is readily modulated by the choice of the alkyl chain length and
counterion type, without varying the syn- thetically complex
backbone.[28-30] Taking advantage of a large number of existent
amphiphilic IL monomers, a couple of PIL homopolymers in
vesicular nanostructures have been indeed made.[31] The
microphase separation of PILs during their polymer- ization gives
rise to the simultaneous formation of NVs, that is to say, the
chemical polymerization drives the physical self- assembly process.
This straightforward technique for polymer assembly is often
defined as “polymerization induced self- assembly” (PISA), which
due to its easiness in implementation has been prevailing for
preparing nanoparticles of a rich library of morphologies at a
broad polymer concentration window.[32]
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Nevertheless, the essential factors affecting the internal structures
and self-assembled morphologies of PILs via PISA remain mysteri-
ous and lack in-depth investigation.

In addition to the prominent advantages in vesicle assembly,
PILs find versatile applications including drug delivery, catalyst
supports, and COz sorption/conversion.[26,33-35] In light of the
growing demand for clean energy sources, the electrochemical
conversion of COz (CO:2ER) into valuable chemicals provides an
auspicious approach to mitigating the negative impacts of excess
COz emissions. [36-38] A primary technological challenge is to
design selective electrocatalysts with high stability and production
rates. Tackling the undesired parasitic hydrogen evolution reaction
(HER) is crucial to mitigate the aforementioned-challenges.[39,40]
Copper (Cu) is the only known metal that enables CO: electrore-
duction to high-value hydrocarbons (e.g., CHs and CzH4) with con-
siderable production rates, despite its poor selectivity towards
specific products.[41-43] A variety of approaches, including sur-
face functionalization, surface nano-structuring, and alloying, have
been used to enhance the selectivity of Cu catalysts.[44-46] Very
recently, copper nanoparticles (CuNPs) functionalized with PILs
have been used to tune CO:zER selectivity towards hydrocarbons.
[47] In addition, PILs are an excellent stabilizer and carrier for
metal nanoparticles, and are capable of efficiently tailoring their
particle size.[48-51]

Herein, we finely modulated the COzER selectivity of CuNPs by
in situ synthesis and anchoring them into structurally well-defined
PIL NVs with specific surface functional groups. Concretely, we first
systematically investigated the morphological transformation of
PIL homopolymer NVs via free radical polymerization by varying
the concentration of monomer 3-n-decyl-1-vinylimidazolium bro-
mide (3 < C» < 48 mg/mL) (Scheme 1). Intriguingly, multilamellar
NVs with controllable overall size and shell thickness were
obtained via PISA, and the corresponding formation mechanism
was proposed and validated via coarse-grained simulations. As a
step forward to explore the utilization of such exquisitely con-
structed nanostructures, the PIL NVs with different shell thick-
nesses were in situ decorated by uniform ultra-small CuNPs of
1 ~ 3 nminsize for COzER. The synthesized hollow PIL/Cu compos-
ite particles exhibited an enhanced selectivity towards C1 products,
especially CH4 as a crucial chemical feedstock. Moreover, quasi
in situ X-ray photoelectron spectroscopy has been adopted to probe
the surface speciation changes of the prepared PIL/Cu composite
catalyst and correlating them to the COzER processes.

2. Materials and methods
2.1. Chemicals

1-Vinylimidazole (99 %), 1 bromodecane (99 %), diethyl ether
(299 %), methanol (299 %), 2,6-di-tert-butyl-4-methylphenol
(BHT, =299 %), copper (1I) acetate monohydrate (CuAcz-H:0), and
hydrazine hydrate (N:H4, 35 wt%) solution in water were pur-
chased from Sigma-Aldrich. 2,2' -Azobis[2-methyl-N-(2-hydroxye
thyl) propionamide] (VA86, 299 %) was purchased from FUJIFILM
Wako Chemicals. Ultrapure water with a resistance of 18.20
MQ'cm was purified using the Thermo Scientific Barnstead Gen-
Purex CAD Plus system). 2-propanol (299.8 wt%), sulfuric acid
(H2S04, 298 wt%, EMSURE® purity), and potassium hydrogen car-

bonate (KHCO3, 99.7-100.5 wt% ACS, EMSURE® purity) were pur-
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Scheme 1. Synthetic scheme of PIL NVs from its IL monomer at varied concentrations and their functionalization by CuNPs.

chased from Merck. Carbon dioxide (CO2z) gas with 4.8 purity was
purchased from Linde. All chemicals were used without any further
purification.

2.2. Synthesis of the IL monomer

The synthesis of the IL. monomer 3-n-decyl-1-vinylimidazolium
bromide was follow our previous report,[52] and briefly described
as follows. 0.1 mol of 1-vinylimidazole and 10 mL of methanol
were loaded into a 100 mL of flask. 0.1 mol of n-decyl bromide
and 50 mg of inhibitor (BHT) were introduced to the solution.
The mixture was stirred at 60 °C in an oil bath for 15 h. After cool-
ing down, the reaction mixture was slowly added into an excess
amount of diethyl ether. Then, the supernatant layer was removed
and the precipitate was washed with diethyl ether 5 times. Finally,
the obtained viscous liquid was dried into a brown solid under vac-
uum overnight to completely remove the residual solvent. The
yield is ca. 34 %.

2.3. Synthesis of PIL NVs

In a typical run, various amounts of monomer (0.3-4.8 g) were
dissolved in 100 mL of water in a 250 mL of Schlenk flask. The
monomer solution was mixed with 50 mg of initiator (VA86) for
ca. 30 min under magnetic stirring at 250 rpm. The mixture was
completely deoxygenated by five cycles of the freeze-pump thaw
procedure. Subsequently, the mixture was continuously stirred at
75 °C in an oil bath overnight. After cooling down, the final colloid
dispersion was exhaustively dialyzed against deionized water until
the conductivity of water is below 3 US/cm. The PIL dispersion was
collected and stored in the fridge at 4 °C for further use. The PIL
nanovesicles (termed “NVs”) and solid nanospheres (termed
“SNSs”) were first prepared at a monomer concentration (Cnm) of 12
and 24 mg/mL respectively, according to their morphology
observed in TEM characterization. To calculate the polymerization
yield (Y), the desired amount of PIL dispersion at a given C» (V mL)
after dialysis was contained in a clean dry vial and placed in an oven
at 90 °C until its weight was kept constant (W). Each sample
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was repeated 5 times to calculate the average value. Therefore, Y
can be determined by the following equation (1):

_Vxen—=W

Y x 100% (1)

VXcm

2.4. Synthesis of PIL/Cu composite particles

The facile synthesis of colloidal PIL/Cu composite particles was
conducted based on our recent study.[53] For PIL NVs (Cn ~ 12 mg/
mL), the colloidal dispersion (4 mL, 10 mg/mL) was diluted with 32
mL of deionized water. Then a fresh CuAc: solution (4 mL, 10
mg/mL) was slowly added to the dispersion under stirring. After
stirring at 250 rpm at room temperature for 4 h, an aqueous N2Hs
solution (0.4 mL, 35 wt%) was quickly injected into the mixture.
The color of the solution turned from light blue to pink. Afterwards,
the solution was placed in an oil bath under stirring at 250 rpm at
80 °C overnight to complete the reduction. The color of the solution
gradually changed to wine-like. After cooling down, the dispersion
was sonicated again for 20 min. Subsequently, the dispersion was
filtered off using a syringe with a filter (an average pore size of
1.2 pm) to remove any big aggregates. After centrifugation at
8500 rpm for 30 min and washing with fresh water, the precipi-
tated PIL/Cu composite particles were redispersed in 25 mL of fresh
water before further use. For PIL SNSs (Cn ~ 24 mg/mL), the syn-
thesized dispersion (2 mL, 20 mg/mL) was used for synthesis of
copper nanoparticles (CuNPs) in the same manner as mentioned
above. For comparison, the pristine CuNPs were also prepared in
the same way without any PIL templates. CuNP-decorated NVs and
SNSs are denoted as NVs/Cu and SNSs/Cu, respectively.

2.5. CO: electrochemical reduction

Electrode preparation by spray coating: the as-prepared pristine CuNPs
and PIL/Cu dispersions (ca. 4 mg/mL) were deposited onto aFreudenberg
H1C49 gas diffusion layers (GDLs, 180 um in thickness) using an
ultrasonic atomizer (Sonaer 130 kHz Low Flow tapered tip atomizer)
was used in conjunction with a focusing
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plume shaper LF130K). The GDLs were placed on a hot plate
(150 °C) while maintaining a distance of 15 cm from the nozzle
tip. The dispersions were pumped through the nozzle using a Har-
vard Apparatus syringe pump at a flow rate of 0.5 mL/min. The
compressed air supplied to the nozzle was at a pressure of 0.5 bar.
The CO: electrochemical reduction (CO:ER) tests were per-
formed in an H-type two-compartment electrochemical cell filled
with 0.1 M KHCOs aqueous solution. The cathodic compartment
was continuously purged with CO: gas at a flow rate of 20 mL/
min. The as-prepared pristine CuNPs and PIL/Cu composite parti-
cles deposited GDL substrate acts as a working electrode fully
immersed in the electrolyte, while Pt wire and Ag/AgCl were used
as counter and reference electrodes, respectively. The electrochem-
ical bias was provided using SP-200 potentiostat (Biologic) under
chronoamperometry mode. 85 % of ohmic resistance (iR) was com-
pensated automatically and all applied potentials were converted
with respect to the Reversible Hydrogen Electrode (RHE). The
cathodic gaseous products (Hz, CO, CHs, and C2Ha) were quantified
using an online gas chromatograph (GC, Thermo Scientific)
equipped with a flame ionization detector (FID) and a pulse dis-
charge detector (PDD). The quantification interval was 10 min. Liq-
uid products contained in the electrolyte were quantified using a
high-performance liquid chromatography (HPLC) with a UV detec-
tor for the non-volatile (HCOO™) and head-space gas chromatogra-
phy (GC-HS) with FID detector for the volatile ones (e.g., alcohols).
A more detailed description of the electrochemical setup and quan-
tification methods can be found in our previous report.[54]

2.6. Characterization methods

Nuclear magnetic resonance (NMR): 'H NMR spectra were
recorded at room temperature using a Bruker DPX-400 spectrom-
eter operating at 400 MHz. Dimethyl sulfoxide-ds (DMSO ds) was
used as a solvent to dissolve both the IL monomer and the corre-
sponding PIL.

Differential scanning calorimetry (DSC): DSC measurements were
conducted on a Netzsch Phoenix F204 instrument at a heating rate
of 10 Kmin™ under an N: flow.

Gel permeation chromatography (GPC): Number-average molecu-
lar weight (M») and molecular weight distributions of PIL samples
were determined by GPC. The GPC equipment is equipped with a
PSS SECcurity 1260 autosampler injector, a PSS SECcurity 1260
HPLC pump, and a PSS SECcurity 1260 differential refractometer
(RID) detector using PSS columns (PSS GRAM, 10 mm, Guard + 10 0
A + 2 x 10,000 A). The eluent is N, N-dimethylacetamide (DMAc)
containing 10 g/L of lithium bromide (LiBr) at a flow rate of 1.0 mL/
min at 70 °C.[55] The PIL powders after freeze-drying were first
dissolved in eluent and kept shaking at 50 °C for ca. 1 h to ensure
complete dissolution. Afterwards, the solutions (ca. 3 mg/mL) were
left overnight at room temperature for equilibration. The as-
prepared solutions were filtered through a PTFE syringe filter (an
average pore size of 1.0 Im) before injection. The M, and its distri-
butions were calculated using linear polystyrene standards (Mn =
470-2520000 g/mol) for calibration by a PSS WinGPC UniChrom
Version 8.4 software.

Dynamic light scattering (DLS): The average hydrodynamic diam-
eter (Dn) and distributions were determined by using a Malvern
Zetasizer Nano ZS. The scattered light was detected at an angle
of 173°.

Scanning electron microscopy (SEM): The morphologies of the PIL
samples were recorded on a LEO GEMINI 1530 microscope oper-
ated at 3 kV. All the samples were coated with a thin carbon layer
(ca. 5 nm) before measurement.

Transmission electron microscopy (TEM): Conventional TEM,
high-resolution TEM (HRTEM), and cryogenic transmission elec-
tron microscopy (cryo-TEM) were performed on a JEOL JEM-2100
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instrument operated at an acceleration voltage of 200 kV. Cryo-
TEM specimens were prepared by applying a 4 LLL drop of a disper-
sion sample to Lacey carbon-coated copper TEM grids (200 mesh,

Science Services) and plunge-frozen into liquid ethane with an
FEI Vitrobot Mark 1V set at 4 °C and 95 % humidity. Vitrified grids
were either transferred directly to the microscope cryogenic trans-
fer holder (Gatan 914, Gatan, Munich, Germany) or stored in liquid
nitrogen. Imaging was carried out at temperatures around 90 K.
The TEM was operated at an acceleration voltage of 200 kV, and
a defocus of the objective lens of about 2.5-3 Im was used to
increase the contrast. Cryo-TEM micrographs were recorded at a
number of magnifications with a bottom-mounted 4 k X 4 k CMOS
camera (TemCam-F416, TVIPS, Gauting, Germany). The total elec-
tron dose in each micrograph was kept below 20 e~ /A2,

Small angle X-ray scattering (SAXS) and wide angle X-ray scatter-
ing (WAXS): SAXS/WAXS measurements of the PIL dispersions have
been performed at the four crystal monochromator (FCM) beam-
line of the PTB at the BESSY II synchrotron radiation facility
(Helmholtz-Zentrum Berlin, Germany).[56] The PIL dispersions
have been measured in sealed 80.0 X 4.2 X 1.25 mm?3 borosilicate
glass cuvettes purchased from Hilgenberg (Malsfeld, Germany, a

wall thickness of ca. 120 pm). All measurements have been per-
formed at a photon energy of (8000.0 + 0.8) eV. The SAXS data have

been recorded at a sample detector distance of (5.107 + 0.005) m
with a Pilatus 1 M detector (Dectris ltd., Baden, Switzerland) and
a distance of (0.206 + 0.002) m for WAXS measurement.[57] Dis-
tance from sample to detectors has been determined with the long-
period spacing (001) peak of silver behenate by the triangu- lation
method. To determine the scattering from the solvent and the
glass-cuvettes, prior measurements of the empty cuvettes and
pure water in a separate cuvette have been performed. In all
measurements, the lower section of the cuvettes was filled with
Fluorinert FC-3283 acquired from lolitec (Heilbronn, Germany) to
determine the optical path length of the cuvettes.[58] The SAXS and
WAXS scattering images have been recorded on multiple spots
along the cuvettes and averaged to reveal possible effects of sedi-
mentation. The whole sequence of measurements was repeated
three times to detect potential X-ray damage of the PIL NVs. The
scattering images have been circularly averaged and the resulting
SAXS data curves have been accordingly fitted using custom-
made software with a model for hollow spherical core-shell parti-
cles under the assumption of a log-normal size distribution. The
uncertainties of the fit parameters for the overall diameter and shell
thickness and the errors of the fits of the SAXS data have

finally been determined by the reduced V2- method.[59]
X-ray diffraction analysis (XRD): The powder XRD measurements

were conducted on Bruker D8 using a monochromatized X-ray
beam with Cu Ka radiation at a scan rate of 0.05°/min. The PIL/ Cu
samples were collected after freeze-drying and kept in an air-

tight XRD holder from Bruker.

UV-vis absorption spectra: the colloidal dispersions of PILs and
PIL/Cu composite samples were contained in a clean quartz cuvette
(110-QS Hellma, 10 mm) and measured on a PerkinElmer Lambda
650 spectrometer at room temperature.

Thermogravimetric analysis (TGA): the fully dried PIL template
and PIL/Cu composite samples were measured on PerkinElmer (TGA
8000) in a temperature range of 25-900 °C at a heating rate of
10 °C/min under synthetic air. The copper loading of PIL/Cu sam- ples
is calculated based on the mass of CuO residual after calcina- tion in
air.[53]

Quasi in situ X-ray photoelectron spectroscopy (XPS): the XPS
measurements were carried out in a SPECS PHOIBOS 100 analyzer
with Al Ko radiation (1486.74 eV). For the quasi in situ XPS mea-
surements, the COz2ER experiments were carried out in an O:-free
glovebox using the H-type cell specified above and under the same
conditions. After the electrolysis, the samples were completely
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dried and stored in the glovebox. The samples were then trans-
ferred to the XPS vacuum chamber using a transfer arm, which was
kept under an inert atmosphere. Further details on the quasi in situ
XPS measurements are referred to our previously published
work.[60]

Coarse-grained simulations for self-assembled PIL NVs: The
coarse-grained (CG) model for PILs is constructed with the follow-
ing principles: the planar imidazolium ring is represented by a sin-
gle bead carrying a partial charge of + 1.0 e; the Br~ anion is
mapped into a single CG bead carrying a partial charge of —1.0 e;
each ethyl or ethylene unit is coarsened into one neutral CG bead.
The bonded and non-bonded interaction potentials between CG
beads are described by the AMBER FF format. The effective interac-
tion parameters between these CG beads were determined follow-
ing the similar procedures described in the previous work.[61] In
brief, the relative positions and sizes of these CG beads are deter-
mined from the center-of-mass of the corresponding atomistic
units. The bonded interaction parameters between virtually
bonded CG beads including bond stretching and angle bending
terms were calibrated to reproduce probability distributions of
bond lengths and angles of atomistic groups in ILs derived from
extensive atomistic reference simulations. The non-bonded inter-
action parameters between CG beads were determined to repro-
duce microstructures (eg., radial distribution functions) of
atomistic modeling systems at varied thermodynamic states.[61]

The CG MD simulations of the self-assembly behavior of PILs in
an aqueous solution were performed using the GALAMOST pack-
age.[62] The equations of motion were integrated using a classical
velocity Verlet leap-frog integration algorithm with a time step of
2.0 fs to accelerate CG MD simulations of PILs modelling systems at
extended spatiotemporal scales with a modest computational cost.
A cut-off distance of 1.6 nm was set for short-range van der Waals
interactions and real-space electrostatic interactions between
point charges. The ENUF method, an abbreviation for the Ewald
summation based on the non-uniform fast Fourier transform tech-
nique, was employed to handle long-range electrostatic interac-
tions in reciprocal space calculations.[63,64]

Each modeling system contains ~375,000 CG beads and the
number concentration of ion pair beads is kept at 20 %. The degree
of polymerization (n) of PIL chains varies from 1 (IL monomer) to
50 to explore its overall effect on the self-assembled structures
at constant Ci». Additional CG MD computations were performed for
PILs consisting of 2, 4, 6, 12, and 30 IL monomers. All modeling
systems were first energetically minimized using a steepest des-
cent algorithm, and subsequently annealed gradually from 600 K to
target temperatures within 10 ns. Afterwards, the system was
equilibrated in an isothermal-isobaric ensemble for 20 ns of phys-
ical time maintained using Nose-Hoover thermostat and Parrinello-
Rahman barostat with time coupling constants of
0.4 ps and 0.2 ps, respectively, to control temperatures and pres-
sure at 1 atm. All CG MD simulations were sampled in a canonical
ensemble for 20 ns, and simulation trajectories were recorded at an
interval of 100 fs for further structural and dynamical analysis.

3. Results and discussion
3.1. Formation of PIL NVs via PISA

Polymerization induced self-assembly (PISA) of amphiphilic PIL
homopolymers in an aqueous solution triggers the facile synthesis
of well-defined PIL structures from a surfactant-like IL. monomer.
Without any externally added stabilizer in polymerization, stably
dispersed PIL homopolymer particles in different forms were pre-
pared in water, driven by incompatibility between the hydrophilic
charged backbones and the hydrophobic neutral long alkyl sub-
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stituents.[32] Herein, we began with the chemical synthesis of
the amphiphilic IL monomer 3-n-decyl-l-vinylimidazolium bro-
mide, followed by its free radical homopolymerization in an aque-
ous solution. The successful preparation of this monomer and its
corresponding PIL (Cm at 12 mg/mL for initial tests) was confirmed
by 'H NMR measurements (see details in Fig. S1). Their thermal
behavior and relative stabilities were subsequently characterized
by DSC and TGA, as summarized in Fig. S2 and S3. A distinct melt-
ing peak at ca. 33 °C (below 100 °C) for the IL monomers was
observed in the DSC curve, which classifies itself into the group
of ionic liquids. Besides, no apparent weight loss (up to 200 °C) in
its TGA curve was found for the as-synthesized PILs, indicating
their good thermal stability (Fig. S3).

The self-assembly of the PIL can be controlled by simply poly-
merizing the IL. monomer at chosen Cn. The morphologies of these
featured PIL nanoparticles prepared at specific C» in aqueous solu-
tion were first characterized by conventional TEM and SEM, as
shown in Fig. S4 and S5, respectively. The samples for electron
microscopies were prepared by drying their dispersions at room
temperature. We observed that the particle size increased along
with Cn from 3 to 6 mg/mL (Fig. S4). Subsequently, their shape was
transformed from hollow NVs at C» ~ 12 mg/mL, to dense spheres
at Cm ~ 24 mg/mL, and finally into directional worms (at Cn ~ 48
mg/mL). Generally speaking, when polymerizing the IL monomer
at both low (3 to 6 mg/mL) and medium Cy (from 6 to 12 mg/mL),
the observed lighter contrast in the center area of PIL particles than
their edge in TEM images indicates a hollow core that was filled
with water before drying. The morphology of col- lapsed thin shells
after drying under ambient conditions was sim- ilarly spotted in
SEM images (Fig. S5). Interestingly, in the case of high Cn (from 12
to 24 mg/mL), the center void gradually shrank in size and
eventually disappeared at Cn ~ 24 mg/mL or above to form only
dense particles. A further increase of C» to 48 mg/mL
triggers the formation of linear PIL aggregates, ie., one-
dimensional PIL fibers with a length of up to ~ 10 Im and a diam-
eter of (110 +13) nm. A similar morphology was observed in our
previous report of a different PIL system.[65]

Due to the ambient-condition drying effect in the TEM sample
preparation step, the authentic architecture, particularly the hol-
low inner structure of the PIL particles, is hard to be convincingly
verified by conventional TEM. A morphology-verification step by
cryo-TEM is thus required.[66] As shown in Fig. 1a-b, e-f, and S6,
large spherical cavities inside PIL NVs were found at both low (3 to
6 mg/mL) and medium (6 to 12 mg/mL) Cn. In high C»range (from
12 to 24 mg/mL), the ordered curved multilamellar wall gradually
extended its thickness to downsize the central void (C» at~ 16
mg/mL), and eventually filled in the hollow interior to form solid
nanospheres (SNSs) at Cm ~ 24 mg/mL, as shown in Fig. 1c-d, and
g-h. Beyond this concentration, e.g., at Cm ~ 48 mg/mL, the lin- ear
attachment of primary PIL nanoparticles occurred and gave rise to
hierarchical structures, namely primary nanoparticles formed first
and next fused into nanoworms (Fig. 1i-k). For all PIL nanopar- ticles
prepared in this work, a general molecular organization in the form
of an alternating multilamellar packing of polymer chains was
identified under the cryo-TEM conditions. The hydrophobic alkyl
substituent as a side chain covalently tethered to the ionic polymer
backbone accounts for the lighter lamellae domain in the cryo-
TEM images, while the darker rings (or planes) stem from the
polymer backbone made up of the imidazolium bromide ion pairs
of a higher electron density.[65] The average bilayer spacing of NVs
(Cm ~ 12 mg/mL) is measured to be (3.1 £0.1) nm from cryo-TEM
images (see the detailed bilayer structure in Fig. S7).

By carefully analyzing the cryo-TEM images, we identify that the
overall diameter and shell thickness of NVs (i.e, the total thick- ness
of the multilamellar layers shown in Fig. 2a) strongly depends on
Cm in the polymerization. The particle sizes and size distribu-
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Fig. 1. Cryo-TEM images of the PIL NVs prepared via PISA method at various monomer concentrations (Cm): (a, €) 3 mg/mL, (b, f) 12 mg/mL, (c, g) 16 mg/mL, (d, h) 24 mg/mL,

and (i-k) 48 mg/mL. The insets are the corresponding 3D models.
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Fig. 2. (a) Scheme of the cross-section of the multilamellar PIL NVs. (b) Plots of the diameter and shell thickness of the PIL particles as a function of Cu. (c) SAXS profiles
(scatter patterns) of the PIL dispersions prepared at various C. plotted together with the analytical fit (solid lines) using a core-shell form factor. Scattering curves are

vertically shifted for clarity.

tions determined from cryo-TEM analysis are shown in Fig. 2b and
S8. Specifically, increasing Crnin the low range of 3 to 6 mg/mL leads
to an initially dramatic expansion of the NVs size from (51 £8)
to (109 = 14) nm. In the medium Cnrange (6 to 12 mg/ mL), the
diameter of PIL particles does not change significantly from (109 +
14) to (108 * 22) nm. Meanwhile at high C» (12 to 24 mg/mL),
the diameter increases slightly to (118 * 28) nm at Cim-

~ 24 mg/mL. It is worth noting that the shell thickness undergoes a
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slight decrease ranging from (18 = 6) to (16 * 6) nm in the low con-
centration zone (Cm of 3 to 6 mg/mL) and is followed by a minor
jump to (22 * 9) nm at medium Cn of 6 to 12 mg/mL. At higher
Cm above 12 mg/mL till the C» at which the hollow space is fully
filled, the shell thickness sharply rises to a maximum value of
(59 £ 14) nm. The D» and distributions of these assembled
nanoparticles were also determined by DLS and plotted against
Cm (Fig. S9), and the results are in good agreement with cryo-
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TEM analysis. Hence, it can be addressed that in the low Cn zone
(below 6 mg/mL), the addition of more monomers only enlarges
particle size. In the medium Ci» zone (from 6 to 12 mg/mL), neither
the particle size nor the shell thickness of PIL particles exhibits any
drastic change. Polymerization at a high Ci» (beyond 12 mg/mL) will
vary the internal nanostructure by thickening the shell, trig- gering
the complete transformation of NVs to SNSs (Fig. 1f-h and 2b). In
short, the Cnis correlated with the shell thickness and the diameter
of PIL NVs, which offers a useful tool to manipulate the dimension
and morphology of PISA-induced PIL homopolymer nanostructure.
To verify the structural information, the colloidal dispersions of
the PIL particles were further investigated by synchrotron-based
SAXS/WAXS measurements. Fig. 2c displays their corresponding
SAXS profiles at various Cn. Taking PIL NVs prepared at Cm-
~ 3 mg/mL as an example, their SAXS plot has been fitted in the
region from 0.04 to 0.8 nm~! with an analytical form factor of a
core-shell particle Fes according to the following equation (2):

FCS(q, R, V) = FSphere(q, R) —_ (1 —_ }L) FSphers (q, v R) (2)

where Fsphere (g, R) is the form factor of a sphere with an overall
radius R, q is the scattering vector, p is the electron density differ-
ence between core and solvent relative to the shell contrast, and v
is the ratio of the core radius to R.[67] To simplify the model, the
PIL vesicle is assumed to logically adopt a hollow core (p = 0) filled
with water as a solvent. Moreover, a homogeneous shell is assumed
here and the scattering from the internal lamellar layers is not con-
sidered in the simplified form factor of the fit.[68] The particle size
distribution is further given in the form of a log-normal distribu-
tion. The fit of the SAXS profile reveals an average diameter of (56.1
+3.8) nm with a size distribution of ca. 7.9 nm, which resem- bles
the results of cryo-TEM at (51 * 8) nm. The shell thickness is
determined to be (16.0 £ 2.2) nm, which also agrees well with that
of cryo-TEM. The overall diameter and shell thickness of all the PIL
particles were summarized in Table S1, generally following a simi-
lar trend to that of cryo-TEM analysis. In addition, the prominent
peak is located at a g value of ca. 2.1 nm™! in the WAXS data orig-
inated from the bilayer spacing of the NVs (Fig. S10). The average
bilayer spacing is calculated to be (3.0 * 0.1) nm based on Bragg’s
law, which is in good accordance with the value of (3.1 +0.1) nm
determined in the cryo-TEM analysis.[69] The bilayer spacing of all
the PIL assemblies shows only a slightly different value of 2.9 to
3.1 nm, confirming that the bilayer spacing stays constant, inde-
pendent on the final morphologies of the assembled PIL NVs (Table
S2).

3.2. Evolution mechanism of PIL NVs

Generally speaking, the morphology transformation and struc-
tural characteristics of polymer vesicles strongly correlate with the
chain structure and polymer concentration.[9,70,71] In the cur-
rent study, a higher Cn indicates a higher polymer concentration
(see Table S3). At alow C» window ranging from 3 to 6 mg/mL, we
found a sharp increase in overall diameter but little change in
thickness (Fig. 2b). Before polymerization, the 1- vinylimidazolium
cations in IL. monomer in water are reported to be associated with
counter anions via Coulombic interaction.[72] The subsequent
polymerization leads to the spontaneous self- organization of PIL
chains packing into layered assemblies (as pri- mary particles) due
to the strong hydrophobic interaction of the long alkyl groups.[65]
Meanwhile, the propagating PIL chains can be diffusively captured
by the primary PIL vesicles until all the IL. monomers are depleted.
In addition, the primary particles tend to coalesce together and
eventually form stabilized particles. Both effects could contribute
to the appreciable size expansion of PIL vesicles when increasing
Cm. In the medium Cn zone (from 6 to
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12 mg/mL), however, neither the diameter nor the shell thickness
of the PIL vesicles shows the drastic change. A possible explanation
is that the number of the PIL particles increased due to the
enhanced polymer concentration.[9]

At an even high Cn (from 12 to 24 mg/mL), we observed only a
significant increase in shell thickness but a slight change in ulti-
mate diameter. Particle coalescence or diffusion capture of PIL
chains could not fully explain the increase in the shell thickness
rather than diameter. It is essential to gain a deeper insightinto the
structural evolution in a molecular chain level. Chain length of
amphiphilic homopolymers has been reported to affect their final
assembly morphologies.[73,74] GPC (see Fig. S11 and Table S4)
was thereby used to determine the number-averaged molecular
weight (M.) of PIL chains. Elevating Cn from 12 to 24 mg/mL
increases their M, from 43 to 49 kg/mol. Note that the M,reported
here stands for an apparent molecular weight using polystyrene
standard for lack of suitable PIL standards, which can sufficiently
reflect the relative length of PIL chains. When keeping the initiator
concentration constant, a high C» in free radical
homopolymerization leads to a high propagating rate and there-
fore the formation of long PIL chains.[75] As a result, the PIL chain
length (or M.) is suggested to play a dominant role in the internal
organization at high Cn, which will be further discussed in the lat-
ter simulation part. In principle, the increase in shell thickness
could be separately or simultaneously realized in two possible ways:
one mainly results from the expansion of the bilayers, which is
commonly found in block copolymers; [76,77] the other primar- ily
comes from the folding of more bilayers into the vesicle center.
Evidently, the shell thickening of our PIL homopolymer NVs will
merely expand in the latter manner. Independent on the Cm, the
bilayer spacing keeps practically constant for all PIL NVs, which has
been proved by cryo-TEM and WAXS analyses (Table S2). When the
Cm keeps increasing (up to 48 mg/mL), the strong Hamaker force
induced by charge polarization promotes the align- ment
organization of the neighboring particles due to the liquid character
of their interior. Thus, the PIL particles partially deform and fuse
into directional worms, as described in our previous
study.[65]

Extensive coarse-grained (CG) molecular dynamics simulations
were performed to confirm the dependence of self-assembled
structures of PILs on the polymerization degree (n), i.e., chain
length of PILs. The adopted CG model for the IL monomer cation
3-n-decyl-1-vinylimidazolium is depicted in Fig. 3a. The principles
for constructing such a CG model and determining the effective
interaction potentials between CG beads were detailed in our pre-
vious work.[61] The relevant computational methodology is pro-
vided in Supporting Information. On account of the high bending
energy, short PIL chains will require a long time to mediate their
spatial distributions and coordinate with anions and solvent mole-
cules.[78] In comparison to neutral polymers, our cationic PILs by
virtue of their ionic nature present a more complex molecular
organization behavior. For polyelectrolytes, the electrostatic inter-
actions between and inside polymer chains have been documented
to result in counterion condensation.[79,80] The number of con-
densed counterions increases with the polymerization degree
and polymer concentration. The strong condensation effect is likely
to weaken the intrachain repulsion, thus driving severe deforma-
tion of polymer chains (mostly shrunk, collapsed, or unfolded
chains).[81,82] In our case, as the presence of long side chains
attached to the PIL backbone provides a strong steric hindrance
between the neighboring PIL chains; it could favor retaining their
layered packing rather than complete collapse during assembly.
Therefore, the interplay of the effects as mentioned above presum-
ably jointly facilitates the formation of well-defined vesicular
nanostructures with anions and solvent molecules encapsulated
inside (Fig. 3b and 3c).
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Number density distributions of the CG beads in PILs, anions, and solvent molecules in modeling systems.

It is noticeable that a gradual increase in chain length from
monomeric to an oligomeric chain with 6 repeating units (ie., n
of 1 to 6) promotes a considerable expansion of the inner space
of vesicular structures, and thereafter a substantial decrease in the
inner volume with a further lengthening of PIL chains (Fig.
S12). It resembles the experimental results of PIL NVs with the Cn
increasing from 3 to 6 mg/mL. PILs with intermediate chain length
(n=12in Fig. 3d and 3e) are self-assembled into solid spheres with
residual solvent molecules incorporated inside, which is in line
with the transformation of PIL NVs to SNSs (Cm of 12 to 24
mg/mL). PILs with an even longer chain (n = 30 in Fig. 3fand 3
g) tend to form solid self-assembled structures with less solvent
encapsulated than the PIL NVs. On the basis of these findings, we
may argue that the PIL chains with relatively higher n are more
likely to extend into the center of the vesicle due to their better
flexibilities and weaker intrachain repulsions, thus diminishing the
central cavity. The number density distributions of representative
CG beads in modeling systems (Fig. 3h) demon- strate that the self-
assembled structures from PILs with intermedi- ate and long
backbones are characterized by structure-less interior and stripe-
patterned shells, which are probably relevant to the residual
solvent molecules inside the self-assembled PIL particles.
Therefore, we demonstrated that the polymerization degree of
PIL homopolymers plays an essential role in dictating the overall
shell thickness (i.e.,, the number of folded bilayers), thus enabling
the transformation of their morphology.

3.3. PIL NVs-supported ultra-small CuNPs for CO:ER

PIL NVs were further explored as a template to immobilize and
stabilize ultra-small CuNPs. The obtained PIL/Cu composite parti-
cles were utilized as electrocatalysts for COzER. Briefly, the PIL
templates were incubated with CuAcz salt in an aqueous solution
for 4 h to ensure sufficient enrichment of the Cu?* ions into the
PIL particles. Subsequently, the copper ions were reduced into
metallic copper in the presence of N2Ha as a strong reducing agent
at 80 °C (Fig. 4a).[53] As a result, ultra-small CuNPs (highlighted by
white arrows in Fig. 4b) were directly immobilized into the PIL
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nanostructures. In addition, the multilamellar structure in PIL
NVs was observed to be slightly distorted in the composite parti-
cles. While NzH4 treatment can hardly influence the morphology
of PIL NVs (Fig. S13), penetration of Cu?* ions into the neighboring
PIL layers is likely the drive for deforming the PIL internal struc-
ture. The CuNPs in NVs (denoted as NVs/Cu thereafter) and in SNSs
(denoted as SNSs/Cu thereafter) show an average particle size of
(1.8 £ 0.4) and (1.7 * 0.5) nm, respectively ( Fig. 4c and S14). The
successful incorporation of CuNPs within the PIL templates is sup-
ported by the observation of a weak absorption peak at 200 to
300 nm in the UV-vis absorption spectra (Fig. 4d).[49] To confirm
the presence of CuNPs, the PIL/Cu composite particles and the pris-
tine PIL templates were characterized by X-ray diffraction (XRD).
As shown in Fig. 3e, three distinct peaks at 43°, 55° and 74° are
observed for both PIL/Cu composite particles, which can be
assigned to the (111), (200), and (220) reflections of face- centered
cubic (fcc) metallic Cu, respectively. The pure PIL tem- plates show
no reflection at all due to their amorphous nature, which is in line
with the DSC analysis (Fig. S2). The amount of cop- per loadingin
PIL NVs/Cu and SNSs/Cu is 19.2 and 8.9 wt%, respec- tively,
calculated from the aerobic residual (CuO) in the TGA test (Fig. 4f
and S15). The PIL NVs show a higher Cu loading than that of SNSs,
as expected for a hollow structure with a relatively higher specific
surface area (Fig. S16) to provide more surface area to load CuNPs
as active sites for CO:2ER. As reference, pristine CuNPs were
prepared using the same protocol but without any PIL template.
Only Cu particles with an irregular morphology were obtained.
Their much larger size was revealed by SEM and TEM images
(Fig. S17), emphasizing the essential role of PIL NVs in controlling
the ultra-small size of CuNPs in the composite particles.

The as-prepared pristine CuNPs and NVs/Cu particles were
directly spray-coated on GDLs. The coated GDLs were served as the
working electrode for CO:ER experiments (Fig. 5a). The CO:ER
activity was examined in a COz-saturated 0.1 M KHCOs solution
using a conventional H-cell configuration (Fig. S18). The product
distributions (Faradaic efficiency, FE) of the CO:ER as a function
of the applied potential of the synthesized catalyst materials are
summarized in Fig. 5b and S19. At low negative potentials between
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—0.8 and —0.9 V vs RHE, a mixture of H2 and C1 products (CO, CHs, and
HCOO™) were the major products in the case of all studied
electrocatalysts. For the PIL NVs/Cu electrodes, with the applied
potential increasing from —0.8 to —1.1 V the total FE of all C1 prod-
ucts increased from ~ 38 % to ~ 58 %, concurring with decreasing
H: FE. It is notable that the FE of CH4 significantly increased from
~ 6 % to ~ 34 % when the potential increased from —0.8 to

—1.2 V for NVs/Cu, while the FE of CHs of the pristine CuNPs
remained below 8 % (Fig. 5b). Upon increasing the applied cathodic
bias, the FE of the pristine CuNPs shifts from C1 products (CO and
HCOO™ as main products) towards Cz2/Cz+ products (mainly C2H4),
see Fig. S19. In other words, the FE of the pristine CuNPs entirely
shifts to Cz:+ products at the expense of Ci1 products, while the FE
of the PIL NVs/Cu shifts from CO and HCOO™ to CH4 as a major pro-
duct (Fig. 5b and S19). Note that the PIL SNSs/Cu shows higher
selectivity towards Hz generation despite having similar CH4 selec-
tivity to that of NVs/Cu (Fig. S20). Thus, we focused on PIL NVs/Cu
for further study. Overall, our PIL/Cu composite particles show rel-
atively high CHa selectivity compared with the current reports, as
shown in Table S5.

To gain deep insights into the CO2ER behavior of the pristine
CuNPs and PIL NVs/Cu, the partial current densities (i.e., production
rates) of their main products are displayed in Fig. 5¢ and d. An
increase in Hz production was observed for both catalysts upon
increasing the applied cathodic potential. The PIL NVs/Cu showed
asignificant surge in CHa4 production rate from ~ 2.0 to 38 mA mg™—!
cm™ 2 when the applied cathodic potential increased from —0.9 to
—1.2 V. As shown in Fig. S21, the PIL NVs/Cu also exhibited higher
specific current density than the commercial CuNPs (40-60 nm in
size). Additionally, the FE ratio of CH4/C2H4 on PIL NVs/Cu particles
was enhanced by a factor of 22 at —1.2 V in comparison with that
of pristine CuNPs, highlighting the significant impacts of PIL tem-
plates on the CuNPs electrocatalytic behavior for COzER.

Apart from the structural merits of the hollow nanovesicle, the
chemical nature of PIL NVs is expected to crucially facilitate the
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COzER process. The enhanced selectivity of CO2ER towards CHa
on NVs/Cu could be attributed to one (or more) of the following
effects: (1) special surface defects (low coordinated sites) provided
by the small size of CuNPs in PILs; (2) stabilizing effect of key inter-
mediates for CHs by surface functionalities of PILs; (3) electronic
interactions between the PILs and the CuNPs. It has been reported
in recent works that a strong interfacial electric field induced by the
imidazolium moieties at the PIL/Cu interface could stabilize key
intermediates in COz:ER.[47,83] Quasi in situ XPS was employed here
to investigate the interplay between the CuNPs and PILs, and to
examine the induced surface speciation changes of PIL/Cu induced
during COzER. The results are displayed in Fig. 6 and Fig. S22.
As-prepared pristine CuNPs (in the absence of PILs) showed a
mixture of Cu?*, which is indicated by the observed shoulder peak
at934.2 eV, and Cu*/Cu® as demonstrated by the strong sharp peak
at 932.3 eV. On the other hand, the as- synthesized PIL NVs/Cu
exhibited merely a single peak at

936.0 eV, which is strongly shifted to higher binding energy than
the observed Cu?* peak of the pristine CuNPs (see Fig. 6a and c).
This may suggest an intense electronic interaction between Cu
and the polyimidazolium backbone via the formation of copper 1,3-
dialkylimidazol-2 ylidene carbene complex, which is different from
the copper oxide species (e.g., CuO and Cu(OH)2).[49,84] The
absence of the metallic Cu surface species in the case of pris- tine
CuNPs was further indicated by fitting the Auger region, see Fig. 6d.
Following the application of the cathodic bias, both the pristine
CuNPs and the NVs/Cu exclusively exhibited metallic Cu surface
species, as indicated by the absence of the Cu?* shoulder and its
related strong satellite on the Cu 2p spectra. The full reduc- tion of
the oxidized copper surface species of both electrodes (pris- tine
CuNPs and NVs/Cu) during CO:2ER is further indicated by their
respective fitted Auger regions (Fig. 6b and d). The post XPS surface
analysis of the NVs/Cu catalyst after COzER (air-exposed) shows a
surface consisting of a mixture of Cu?* and Cu* species resembling
the as-prepared pristine CuNPs. The related peaks for the Cu?* and
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Cu* surface species were observed at 932.5 eV and 934.6 eV,
respectively, which are still positively shifted (~0.2 eV) compared
to that of the pristine CuNPs. The appearance of the mixture of Cu*
and Cu?* for the PIL/Cu catalysts after CO2ER instead of the strong
positively shifted peak may indicate the transformation of the PILs
under CO:ER measuring conditions. The transformation of PILs
under bias was also evidenced by the observed significant changes
in the obtained C 1 s spectra of PIL NVs/Cu before and after COzER,
see Fig. S22. Regardless, retesting the same electrode after removal
of bias in a fresh electrolyte still showed a high FE towards CH4
(33 % FE). Based on these XPS results, the enhanced C1 selectivity
of the PIL NVs/Cu electrode might be attributable to the strong
electronic interaction between PILs and CuNPs as well as the ultra-
small size of CuNPs, resulting from in situ reduction of PIL NVs/Cu
complex under CO:z electrolysis conditions. The enhanced CHa
production due to the reduction of Cu from copper complexes is
also in line with previous findings.[85,86]

4. Conclusion

In summary, we successfully fabricated PIL homopolymer NVs
with a characteristic multilamellar chain stacking via free radical
homopolymerization, which is in line with our previous studies.
[30,52] Their morphologies were tailored from hollow to solid
spheres, further to directional solid worms by simply increasing
Cm applied in polymerization. Manipulation of the overall size
and shell thickness of PIL NVs has been achieved by tuning the
Cm, which has been scarcely reported before. Next, we systemati-

cally studied the influence of the Cm on their size variation and
morphological transformation. The formation mechanism of PIL
NVs has been further confirmed by CG simulations, illustrating
the essential role of polymerization degree of PIL chains in direct-
ing the assembly behavior. Our well-defined PIL NVs with a hollow
interior enabled high loading amounts of ultra-small CuNPs (1-
3 nm in size) that were used for COzER. Large pristine CuNPs and
PIL-functionalized CuNPs (above 30 nm) have been reported to
improve the selectivity towards C: products in COzER. [47,83] In
our study, PIL/Cu composite particles exhibited a high FE towards
C1 products, especially CH4 (FE of ~ 34 % at —1.2 V). The XPS anal-
ysis showed that the strong electronic interactions between the
imidazolium units of PILs and the surface Cu atoms of CuNPs results
in the high FE towards CHa. This contribution highlights the
potential of future research interest in the use of well- defined
PILs to tune the selectivity of metallic electrocatalysts for CO2
reduction. Future work is expected to deepen our understand- ing
via a systematic study on the role of PIL and the size effect of CuNPs
on CO:zER performance by in situ Raman and XPS.
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1. Supplementary data

1.1 Supplementary figures
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Fig. S1. (a) 'H-NMR spectra of the IL monomers and (b) the corresponding PILs prepared at
the Cmof 12 mg/mL.
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Fig. S2. DSC curves of (a) IL monomer and (b) corresponding PIL prepared at the Cr of 12
mg/mL after freeze-drying.
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Fig. S3. TGA curves measured under synthetic air of the PIL sample prepared at the Cy, of 12
mg/mL after freeze-drying.
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Fig. S4. TEM images of the PIL NVs prepared at various Cm: (a) 3 mg/mL, (b) 6 mg/mL, (c)
12 mg/mL, (d) 16 mg/mL, (e) 24 mg/mL, and (f) 48 mg/mL.
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Fig. S5. SEM images of the PIL NVs prepared at various Cm: (a) 12 mg/mL, (b) 24 mg/mL,
and (c, d) 48 mg/mL.

Fig. S6. Cryo-TEM image of the PIL NVs prepared at Cn of 6 mg/mL. The inset is the
corresponding high magnification image with a scale bar of 25 nm.
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cryo-TEM images of the PIL NVs prepared at various Cp.

120



—men ] | 1e0]
- —E| - i
§ —— 14 mg/ml — 120 4 }/+/
5 15- —— 18 mg/ml E ]
-g | \ —— 24 mg/ml £ 1004
2 4o SIS
5 60
‘ | 40
°% 00 1000 0 5 10 15 20 25
Dy, (nm) C, (mg/mL)

Fig. S9. DLS plots of the PIL NVs prepared at various Cm: (a) size distribution and (b)
Hydrodynamic diameter (Dn). Each test has been repeated for 3 times to obtain the average

value.

-
o
T

Intensity (a.u.)

—— 3 mg/mL
—— 6 mg/mL
— 12 mg/mL
— 16 mg/mL
—— 24 mg/mL

Fig. S10. WAXS profiles of the PIL NVs prepared

121

at various Cn.




—— 3 mg/mL
——B mg/mL
— 12 mg/mL
—— 16 mg/mL
— 24 mg/mL
48 mg/mL

\

10° 10* 10° 108 107
Molar mass (g/mol)

Fig. S11. Molecular weight distributions of the PILs prepared at various Cr, after freeze-drying.
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Fig. S15. TGA curve (under synthetic air) of the PIL NVs/Cu after freeze-drying.
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Fig. S16. Scheme of a single NV and SNS particle.

S = 4mR? + 4mR? (1)
V =2nR} —ZmR} ()
m = pV 3
5S4 = S = JRIHRD (4)

m  p(R3-R})

where S, V, m, p is the total surface area, volume, mass, and density, respectively. Then, if we
assume p = 1 g/cm3 for both particles and take R: and R> from cryo-TEM results, the specific
surface area (SSA) of PIL NVs and SNSs is estimated to be 95.9 and 50.8 m?/g, respectively,
according to Equation (1)-(4). The theoretical specific surface area of PIL NVs is ca. 1.9-fold

of PIL SNSs.
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Fig. S17. (a) SEM and (b) TEM images of the pristine CuNPs.
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Fig. S18. Scheme of the setup of CO; electrochemical reduction.
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1.2 Supplementary tables

Table S1. Summary of diameter, bilayer spacing, and shell thickness obtained from cryo-TEM
and SAXS/WAXS. The values for the cryo-TEM measurement are given in terms of the mean
and the standard deviation of the individual vesicle, whereas the values for the SAXS
measurements represent the mean and the standard uncertainty of the mean as determined by
the reduced y?>-method.[1] The SAXS curve of the PIL SNSs (Cn = 24 mg/mL) does not exhibit
clear features possibly due to the polydispersity of the particle size. Each test has been repeated
for 3 times to obtain the average value.

Cryo-TEM SAXS
) Size ) Size Shell
Cnm Diameter S Diameter S v )
distribution distribution thickness
(mg/mL) (nm) (nm)

(nm) (nm) (nm)
3 50.8 7.8 56.1 +3.8 79 0.43 +0.08 16.0 2.2
6 108.6 14.3 116.5 +7.2 224 0.84 +0.03 9.3+17
12 107.8 22.6 99.4 +4.1 20.2 0.74 £0.02 12.9+1.0
16 117.1 19.2 120.2 75 15.6 0.31 #0.07 41542

24 117.8 28.0 (113.2) 26.3 0 (56.6)

Table S2. Bilayer spacing calculated from WAXS. Each test has been repeated for 3 times to
obtain the average value.

Cm (mg/mL) Bilayer spacing (nm)
3 2.95 +0.1
6 2.98 +0.1
12 3.00 0.1
16 2.92 +0.1
24 2.98 +0.1
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Table S3. Yield and final polymer concentration of PILs prepared at various Cn. Note that ca.
50 wt.% of PILs aggregate was obtained resulting from precipitation when it comes to Cr at 48
mg/mL. Therefore, only PILs dispersed in water were included for the calculation of polymer
concentration and GPC measurement. Each test has been repeated for 3 times to obtain the

average value.

Cm(mg/mL) Yield (%) Polymer concentration (mg/mL)
3 90 9 3+x1

6 92 =7 6x1

12 93 7 11+1

16 94 £5 15+1

24 934 22 £2

48 95 +2 (243)

Table S4. GPC results of PIL samples at various Cp.

Cm (mg/mL) Mn (kg/mol)
3 11

6 17

12 43

16 44

24 49

48 110
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Table S5. Comparison of various Cu-based catalysts in CO2ER.

FE (%)

Catalyst FEratioof  Potential Electrolyte  Reference
CH. CoHa CH4/C2H, V)
Copper mesh 15 7 2.1 -1.9 0.1 MKHCO; [2]
CuNPs (50-100 1 37 0.03 -1.1 0.1MKCIOs  [3]
nm) on Cu film
20 wt% 30 30 1 -2.0 0.1 M KHCOz [4]
Cu/SWCNT (~20
nm)
Cunanocubeson 10 20 0.5 -1.1 0.1 M KHCOs [5]
rGo
CuNPs 22 10 2.2 -0.9 0.5M KHCOs3 [6]
PDA coated Cu 29 15 19 -0.9 0.1 M KHCOsz [7]
nanowires
Cu nanowires 55 <5 >11 -1.3 0.1 M KHCOs [8]
with carbon black
CuNPs (1-3nm) 34 7 4.9 -1.1 0.1 M KHCO; This work
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Template synthesis of dual-functional porous
MoS; nanoparticles with photothermal conversion
and catalytic properties
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Advanced catalysis triggered by photothermal conversion effects has aroused increasing interest due to
its huge potential in environmental purification. In this work, we developed a novel approach to the fast
degradation of 4-nitrophenol (4-Nip) using porous MoS; nanoparticles as catalysts, which integrate the
intrinsic catalytic property of MoS, with its photothermal conversion capability. Using assembled poly-
styrene-b-poly(2-vinylpyridine) block copolymers as soft templates, various MoS, particles were prepared,
which exhibited tailored morphologies (e.g., pomegranate-like, hollow, and open porous structures). The
photothermal conversion performance of these featured particles was compared under near-infrared
(NIR) light irradiation. Intriguingly, when these porous MoS; particles were further employed as catalysts
for the reduction of 4-Nip, the reaction rate constant was increased by a factor of 1.5 under NIR illumina-
tion. We attribute this catalytic enhancement to the open porous architecture and light-to-heat conver-
sion performance of the MoS. particles. This contribution offers new opportunities for efficient photo-

rsc.li/nanoscale thermal-assisted catalysis.

Introduction

Over the past decades, solar-driven photothermal conversion
has attracted intensive attention, which enables broad appli-
cations such as environmental remediation, water desalination
and photothermal-assisted catalysis under mild conditions with
high efficiency.'* Therefore, it is essential to develop
photothermal conversion catalysts that can strongly harvest
solar energy ranging from UV to the visible light, and even to
the near-infrared light (NIR) to accelerate the degradation of
water contaminants by the converted heat.>~ In principle, the
rational design of efficient photothermal conversion-assisted
catalysts includes, but is not limited to, active composition as
well as structural optimization. Nowadays, various solar absor-
bers including plasmonic noble metals (e.g., gold and silver),8°
narrow bandgap semiconductors (e.g., copper sulfide and
tungsten oxide),'%12 carbon-based nanostructures (e.g., carbon
nanotubes and graphenes),’®* and organic com-

2Department for Electrochemical Energy Storage, Helmholtz-Zentrum Berlin fir
Materialien und Energie, Hahn-Meitner-Platz 1, Berlin 14109, Germany.
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pounds (e.g., polyaniline (PANI), polypyrrole and polydopamine
(PDA)) with outstanding photothermal conversion performance
are successfully fabricated.>~%” For instance, a bismuth vana-
date photocatalyst modified with PANI was applied in the water
oxidation reaction under NIR light irradiation. The water oxi-
dation photocurrent was increased by more than 300% than that
of pristine catalysts with the assistance of photothermal heating
of PANIL.Y Recently, our group has successfully developed a
gold@PDA nanoreactor for the fast reduction of 4-nitro- phenol
(4-Nip). The photoheating caused by PDA under NIR
irradiation greatly enhanced the reduction reaction catalyzed by
the gold nanoparticles embedded inside the nanoreactor.'®
Generally, the catalyst and the photothermal converter are often
two different species according to the above-mentioned reports.
A hybridization process is usually required to combine the
unique function of each material, which often involves compli-
cated synthetic routes and is undesirable from the economic
point of view. Furthermore, the activity of the catalytic species is
possibly being impaired due to the modification by the photo-
thermal conversion components, which may reduce the active
surface or induce diffusion-controlled sluggish Kkinetics.
Therefore, developing a dual-functional catalyst utilizing its
intrinsic photothermal conversion and catalytic properties is in
great demand.

Among various photothermal conversion materials, molyb-
denum disulfide (Mo0S2) has shown great potential in the fields

This journal is © The Royal Society of Chemistry 2022
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of hydrogen generation, pollutant degradation and photother-
mal therapy due to its tunable chemical and physical
properties.’®-?* The photothermal effect of MoS: is mainly
explained by the generation of electron-hole pairs upon light
excitation and their relaxation via a non-radiative decay
mechanism.?>=27 In addition, MoS:2 exhibits a good catalytic
performance in the reduction of 4-Nip.?8 The surface area and
crystallinity of the catalytic surface are additional important
parameters that determine their performances. Large surface
area with a plenty of exposed edges can provide abundant
active sites for the catalytic reaction.?® In addition, metallic 1T-
phase MoS:2 has been reported to exhibit a stronger NIR
absorption and a higher photothermal conversion efficiency
than those of the 2H-phase.?? However, their instability and
tedious synthesis protocol are inevitable. For the more stable
2H phase of MoSz, the unsaturated sulfur (S) atoms at the
edge sides of MoS:z nanosheets determine the catalytic activity,
while the other S atoms in bulk MoS:z contribute little to the
overall activity.3%3! Thus, fabrication of MoS: with abundant
exposed active edges is an effective method to improve the
catalytic performance. Furthermore, several approaches
including bandgap engineering, defect design, and structural
heterojunction via hybridization with other nanomaterials
such as titanium oxide and nickel oxide have been developed
to simultaneously optimize their catalytic and photothermal
conversion performance.?®3233 |nevitably, these modification
approaches also involve complicated synthetic procedures,
which lead to additional production costs. Thus, facile fabrica-
tion of MoS: catalysts with efficient photothermal conversion
effects and rich active sites on the catalytic surface remains a
challenge.

H,0 + SDS

C ] I's >

Emulsion
/ Selective swelling

b,

al [b;

J . [a] ]
" b [ 7
n ”gﬁ @o

PSypscb-P2VPry  PSgyg-b-P2VPigs PS e -b-P2VP,g 4,
50°c 50 °c 75°C

PE-b-FP2VPltoluene

Porous PS-b-P2VP particles

View Article Online

Paper

Recently, it has been revealed that the rational design of
nanostructured MoSz (e.g., hollow structure) could enable
enhanced light scattering and capturing, reduced distance for
charge migration, and abundant surface reactive area.3*-36
However, less efforts have been made to explore the more com-
plicated surface/internal nanostructure of MoSz due to the
limitation of commonly used synthetic methods (e.g., hard
template, hydrothermal method, and physical deposition). In
contrast, soft templates such as surfactant micelles, organic
molecules, and polymer assemblies are good alternatives to
prepare novel nanostructures.3”28 Unlike the harsh conditions
needed to remove the hard templates, soft polymer templates
can be readily eliminated by solvent dissolution or direct calci-
nation. In particular, block copolymers open up new possibili-
ties for the construction of advanced architectures due to their
tunable microphase-separation when serving as soft
templates.

In this work, we developed a series of dual-functional MoS2
particles with well-designed nanostructures, combining the
photothermal conversion effect and catalytic property using a
soft-template strategy (Scheme 1). Polystyrene-b-poly(2-vinyl-
pyridine) (PS-b-P2VP) nanoparticles with tunable swollen struc- tures
were first fabricated and then used as soft templates.3® Different
volume fractions (determined by the molecular weight) of the
P2VP moiety and swelling conditions were applied to tailor the
microphase separation of the PS-b-P2VP particles, inducing a
series of soft templates with significantly different
nanostructures.*® The template can be directly com- plexed with
the ammonium tetrathiomolybdate ((NH4)2Mo0S4) as the MoS:2
precursor. After calcination, MoS2 nanoparticles with
pomegranate-like, hollow, and open porous structures

(NH,),MoS, solution ‘

Freeze drying

Calcination at 500 °C

[a] [b] [c]

Pomegranate-like Hollow Open porous

Porous MoS, particles

Scheme 1 Synthesis strategy of MoS; particles with various morphologies using PS-b-P2VP as a sacrificial soft template.
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were successfully constructed. The dependence of the photo-
thermal conversion effect as well as the catalytic performance
on their morphologies was systematically investigated, demon-
strating the importance of structure—property relationship in the
photothermal conversion-assisted catalysis.

Results and discussion

Material synthesis and characterization

Block copolymers composed of two (or more) covalently
bonded homopolymer chains show rich functional groups
and microphase separation structure, promoting their increasing
application in the formation of ordered hybrid structures and
porous functional materials.***” A simple pore-generating
method termed “selective swelling” has shown its great
potential in extending the micropattern diagram as well as the
porous structure of block copolymers.“84% The methodology is
based on the difference in polarity (or interaction) of the
constituent blocks and the swelling solvent. The pores/voids are
typically derived from deformed domains of the minor
component dispersed in the continuous phase of the major
component. In this contri- bution, PS-b-P2VP particles with two
different molecular weight fractions of the P2VP moiety were
generated by a deli- cate emulsion-swelling method (Fig. Sla
and S1bt). Ethanol, which has strong interaction with the P2VP
block but poor interaction with the PS block, was applied as the
selective swelling solvent. For PSsssk-b-P2VP23k and PSag.sk-b-
P2VPiesk, the template particles tend to form solid nano-
structures upon swelling in ethanol at 50 <C (Fig. Slc and

S1dt). It is also found that dense and spherical P2VP nanodo-
mains (~20 nm) were uniformly distributed inside the

polymer particles in PSsgsk-b-P2VP23k. For PSagsk-h-P2VP16sk, an
irregular hollow space was also generated inside. In this
scenario, swelling of both polymer particles results in only
slight deformation, and therefore, no porous structures were
obtained under this mild condition (Fig. 1a and b). This is
mainly due to the slight swelling degree of the P2VP chains at
this temperature (50 <C). Moreover, the osmotic pressure of
the slightly swollen P2VP domains is too weak to drive the
plastic deformation of the rigid PS domains. Therefore, solid or
non-porous complex nanostructures of MoS2 can be
expected using these featured polymer particles as templates
for the subsequent step of MoS2 generation. Notably, when
the temperature increased from 50 to 75 <C, an open porous
nanostructure with interconnected micellar fibers was fabri-
cated (Fig. 1c). At this temperature, a strong chain movement is
triggered, which gives rise to the structural reorganization of
the polymer chains into network-like spheres. Accordingly, an
open porous structure of MoS: particles can be obtained by
applying these porous particles as synthetic templates. Note
that a lower temperature (30 <C) led to a slight swelling of the
polymer chains, which is similar to that performed at 50 <C
(Fig. Slet). In contrast, a higher temperature (90 <C) led to
the deformation of the polymer particles (Fig. S1ft).
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Block copolymers have been reported to serve as templates
for the synthesis of nanoparticles via coordination with in-
organic precursors.®%5 Benefiting from the good affinity of
the P2VP block to the inorganic precursors, anionic MoS -
was simply complexed with the PS-b-P2V/P template with selec- tive
loading onto the P2VP domain.52% After the thorough
incorporation of a molybdenum precursor into the PS-b-P2VP
particle, the introduction of a trace amount of H* and 3-MPA
into the solution leads to the decomposition of MoS 2- into
MoSx (x = 2-3). In this experiment, 3-MPA can serve as a stabil- izer
and prevent the aggregation of the composite particles.
Finally, MoSz particles with various internal nanostructures
were obtained after calcination in an argon atmosphere.
During the calcination step, MoS 2~ was pyrolyzed into MoS>
as the backbone, while much of the polymer template was cal-
cined, leaving a small amount of carbon residues and hollow
channels. For PSasssk-b-P2VP23k particles swollen at 50 <C,
MoS 2- cations diffused inside the polymer particle and co-
ordinated with small spherical P2VP domains due to the rela-
tively large volume fraction of the P2VP block (37.4%), com-
pared to PSussk-b-P2VPiesk with a fraction of 25.4%. This
results in the formation of pomegranate-like nanoparticles

(PLNPs) that contain a solid outer layer (~25 nm thick) with
numerous dense nanospheres (~30 nm) inside, as shown in Fig.
1d and g. A limited free space was also observed in PLNPs.

In contrast, MoSz hollow nanoparticles (HNPs) were obtained
using PSusssk-b-P2VP16sk particles swollen at 50 <C as tem- plates
(Fig. 1le). The HNP particles possess a thin layer of MoS: shell
(~9 nm), without any visible internal MoS: spheres (Fig.

1h). The observed small particles also exhibit the same internal
structure as the big ones (Fig. S2at and 2b). This might be
ascribed to the fact that few MoS4?~ cations can diffuse into the
internal part of PSagsk-b-P2VP1esk particles primarily limited
by their thicker blocking layer (rigid PS layers) compared with
PSsgsk-b-P2VP23k. When it comes to PSagsk-b-P2VP16sk
particles swollen at 75 <C, the MoS2z porous nanoparticles (PNPs)
preserve the original loose structure of the polymer template
(Fig. 1f). Due to the free space between interlocked fibers, the
MoS4?— cations can easily diffuse and adsorb onto the internal
part of the porous polymer template. After calcination, the
polymer was burnt out leading to the for- mation of the MoS2
particles with multi-interconnected hollow channels (Fig. 1i).
The open porous MoS: particles with an interconnected
hollow channel structure show several advan- tages when
compared with particles of other morphologies including high
porosity, light weight, and large accessible surface area.
These are of special relevance to the practical applications
including drug delivery, water purification, and surface
catalysis. To further optimize the particle structure, we
successfully tuned the thickness of the deposited MoS: layers
by varying the concentration of the inorganic precursor during
the synthesis. Fig. 2a—c show the SEM images of a series of
MoS: particles prepared with different MoS4?— concentrations. The
MoSz2 PNPs prepared with different concentrations of
(NH4)2MoSs4 (1, 1.5, and 3 mg mL-1%) are denoted as MoSz-1,
MoS2-1.5 and M0S2-3 PNPs, respectively. These three samples

This journal is © The Royal Society of Chemistry 2022

135


https://doi.org/10.1039/d2nr01040b
http://creativecommons.org/licenses/by/3.0/

Open Access Article. Published on 05 April 2022. Downloaded on 9/9/2023 11:02:20 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

fec)

Nanoscale

View Article Online

Paper

Fig. 1 TEM images of (a) PSzssk-b-P2VP23k and (b) PSassk-b-P2VP1ssk particles obtained by swelling at 50 °C, and (c) PSassk-b-P2VP16s¢ particles
obtained by swelling at 75 °C. The polymer particles were stained with |2 vapor for 20 min. The dark contrast shows the distribution of P2VP
domains. (d) SEM and (g) TEM images of the MoS2-1.5 PLNPs. (e) SEM and (h) TEM images of the MoS2-1.5 HNPs. (f) SEM and (i) TEM images of the

MoS2-1.5 PNPs.

show a broad size distribution with a similar trend that the
diameter of the majority concentrates between 200 and 500
nm (Fig. S2c—et). By increasing the precursor concen- tration,
more MoS 2- werescoordinated onto the PS-b-P2VP par- ticles and
the distance between the separated micellar fibers

became narrower. The layer thickness of the hollow channels in
the particles increased from ~7 to 12 nm on average, when the
concentration of precursor increased from 1 to 3 mg mL-1.
The presence of tiny MoS: flakes with generally single-layered

This journal is © The Royal Society of Chemistry 2022

structures was identified from the HRTEM images (Fig. 2d),
suggesting the abundance of exposed active edges. The outer
and inner diffraction rings as observed from the selected-area
electron diffraction (SAED) pattern correspond to the (110) and
(100) reflection of MoSz, respectively (Fig. 2e). It is worth noting
that the isolated MoSz nanoflakes (short sheets of length ~5
nm) of the MoS2-1.5 PNPs might be favorable for the utilization
of active edges. Carbon generated from the polymer template
during calcination also prevents the aggregation of
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Fig. 2 TEM images of MoS2 PNPs prepared at precursor concentrations of (a) 1, (b) 1.5, and (c) 3 mg mL-*. The insets are the corresponding SEM images
with a scale bar of 500 nm. (d) HRTEM image and (e) SAED pattern of MoS2-1.5 PNPs. (f) HRTEM image of bulk MoS:2 prepared without any polymer
template; the inset is the corresponding SEM image with a scale bar of 500 nm.

the MoS: nanoflakes. On the contrary, the nanoflakes of bulk
MoS: (Fig. 2f) fabricated without any polymer template show a
huge tendency to fuse together, resulting in the formation of a
few layers of stacked multilayers (long sheets of length ~9 nm).
Besides, an irregular bulk phase without any defined structure
was found from the inset SEM image.

Taking MoS2-1.5 PNPs, for example, the X-ray diffraction
(XRD) profile verifies that MoSz in all the PNPs exhibits a
typical 2H phase (Fig. 3a, see the others in Fig. S31).5 The
main diffraction peaks at 32<and 56.8< correspond to the
(100) and (110) reflections, respectively. Moreover, the weak
(002) reflection at 14.4 <indicates the relatively limited layers of
MoS2. The chemical composition of the obtained Mo0S2-1.5
PNPs was further confirmed by Raman spectroscopy, as shown
in Fig. 3b. The two Raman peaks at 1345 and 1587 cm-! rep-
resent the D and G bands of sp? carbon, respectively, while the
Raman peaks at around 377 and 403 cm-1, correspond to the
EL, and out-of-plane Al vibration modes of the MoS2.%° The
amount of carbon and MoS: was calculated based on the mol-
ybdenum oxide residue from the TGA measurement in air (Fig.
3c and S4t). The MoS2-1.5 PNPs show ~38.9 wt% of carbon
species, corresponding to 61.1 wt% of MoS: in the par- ticles.
In contrast, ~69.2 wt% of MoSz was left in the M0S2-3 PNPs
on account of higher amounts of MoS4?~ precursors during
coordination, as summarized in Table S1.1¥ From the

6892 | Nanoscale, 2022, 14, 6888—6901

N2 adsorption/desorption isotherm curves in Fig. 3d, a distinct
hysteresis loop can be observed with a typical type-1V isotherm,
referring to a mesoporous structure. The pore size distribution
curve displays a narrow range of mesopores centered at ~5 nm

and a broad range (10—20 nm) centered at ~15 nm. The

specific surface area (Seet) of these MoS: particles calculated
according to the BET equation is summarized in Fig. S5 and
Table S2.1 There is a clear decreasing tendency of Sger for the
MoS2-1, M0S2-1.5 and M0S2-3 PNPs. The Sger of M0S2-1.5

PNPs was calculated to be 106.6 m? g—*, which is around 1.3-
fold of that of the MoS2-3 PNPs. Meanwhile, the bulk MoS:
possesses the lowest Sget of 36.3 m? g-1. The Sger apparently
decreased with the increase in the layer thickness, mainly due
to the gradually diminished gap between the thick MoS:2
frameworks of the particles. Consequently, a reduced porosity
as well as a lower specific surface area was obtained, as con-
firmed from the above-mentioned SEM and TEM images.

Photothermal conversion performance

To assess the photothermal conversion performance of the
MoS: particles, we monitored the temperature change of the
MoS: dispersion upon light irradiation as illustrated in Fig. 4a. A
NIR-laser (808 nm, 3 W cm-?) was adopted to irradiate the
dispersions of the MoS: particles placed in a quartz cuvette,
while the temperature was simultaneously recorded using a

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) XRD pattern, (b) Raman spectrum, (c) TGA in air and (d) N2 adsorption/desorption isotherm curves of M0S2-1.5 PNPs; the inset is the

curve of pore size distribution.

thermocouple connected to a digital thermometer. The thermal
evolution of the MoS2-1.5 PNP dispersion with time was first
visualized using an IR camera (Fig. 4b). The tempera- ture of
MoS: particle dispersions clearly increased with the irradiation
time. To precisely track the temperature variation of the MoS:
dispersion during NIR irradiation, quantitative results were
further collected from the digital thermometer. Fig. 4c displays
the photothermal heating curves of MoS: par- ticles fabricated
with different polymer templates. The temp-

erature of the MoS2 PNP dispersion increased by ~20 <C, while
the dispersion containing the same concentration of Mo0Sz-1.5
HNPs and MoS2-1.5 PLNPs exhibited a temperature increase of
~16 <C. The bulk MoS:2 particle synthesized without any

polymer template showed a much lower temperature incre-
ment of ~11 <T. As a reference, the pure water displayed a
temperature change of ~5 <C under the same light intensity.
Moreover, when the laser is off, the temperature profile of the
MoS: particle dispersions decreased slowly compared to that
of the bulk MoS:2, showing that their defined hollow and
porous structures may lead to a better thermal insulating

This journal is © The Royal Society of Chemistry 2022

effect (Fig. S6T). These results indicate the dependence of the
photothermal conversion performance on the surface/internal
structure of the MoS: particles. It has been reported that hollow
nanostructures improve the light harvesting via multiple
scattering of the photons.5657 This, in turn, will enhance the
light-to-heat conversion efficiency. The hollow architectures
facilitate localization and harvesting of the light, resulting in a
relatively high particle temperature. Subsequently, the solution
temperature increases as the heat dissipates to the solution.
Therefore, our nanostructured MoS:2 particles (MoSz- 1.5
PLNPs, Mo0S2-1.5 PNPs and Mo0S2-1.5 HNPs) show better
photothermal conversion performance than that of bulk MoS:.
For MoS2-1.5 PLNPs, however, the conversion efficiency could
be limited by the insufficient free space. In addition, the MoSz-
1.5 PNP particles possess more complicated porous con-
struction than that of the MoS2-1.5 HNPs, which is likely to lead
to efficient light scattering and capture. The complex open
architecture of the MoS2-1.5 PNPs efficiently accelerates the
mass and heat transport, resulting in a higher overall
temperature of the dispersion. Hence, the photothermal con-
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Fig. 4 (a) Schematic of the photothermal conversion setup. (b) Temperature variation of the MoS2-1.5 PNP dispersion at 0.1 mg mL-* visualized
using an IR camera. (c) Photothermal curves of the MoS: particles with different morphologies at 0.1 mg mL-* and 3 W cm~2. (d) Photothermal
curves of the MoS2-1.5 PNP dispersion at 0.1 mg mL-1in response to different intensities of NIR light. () Photothermal curves of the MoS2-1.5 PNP
dispersion in response to different concentrations at 3 W cm-2. (f) Stability test of the MoS2-1.5 PNP dispersion at 0.1 mg mL-* and 3 W cm~2,

version performance of the MoS2-1.5 PNPs stands out among
these three featured MoS: particles.

We further investigated the dependence of the photother-
mal effect on the irradiation power and the particle concen-
tration. As shown in Fig. 4d, when the laser intensity increased

from 2 to 4 W cm-2, a temperature increment from ~5 to
~32 < was observed for the Mo0S2-1.5 PNP dispersion.
Additionally, when the concentration of the MoSz PNP dis-

6894 | Nanoscale, 2022, 14, 6888-6901

persion was elevated from 0.05 to 0.5 mg mL -1, the tempera-
ture increment of the dispersions increased from ~14 to

~29 <T under a constant laser power of 3 W cm-2 (Fig. 4e).
This strongly implies the tunable capability of the photother-
mal behavior of our MoS: particles, which is of great impor-
tance for many applications including photothermal-assisted
catalysis and photothermal cancer therapy. In addition to the
enhanced photothermal performance, MoSz2 PNPs showed

This journal is © The Royal Society of Chemistry 2022
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excellent stability over a long irradiation period. The tempera-
ture increment of the particles displayed a stable reversible be-
havior using successive ON/OFF irradiation cycles (Fig. 4f). No
obvious structural change was observed from the TEM image
(Fig. S77). It is noteworthy that the dispersions of the MoS>
PNPs with different wall thicknesses exhibited similar photo-
thermal conversion performances and a temperature ~10 <C
higher than that of the bulk MoS: dispersion under the same
irradiation conditions (Fig. S8t).

Catalytic reduction of 4-Nip

As a classic model reaction, the reduction of 4-Nip into 4-
aminophenol (4-Amp) can be conducted under ambient con-
ditions by NaBHa4 in the presence of a catalyst. In addition, this
reduction reaction can be facilely monitored by UV-vis
absorption spectroscopy and commonly used as a benchmark to
compare the catalytic performance of various catalysts.585° In
this work, this model reaction was employed to unfold the
catalytic efficiency of our MoS: particles with different mor-
phologies. Importantly, we also evaluated the catalytic per-
formance under NIR irradiation by taking advantage of the high
photothermal efficiency of the MoS2 particles. Unlike
conventional heating over a large macroscopic area, nanoscale
heating by laser irradiation highly localizes the heat around the
particles compared to the bulk solution and, therefore, might
accelerate the rate of surface catalytic reactions.f%61 It is
noteworthy that the distinctive structure of the porous surface
as well as the interconnected hollow channels in the MoS2 PNPs
increases the exposed active MoSz edges and accessible surface
area for the catalytic surface reactions. In addition, these open
porous particles also exhibit excellent photother- mal
performance. On the basis of these considerations, the catalytic
performance of MoSz PNPs was thereafter explored in the
presence/absence of NIR light.

Fig. 5a displays the typical time-dependent UV-vis absorp-
tion spectra of 4-Nip after introducing MoS2 PNPs particles as
catalysts. As shown, at time zero, a distinct peak of the absorp-
tion spectrum is located at 400 nm, assigned to the 4-nitrophe-
nolate ions.5? As the reaction proceeds, a new peak appears at
290 nm and increases in absorption intensity, confirming the
gradual reduction of 4-Nip into 4-Amp. After 15 minutes, the
absorption peak of the 4-Nip at 400 nm was diminished,
revealing that 4-Nip molecules were completely converted into
4-Amp. First, the reaction was performed in the darkness to
compare the catalytic activity of the three MoS2 PNPs with
different wall thicknesses by comparing the reaction rates, as
shown in Fig. 5b. The pseudo-first-order reaction was ensured
by an excess amount of NaBHa4 and the apparent reduction rate
(kapp) of 4-Nip was calculated by monitoring the absorbance
intensity at 400 nm over time according to eqn (1):%8
=i’ _ —keappt (1)

co Iy
where ¢ and co are the concentrations and | and lo are the
absorption intensities at 400 nm of 4-Nip at time t and the
start of the reaction, respectively. kapp is the apparent rate con-
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stant, which is directly obtained from the linear relationship
between In(c/co) and t. Fig. 5b shows a comparison of the reac-
tion rate constants using different MoS: particles as a function
of the catalyst concentration (see summary of Kapp in
Table S3t). Notably, MoS2-1.5 PNPs displayed the highest cata- lytic
performance among the various MoSz PNPs. In contrast, the
MoS2-3 PNPs exhibited the lowest rate constant with different
catalyst concentrations, which is very similar to that of the bulk
MoS: particles. It is worth noting that the MoS2-1 PNPs are
relatively easy to aggregate and cluster in aqueous dispersions,
which could deteriorate their catalytic performance (Fig. S97).
Therefore, we speculate that small clusters could also form
microscopically at a short time scale (15 min), which relatively
limits the accessible active surface of MoS:z particles. No doubt
that a larger surface area is more favorable for the surface-
catalyzed reduction reaction, which can boost the reaction
kinetics by providing more accessible catalytic sites. However,
the overall reaction rate is determined by a series of factors,
including but not limited to, accessible surface area, total active
sites, and medium transfer pathway. Thus, the substantial
catalytic enhancement of the M0S2-1.5 PNPs is attributed to the
porosity of the particles as well as to the accessibility of the
reactant 4-Nip molecules to the internal

active sites. The use of excess amount of MoS4?— precursor in
the MoS2-3 PNPs relatively reduced the surface porosity of the
synthesis template (PSsssk-b-P2VPissk swollen at 75 <C), which
hinders the diffusion of 4-Nip molecules and retards their
reactivity. The stability and the recyclability of the catalyst rep-
resent another important parameter required for the practical
applications. In this work, the stability of M0S2-1.5 PNPs was
investigated, where the particles were recovered and reused for
five consecutive catalytic cycles. As shown in Fig. 5c, the con-
version efficiency of particles remained above 90% after five
cycles, suggesting the excellent catalytic stability of the par-
ticles, which makes it possible for them to serve as efficient and
reusable nanocatalysts. Moreover, no visible changes were
observed in the morphology of MoS2-1.5 PNPs after 5 catalytic
cycles, as examined by TEM (Fig. 5d, S10a and 10bt). In
addition, the XRD patterns of the particles remained unchanged
after being utilized for the catalytic reaction (Fig. S10ct),
demonstrating their good chemical stability. Collectively, the
structural and chemical stability contribute to the catalytic
stability of MoS: during recycling.

Furthermore, the effect of the photoheating on the catalytic
performance of the particles under light irradiation was
explored. The MoS2-1.5 PNPs were utilized for the catalytic
measurements with light due to the best catalytic performance
in the darkness at room temperature. The M0S2-1.5 PNP dis-
persion was first continuously stirred and irradiated with NIR
light for 15 minutes to ensure a stable temperature (here
triggered after the introduction of NaBH4 under continuous
light irradiation, and the reaction was simultaneously moni-
tored using UV-vis spectroscopy (Fig. S11b+t). It is worth men-
tioning that the absorption of 4-Nip showed no changes in the
absence of NaBHa, indicating that the light solely cannot
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initiate the reaction (Fig. S11c and 11dt). As shown in Fig. 6a
and S127, light irradiation has led to a higher reduction rate of
0.012 s—%, which obviously surpassed the rate of the reaction
performed in the darkness (0.003 s—1). The temperature of the
reaction solution also increased from 20 to 37 <C by light
irradiation. The enhanced reaction rate could therefore be
ascribed to the high temperature induced by the photothermal
conversion performance of the MoS: particles. To elucidate the
role of the photoheating effect, the reaction was performed in
the darkness with external heating at 37 <C in a water bath, as
observed in the irradiation experiment. As a result, the reac-
tion rate increased from 0.003 to 0.008 s-!, suggesting the
strong influence of the operating temperature. However, the
reaction rate is still much lower than that of the photo-irra-
diated samples. It is also worth mentioning that photo-gener-
ated charges could possibly contribute to the reaction and
enhance the reduction rate.’3 If this is true, the activation

6896 | Nanoscale, 2022, 14, 6888—6901

energy (Ea) of the reaction should be reduced significantly.®
To ease this concern, we compared the Ea of the reaction in the
presence/absence of light. The reactions were conducted at
different operating temperatures with/without light irradiation
and the corresponding reaction rates were further determined
from the linear slope of In(c/co) vs. t, as shown in Fig. 6b and c.
These reaction rates were determined in the form of a typical
Arrhenius plot in Fig. 6d (see summary of kapp in Table S47) to
calculate the Ea from the linear slopes according to the follow-
ing egn (2):%°

—in (kapp) = 7%~ In (A) (2)

where T is the total solution temperature in Kelvin, R is the
gas constant, kapp is the apparent rate constant and A is the
Arrhenius pre-factor. Thus, a significant reduction of the Ea
upon illumination would be plausibly expected if the photo-
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irradiation.

generated charges are involved in the reaction. In the current
study, however, the Ea in the presence/absence of light was cal-
culated to be 34.7 3.6 and 38.7 4.6 kJ mol-1, respectively.
The comparable results of Ea point out that the photoheating
effect could be the dominant mechanism of the reaction accel-
eration. In conclusion, the reduction reaction of 4-Nip into
4-Amp has been reported to occur on the particle surface fol-

This journal is © The Royal Society of Chemistry 2022
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lowing the Langmuir—Hinshelwood model,%¢ as NaBHa4 pro-

vides the reactants with the necessary hydrogen species
(Fig. 6e). The borohydride ions adsorb onto the catalytic
surface to produce active hydrogen species, which sub-
sequently reduce the adsorbed 4-Nip molecules into 4-Amp.
Considering that the reduction of 4-Nip is a temperature-
dependent process, the reaction rate is therefore enhanced by
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the increased reaction temperature benefiting from the surface
local heat of the MoS: particles.®” Overall, we demonstrate that
our MoS: catalysts with well-designed porous nanostructures
can serve as efficient dual-functional catalysts for the
enhanced reduction of 4-Nip, benefiting from the fast
diffusion of reactants,®8%° photo-induced heat and improved
utility of active surface (Scheme 2). In other words, combining
with the intrinsically catalytic property of MoS2, the strong
photoheating effect induced by NIR light irradiation further
greatly accelerates the catalytic reduction reaction. The porous
nanostructure of MoS: enables the dual-functional MoS: to be
employed in the fast degradation of 4-Nip.

Conclusions

In summary, we have designed a series of dual-functional
MoS: particles including pomegranate-like, hollow, and open
porous particles using a soft PS-b-P2VP template. These nano-
particles with different well-defined internal structures show
an efficient photoheating effect. The porous MoS2 nano-
particles displayed the highest photothermal conversion per-
formance, benefitting from the localization of the light in
their internal network-like structures. Moreover, this high
photothermal conversion behavior has been demonstrated to
accelerate the reduction reaction of 4-Nip under NIR light
irradiation, confirming the synergistic properties of these

6898 | Nanoscale, 2022, 14, 6888—-6901

MoS: particles. Thus, the open porous MoS: particles with
interconnecting nanochannels were shown to serve as efficient
nanocatalysts, while their abundant active sites, fast reactant
diffusion pathway and local surface heating play a key role in
enhancing the overall catalytic performance.

Experimental section/methods
Assembled block copolymer nanospheres

For PSsgsk-b-P2VP1esk, 40 mg of the polymer powder was dis-
solved in 4 mL of toluene and introduced to 80 mL of de- ionized
water with 0.12 mL of the surfactant solution (SDS, 0.5 wt%).
The mixture was left to emulsify under sonication for 30 min.
The solution was then evaporated using a rotary evaporator at
40 <T in a water bath, resulting in solidified polymer nanospheres
dispersed in water. To completely remove toluene, the solution
was left at 40 <T overnight. The dispersion was centrifuged at
9000 rpm for 2 h, and the obtained particles were redispersed in
80 mL of ethanol. The particle dispersion was further heated at
50 and 75 <C for 1 hto induce the porous structure, respectively.
After cooling down, the polymer dispersion was then evaporated
to remove ethanol. For PSassk-b-P2VPask, the particles were
obtained using the same protocol, while the swelling of the
polymer was only performed in ethanol at 50 <C.

This journal is © The Royal Society of Chemistry 2022
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Nanostructured MoS: particles

First, 150 mL of (NH4)2Mo0S4 solution was added to the as-pre-
pared polymer dispersion (30 mg mL-1, 15 mL) with final con-
centrations of (NH4)2MoS4 maintained at 1, 1.5 and 3 mg mL-1,
respectively. After stirring at 250 rpm for 30 min, HCI (0.16 mL,
1 M) was added dropwise into the solution, resulting in the
decomposition of a slight amount of the precursor into
molybdenum sulfide (MoSx, x = 2—3). To improve the hydrophi-
licity of MoS:z in the aqueous solution, 100 pL of 3-MPA was
added into the solution under stirring. After stirring for
30 min, the brown solution was separated by centrifugation at
8000 rpm for 40 min and washed three times with fresh water.
The obtained dark brown particles were freeze-dried overnight.
The final product of MoS2 particles was obtained by calcina-
tion at 500 <T in an argon atmosphere for 2 h at a rate of 3 <C
min-1. In comparison to MoS: particles prepared with
different polymer templates, bulk MoS: was fabricated by fol-
lowing the same process without any polymer template.

Photothermal conversion performance

The photothermal conversion performance of the MoS: par-
ticles was measured using an aqueous dispersion of the par-
ticles with different concentrations (0.05—0.5 mg mL-1). First,
1 mL of the dispersion was placed in a quartz cuvette under 300
rpm of stirring and directly irradiated under 808 nm NIR laser
(PhotonTec Berlin, turn-key 808 nm diode laser system) with
different intensities (2.0—-4.0 W cm—2) for approximately 10 min.
To avoid direct heating by light, the thermometer was kept far
away from the laser spot, while the distance between the laser
spot and the thermometer was fixed at ca. 6 cm. The tempera-
ture changes of the dispersion were recorded using a digital
thermometer (P 300 Thermometer, Dostmann electronics) every
20 seconds. The IR camera (FLIR-E8 XT) was employed to visual-
ize the temperature changes of the dispersion every 3 min.

Catalytic reduction of 4-nitrophenol

Catalytic reaction in darkness. All the solutions and dis-
persion were purged with fresh N2 for 30 min to remove
oxygen before use. An appropriate amount of MoS:2 aqueous
dispersion (0.1-0.25 mL, 1 mg mL-1) was sonicated for 15 min
and then added into a clean quartz cuvette. The 4-Nip solution
(0.25 mL, 1 mM) was introduced into the MoS: dispersion
under 300 rpm of stirring. The reducing agent NaBH4 (0.5 mL,
0.1 M) was then quickly injected to initialize the reduction
reaction at room temperature. The total volume of the dis-
persion was fixed at 2.5 mL. The dispersion in the cuvette was
measured using an UV-vis absorption spectrophotometer
(PerkinElmer, Lambda 650 spectrometer) in the darkness. For
the catalytic recycling test, the MoS:2 catalysts after reaction in
one cycle were collected by centrifugation at 9000 rpm for
15 min. Afterwards, the MoS: particles were redispersed in
fresh water with sonication for 15 min and then used for the
next catalytic cycle.

Catalytic reaction in the presence of NIR light irradiation.
A MoS: particle dispersion (0.05 mL, 1 mg mL-1) was added
into

This journal is © The Royal Society of Chemistry 2022
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a 4-Nip solution (0.5 mL, 2 mM) in the cuvette under 300 rpm
of stirring. Then, 0.45 mL of fresh water was introduced into
the dispersion. After irradiation with the NIR laser at an inten-
sity of 3 W cm~2 for about 15 min, the temperature of the dis-
persion remained constant. A freshly prepared NaBHa4 solution
(100 uL, 2 M) was then quickly injected into the mixed dis-
persion. Following this, 0.1 mL of the reaction dispersion was
taken out at regular time intervals and then quickly diluted
with 1.9 mL of water. The catalysts were then filtered out using
a syringe filter (pore size of 0.22 ym), and the residual solution
was tested using the UV-vis absorption spectrum. For the cal-
culation of activation energy, the MoS: dispersion (0.03 mg
mL-1) was heated by an external heating plate and NIR light (2
W cm—2), and the reaction temperature was recorded using a
thermometer. In comparison to the NIR-assisted reduction,
the reaction without light irradiation was conducted in a water
bath heating at a corresponding temperature to that under
NIR light irradiation by following the same process.

Materials characterization

X-ray diffraction analysis (XRD, Bruker D8) measurements
were conducted using a monochromatic X-ray beam with CuKa
radiation at a scan rate of 0.05°min-1. N2 adsorption/desorp-
tion isotherms were obtained wusing a Quantachrome
Autosorb-1 system at 77 K. The specific surface area was calcu-
lated using the Brunauer-Emmett-Teller (BET) method based
on a multipoint analysis. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) were performed
using a JEOL JEM-2100 instrument operating at an accelerating
voltage of 200 kV. Scanning electron microscopy (SEM)
measurement was carried out using a LEO Gemini 1530 micro-
scope operating at 5 kV. Thermogravimetric analysis (TGA) was
performed using a Mettler Toledo TGA 1 Stare thermal instru-
ment in the temperature range of 25—900 <C at a heating rate
of 10 T min —1 in air. The Raman spectra were recorded using
an InVia 2R9X81 Raman spectrometer equipped with a detec-
tor of Renishaw Centrus 2MYAO08 and a HeNe laser (a wave-
length of 532 nm).
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Fig. S1 TEM images of (a) PSassk-b-P2VP2ak and (b) PSaa5k-b-P2VP16 5k
The polymer particles were stained by 12 vapor for 20 min. The dark contrast shows the distribution
of P2VP domains. SEM image of (c) PS3ssk-b-P2VP23k and (d) PSa4s.sk-b-P2VP165k particles after
swelling at 50 . TEM images of the PSa4s.5k-b-P2VP1s.5k particles swelling at (e) 30 and (f) 90 <C.
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Fig. S4 TGA curves of (a) various MoS; particles and (b) the chemical variation of the MoS;-
1.5 PLNPs particles during calcination.
Taking MoS,-1.5 PLNPs for example, the components change during calcination is as below:
302(g) + MoS2(s) » MoOs3(s) + S03(g)
02(g) + C(s) > CO2(g)
Here we assume the initial amount of carbon and MoS: is x and vy, respectively. The molar
masses of MoS; and MoOs are 160.1 g/mol and 143.9 g/mol, respectively. Then the calculation

equations of the mass equilibrium before and after calcination is below:

x+y=100%
1439

Xy = 559
Te01 XY = 2%

Therefore, the amount of carbon and MoS; is calculated to be 38.9 % and 61.1 %. The results

of various MoS, PNPs are summarized in Table S1.
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Table S1 Mass fraction of carbon and MoS: in various particles.

Sample MoS; (%) Carbon (%)
MoS;-1 PNPs 63.3 36.7
MoS,-1.5 PNPs 61.1 38.9
MoS,-3 PNPs 69.2 30.8

Table S2 Specific surface area of various MoS, PNPs.

Sample Specific surface area(m?/g)
bulk MoS; 36.3
MoS,-1 PNPs 139.9
MoS,-1.5 PNPs 106.6
MoS,-3 PNPs 81.6

Table S3 Summary of kapp of various MoS, PNPs.
Content Kapp (5)
(mg/mL) bulk MoS, MoS.-1 PNPs MoS.-1.5 PNPs MoS.-3 PNPs
0.04 2.93x103458%10 * 3.03x10344.1<10 5 3.98x10342.1x<10 * 2.11<1034.9x<10 *
0.06 44710347410 * 541X10347.4x10 4 7.55X10°47.4x10 * 3.26X10347.7x10 *
0.08 4.74X103458%10 * 8.05x10°#.6<10 * 10.74X<103°#H.6<10 *  6.34<10344.3x10 *
0.1 7.67x10°42.1<10 * 0.97x103%456x10 * 1231x103°456x10 *  6.95%103H.7x10 *

Table S4 Summary of kapp 0of M0S2-1.5 PNPs in the presence/absence of NIR light illumination.

Kapp Without NIR light

kepp With NIR light

UT (K - UT (K -

0.00333  443x1034231>10 * 0.00332 5.96>10 42 66>10 *
0.00330 51110320310 * 0.00328 76510 34257>10 *
0.00327 543103460210 * 0.00326 7.68>10 *43.38>10 *
0.00325  6.66>10 343.61>10 * 0.00323 8.54>10 *4358>10 *
0.00321  7.66>10 32,0410 * 0.00320 9.94>10 *4552>40 *
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Multi-functionalized carbon nanotubes towards green fabrication
of heterogeneous catalyst platforms with enhanced catalytic
properties under NIR light irradiation

Xuefeng Pan®%, Rongying Liu®, Zhilong Yu?, Benedikt Haas®, Zdravko Kochovski?, Sijia Cao*9, Radwan
M. Sarhan?, Guosong ChenP*, and Yan Lu®“*

Metal/carbon nanotubes (CNTs) have been attractive hybrid systems due to their high specific surface area and exceptional
catalytic activity, but the challenging synthesis and dispersion impede their extensive applications. Herein, we report a facile
and green approach towards the fabrication of metal/CNTs composites, which utilizes versatile glycopeptide (GP) both as
stabilizer for CNTs in water and as reducing agent for noble metal ions. The abundant hydrogen bonds in GP bestow the
formed GP-CNTs with excellent plasticity, enabling the availability of polymorphic CNTs species from dispersion to viscous
paste, gel, and even to dough by increasing their concentration. The GP molecules can reduce metal precursors at room
temperature without additional reducing agents, enabling the in situ immobilization of metal nanoparticles (e.g. Au, Ag, Pt,
and Pd) on the CNTs surface. The combination of excellent catalytic property of Pd particles with photothermal conversion
capability of CNTs makes the Pd/CNTs composite a promising catalyst for fast degradation of organic pollutants, as
demonstrated by a model catalytic reaction using 4-nitrophenol (4-NP). The conversion of 4-NP using the Pd/CNTs composite
as the catalyst has increased by 1.6-fold under near infrared light illumination, benefiting from the strong light-to-heat
conversion effect of CNTs. Our proposed strategy opens a new avenue for the synthesis of CNTs composite as a sustainable

and versatile catalyst platform.

Introduction

Metal functionalized carbon nanotubes (CNTs) composites have been
proven as excellent heterogeneous catalytic platforms for various
reactions, such as hydrogenation, oxidation, and reduction
reactions, due to the integral merits from the intrinsic high specific
surface area of CNTs and catalytically active metal nanoparticles
(NPs).:4 Rational design of stable and highly active metal/CNTs
hybrid catalysts has become one of the most prevailing works today.
Generally, three critical steps are involved in the fabrication of
metal/CNTs composites, including effective dispersion of CNTs,
reduction/stabilization of metal NPs, and immobilization of metal
NPs on the CNTs. The strong Van der Waals interactions inherent
to CNTs result in their super high propensity to form aggregated
bundles in a variety of solvents,particularly in water.?>
8 Therefore, a pivotal

9 Department for Electrochemical Energy Storage, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, Hahn-Meitner-Platz 1, 14109 Berlin, Germany

b The State Key Laboratory of Molecular Engineering of Polymers and Department of
Macromolecular Science, Fudan University, Shanghai 200433, China

¢ Department of Physics & IRIS Adlershof, Humboldt-Universitdt zu Berlin, Newtonstr.
15, 12489 Berlin, Germany

d Institute of Chemistry, University of Potsdam, Karl-Liebknecht-Str. 24-25, 14476
Potsdam, Germany

" These two authors contribute equally to this manuscript.

Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x

prerequisite for the production of metal/CNTs is to disperse bulk
CNTs via a feasible strategy.® The most frequently reported strategy
for spatially disassembling the CNTs bundles is to oxidize CNTs
with strong acids, thus chemically etching the inherently hydrophobic
CNTs towards the introduction of some hydrophilic oxygen-based
functional moieties (e.g. carboxylic, hydroxyl, and phenolic groups)
on their surface.l12 However, the daunting manipulation of the
number and type of functional groups still hinders the controllable
fabrication of CNTs-based composites.’® In addition, irreversible
damage to the aromatic rings of CNTs caused by harsh chemical
modification usually impairs their intrinsic conductivity and
catalytic activity. Moreover, the use of strong acids in these
strategies is not environmentally friendly. Therefore, it is essential to
develop a sustainable and eco-friendly approach towards
simultaneously dispersing CNTs and preserving their structural
integrity.

Alternatively, non-covalent physical modification using amphiphilic
surfactants, polymers, or biomolecules such as DNA and proteins
has been demonstrated to be effective not only in dispersing CNTs
in aqueous solution but also in maintaining their structure intact.1#
18|n such a scenario, the hydrophobic moieties tend to attach to the
surface of CNTs via hydrophobic interactions, while the hydrophilic
ones are inclined to actively interact with water molecules, thus
efficiently stabilizing CNTs in water.1” Nevertheless, the use of
wrapped polymers or surfactants may lead to toxicity, non-
degradability, and arduous elimination from CNTs dispersion,
consequently  posing
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Metal nanoparticles: Au and Pd

Scheme 1. Synthetic strategy of GP-CNTs and their functionalization with metal particles.

environmental sustainability and green chemistry concerns.
Moreover, the intrinsic polydispersity and mono-functionality
of naturally occurring biomolecules limit their wide application in
such area. Therefore, environment-friendly and versatile dispersants
are in great demand for the functionalization of CNTs.

When it comes to the reduction, stabilization, and immobilization
of metal NPs on CNTs, direct reduction of metal precursor ions by
reducing agents (e.g. sodium borohydride — NaBHi) via wet
chemistry often involves toxic chemicals or additional heating.2 19
Meanwhile, amphiphilic surfactants or polymers are commonly
employed to control the formation/growth of metal NPs and
improve their colloidal stability. Subsequent binding agents are also
necessary to immobilize metal NPs on the surface of CNTs,
potentially causing additional energy consumption and
environmental pollution.2 Conventional synthetic protocols such
as hydrothermal, electrochemical deposition, or plasma reduction
methods are either time-consuming or equipment- demanding.2!-
24 Therefore, the development of a novel strategy that could
integrally perform these abovementioned three critical steps in a
green and sustainable fashion will be essential for the advance of
CNTs-based heterogeneous catalysis.

In this work, we prepared an amphiphilic glycopeptide (GP)
biomolecule composed of a hydrophilic trisaccharide and a
hydrophobic triphenylalanine to efficiently disperse CNTs in aqueous
solution (Scheme 1). Furthermore, the GP molecules on CNTs
surface could capture various metal ions and subsequently reduce
them into catalytic metal NPs at room temperature. The obtained
metal NPs were simultaneously stabilized and immobilized on CNTs
by the GP molecules, enabling the green fabrication of
heterogeneous catalytic platforms. Unexpectedly, the introduction
of GP molecules also significantly enhances the plasticity of CNTs and
thus provides access to the rational construction of various CNTs
entities with

2 | J. Name., 2012, 00, 1-3

enhanced processability from paste to gel, and even dough by
increasing their concentration. Besides, the hydroxyl groups of
GP molecules endow the CNTs template with an excellent capability
to accommodate a wide range of noble metal NPs e.g. gold (Au),
silver (Ag), and palladium (Pd) on their surface under mild
conditions. Eventually, the catalytic potential of the fabricated
heterogeneous platforms also has been demonstrated via
degradation of a typical organic pollutant, 4- nitrophenol (4-NP), in
water with the assistance of near-infrared (NIR) light irradiation. The
method here opens a new avenue to multi-functionalizing CNTs
towards the fabrication of heterogeneous catalytic systems through
a green approach.

Results and discussion
GP-stabilized CNTs dispersion

Considering the aromatic scaffold nature of hydrophobic CNTs,
amphiphilic molecules containing aromatic groups appear to be ideal
dispersant candidates to effectively adhere to the surface of CNTs
and thus disperse them in water via aromatic-aromatic interactions
between amphiphilic molecules and CNTs. Herein, we prepared
an amphiphilic glycopeptide (GP) molecule comprising a
hydrophilic moiety (i.e. a trisaccharide with carboxyl and hydroxyl
groups) and a hydrophobic part (i.e. three phenylalanine) to disperse
CNTs in water. The GP molecule was synthesized according to the
methods reported in our previous study.?> 26 As an initial test, we
directly dispersed the as- purchased multi-wall CNTs (MWCNTSs)
powders (i.e. pristine CNTs cluster, 1 mg) with amphiphilic GP
molecules (1 mg) in water (1 mL). A homogenous CNTs dispersion
was obtained after simple treatment with sonication and
centrifugation (Fig. 1a). A thin layer of GP molecules (~*2 nm) was
found to be wrapped on the surface of CNTs via high-
resolution

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. (a, b) TEM and (c) SEM images of the GP-CNTs dispersion. (d, e) TEM and (f) SEM images of the pristine CNTs cluster
dispersion. The insets in (a, d) are corresponding photos of the CNTs dispersions. (g) UV-Vis absorption spectra of the CNTs cluster,
GP, and GP-CNTs dispersion. (h) Raman spectroscopy of the CNTs cluster and GP-CNTs powder after freeze-drying. (i) UV-Vis
absorption spectra of the GP-CNTs dispersion at 0.01 mg/mL and their corresponding photos (inset) before and after static storage

for 2 months.

transmission electron microscopy (HRTEM), as shown in Fig. 1b. The
aromatic phenylalanine moieties of GP molecules are expected to
attach to the surface of CNTs via hydrophobic interactions, while the
hydrophilic moieties head to the water phase. The presence of
carboxyl groups on the head of hydrophilic moieties gives rise to
strong electrostatic repulsions among CNTs, thus leading to a
homogenous and stable dispersion of CNTs. As spotted by scanning
electron microscopy (SEM), a uniform CNTs layer was also achieved
by simply drop- casting the GP-CNTs dispersion on a silicon wafer
and followed by drying under ambient conditions, while the pristine
CNTs clusters merely showed large aggregates (Fig. 1c, 1f, and S2).
Cryogenic TEM (cryo-TEM) was employed to in situ monitor the
native dispersion state of GP-CNTs. The outcome displayed that,
in the presence of GP molecules, the CNTs could be well-
dispersed in water without appreciable aggregation, verifying

This journal is © The Royal Society of Chemistry 20xx

Please dono |t

their excellent dispersibility of CNTs enabled by amphiphilic GP
molecules (Fig. S3). On the contrary, in the absence of GP molecules,
the pristine CNTs sample was found to quickly aggregate and
precipitate within a few seconds (Fig. 1d and e). In addition to
MWCNTs, single-wall CNTs (SWCNTs) could be also well-dispersed
in water with the aid of GP molecules (Fig. S4). It is worth
mentioning that MWCNTs are much more affordable and available
compared with SWCNTs, we thereby chose MWCNTs as the
model material for practical applications in the subsequent parts
of this research.

It has been reported that the uniform dispersion of bundled
CNTs will lead to a blue shift in resonant absorption peaks due
to the weakened electronic coupling effects among the CNTs
framework.® 2 Accordingly, an appreciable blue shift in maximum
from 273 nm for pristine CNTs to 260 nm for GP-CNTs in their
UV-Vis absorption spectra further confirmed the

J. Name., 2013, 00, 1-3 | 3
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H-bond interactions

Fig. 2. (a) Scheme of the formation of processable GP-CNTs. Photos of pristine CNTs powder (b) and high concentrated GP-CNTs
in various states: (¢, d) paste (~5 mg/mL), (e} gel (~70 mg/mL), and (f) playdough (~200 mg/mL) of handmade “United Buddy

Bear” model with an inset of its corresponding real landmark.

uniform distribution of CNTs (Fig. 1g). Note that the higher
absorption intensity of GP-CNTs compared to the pristine CNTs
cluster also revealed the superior dispersibility of GP- functionalized
CNTs in water.?”

To further investigate the electronic interaction between CNTs
and GP molecules, both pristine CNTs cluster and GP-CNTs in the
solid state were investigated by Raman spectroscopy. As shown
in Fig. 1h, three distinct peaks were found in both samples at
1340, 1572, and 2696 cm™, which respectively refer to D-band,
G-band, and 2D band of MWCNTs. The intensity ratio of D-band
(Ip) at 1340 cm™ to G-band (/s) at 1572 cm™ is usually used as an
indicator for the evaluation of defect amount in CNTs. In the
current study, the Ip/lc of the pristine CNTs cluster and the GP-
CNTs showed a comparable value of 0.18 and 0.16, respectively,
confirming that the aromatic-aromatic interaction between GP
molecules and CNTs does not introduce defects on the sidewall of
CNTs, i.e. damage to their surface. This finding confirms that the
introduction of GP molecules maintains the structural integrity of
CNTs, in contrast to the traditional chemical oxidation strategy.?®
2 As shown in the normalized Raman spectra (the inset in Fig.
1h), the red shift from 1572 cm-

1 for the pristine CNTs to 1578 cm for the GP-CNTs in the G
band verified the occurrence of charge transfer between three
aromatic phenylalanine residues of GP molecules and CNTs sidewalls
via m-1t stacking, which will decrease the electron density of CNTs.
In addition, the apparent charge transfer observed here could
also provide evidence for the attachment of GP molecules to the
surface of CNTs.3% 31 Qverall, we conclude that the strong m-m
stacking interaction between CNTs

4 | J. Name., 2012, 00, 1-3

and GP leads to the attachment of GP molecules to CNTs and
thus enabled the superior dispersion of CNTs in water.

The colloidal stability of the CNTs dispersion is vital for practical
applications. Hence, we evaluated the stability of the resulting
GP-CNTs dispersion against aggregation by storing them statically
for 2 months under ambient conditions. The result showed that 2
months of storage did not cause any obvious bundling behaviors of
GP-CNTs (inset in Fig. 1i). Besides, similar UV-Vis absorption
profiles shared by the GP-CNTs dispersion before and after
storage verified their long-term stability (Fig. 1i). The HRTEM
analysis showed that even after 2 months of storage, a distinct thin
layer of GP molecules was still found firmly attached to the
surface of CNTs (Fig. S5), accounting for the long-term stability of
the GP-CNTs dispersion. The good colloidal stability of GP-CNTs
could be ascribed from the electrostatically repulsive
interaction owing to the deprotonation of carboxyl groups
among GP-CNTs. As such, we attempted to manipulate the
electrostatically repulsive interaction among GP-CNTs by varying
the pH value of the GP- CNTs dispersion. The pH of the GP-CNTs
dispersion was modulated from an initial value of ca. 6.5 to 5 and 10
by adding hydrochloride acid (HCI) and sodium hydroxide (NaOH),
respectively. Isolated CNTs in GP-CNTs dispersion progressively
agglomerated overnight at pH of 5, while no obvious change was
found for the dispersion at pH of 10 (Fig. S6). Adding HCl in the
GP-CNT dispersion is likely to weaken the deprotonation of the
carboxyl groups in the GP molecules, thus decreasing the
electrostatic repulsion between neighboring GP molecules.?> Overall,
owing to the functionalization with amphiphilic GP

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. (a-c) TEM and (d1) HAADF-STEM images of GP-CNTs-Pd. (d2-ds) The corresponding STEM-EELS maps (same scale bar) of
various chemical elements in the GP-CNTs-Pd composite. TEM images (e-g) of the GP-CNTs-Au composite. The insets in (a, e) are
corresponding photos of the metal/CNTs dispersions. (h) UV-Vis absorption spectra of the pristine GP-CNTs, GP-CNTs-Pd, and GP-
CNTs-Au dispersion. (i) XRD patterns of the pristine GP-CNTs, GP-CNTs-Au, and GP-CNTs-Pd powder after freeze-drying.

molecules, CNTs exhibit outstanding colloidal stability in water At a low concentration of GP-CNTs in water, the electrostatic
phase. repulsion among the GP molecules wrapped on the CNTs
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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surface primarily governs the stable and uniform dispersion of
GP-CNTs. However, at high concentrations, another type of non-
covalent interaction, namely hydrogen bonding, will begin to
replace the role of electrostatic repulsion. This transition occurs
because the distance between GP and surrounding CNTs is
dramatically decreased when the concentration of GP-CNTs
increases, leading to a significant intensification of the inter-
CNTs saccharide hydrogen bonds. Besides, it might be conceivable
that the available inter-CNTs saccharide hydrogen bonds will confer
excellent plasticity upon the GP-CNTs (Fig. 2a). Herein, as a step
forward to explore its plasticity, we further increased the GP-CNTs
concentration (~5 to 200 mg/mL) in water with simple sonication
and/or grinding carefully in a mortar. Interestingly, a paste, gel, and
dough state was continuously achieved from powder (Fig. 2b-f).
Note that better dispersion of GP-CNTs in various states can be
achieved by concentrating the diluted dispersion through
centrifugation. When increasing the GP-CNTs concentration up to ~5
mg/mL, a viscous paste was obtained (Fig. 2c), which can be
further spread on an aluminum foil to form a uniform thin film (Fig.
2d). The GP-CNTs film could still show a good dispersion state
without obvious aggregation (Fig. S7). A drastic increase in GP- CNTs
concentration up to ~70 mg/mL led to a self-standing gel (Fig.
2e). Once its concentration was finally elevated up to ~200 mg/mL,
a playdough-like CNTs was produced. To demonstrate its superior
processing capability, a typical landmark of Berlin (e.g. United
Buddy Bear here) model was directly crafted by hand (Fig. 2f).
The outstanding plasticity and shaping capability of versatile GP-
CNTs materials experimentally demonstrated the enhanced
processibility of such GP-CNTs, owing to the abundant inter-CNTs
saccharide hydrogen bonds. Beyond the conventional approaches
that rely on either toxic organic solvents (surfactants) or
inevitable surface modifications, the use of eco-friendly and
biocompatible GP molecules offers a promising alternative for wide
and green applications of pristine CNTs.6, 7, 32

GP-enabled in situ generation of metal NPs on CNTs

Considering numerous hydroxyl groups in the GP molecules, we
subsequently employed the GP-CNTs as a versatile template for
the preparation of metal/CNTs composites, where GP molecules
could functionalize CNTs with metal NPs (ie. Pd, Ag, and Au)
through an in situ reducing and stabilizing strategy. Thus, the
corresponding metal/GP-CNTs composites (i.e. GP- CNTs-Pd, GP-
CNTs-Au, GP-CNTs-Pt, and GP-CNTs-Ag) could be simply obtained
under mild stirring at room temperature. Taking Pd as an example,
PdCl; was used as the metal precursor and directly added into the
GP-CNTs dispersion without any external reducing agents. Positive
PdZ* ions were electrostatically captured by the negative carboxyl
group in GP. As a result, the Pd NPs were in situ reduced by GP and
subsequently stably anchored on the surface of CNTs, as revealed
in the TEM and SEM images (Fig. 3a-b and S8). As spotted in the
photo (inset in Fig. 3a), a uniform GP-CNTs-Pd dispersion was
achieved, demonstrating good stability even after
functionalization with metal NPs. Moreover, no obvious

6 | J. Name., 2012, 00, 1-3

change was observed in the TEM images of thevi emw ea t@i clie/ @ N1 iTn es
composites after storing for one monthP,Cd' ‘el 100n3stHa3tNinRg0 2t6h0e iHr
good stability (Fig. S9). The lattice spacing was determined from
its corresponding HRTEM image to be 0.23 nm, which matches
well with the (111) plane of the Pd crystal (Fig. 3c). The obtained
Pd NPs show an ultra-small size of 1.8 + 0.4 nm (Fig. S10). The
tiny Pd particles and their distributions on CNTs were confirmed
by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and corresponding electron energy loss
spectroscopy (EELS), as shown in Fig. 3d. The HAADF-STEM image
revealed a dense decoration of small Pd NPs on the CNTs surface (Fig.
3d;). The presence of Pd was further confirmed through EELS-STEM
analysis (Fig. 3dz). As the STEM data is a projection through the
sample, the seemingly higher density of Pd NPs at the borders of
the GP-CNTs are consistent with those located on the surface of GP-
CNTs. Additionally, the C, N, and O species exhibited a homogenous
distribution in the GP-CNTs-Pd composite (Fig. 3dss). A distinct
hollow core was observed in all the C, N, and O maps, suggesting
the successful incorporation of GP molecules and Pd NPs on outer
surface of CNTs. X-ray photoelectron spectroscopy (XPS) was used
to study the oxidation state of Pd NPs in the GP-CNTs-Pd composite.
Theraw and fitted Pd 3d spectra demonstrated the presence of
a mixture of Pd® and Pd?* (Fig. S11). The Pd 3ds;; peak at 335.7 eV
and Pd 3ds/; peak at 340.9 eV correspond to metallic Pd®. In addition,
the shoulder peaks at 337.7 and 342.9 eV are assigned to Pd?*,
primarily indicating the presence of oxidized Pd (PdO) on the
surface of Pd NPs.33 The PdO species are mainly resulted from the
exposure to air during the sample preparation. Smaller Pd NPs
show higher specific surface area, indicating more exposed Pd
atoms that are easily to be oxidized.

Compared with Pd NPs, the obtained Au NPs on CNTs were
relatively larger, with an average size of 5.6 + 1.3 nm (Fig. 3e-g, S10).
The lattice spacing of 0.22 nm corresponds to the (110) planes
of the Au NPs (Fig. 3g).3* The size of Au NPs on the GP- CNTs
has HAuUCl,4
concentration, as well as reaction temperature (Fig. S12). First of
all, keeping the Au precursor concentration constant, the particle
size of Au NPs slightly increased (~4 to 5 nm) when increasing the GP
concentration from 0.02 to 0.05 mg/mL. Further increase of the
GP concentration to 0.1 mg/mL would lead to the formation of
inhomogeneous Au NPs with various morphologies, as indicated
with red circles in Fig. S12a-c. Secondly, when keeping the GP
concentration constant, no obvious change in the particle size
has been observed by increasing the concentration of Au precursor
from 0.05to 0.15 mM, but the number of the Au NPs deposited
on the CNTs surface is significantly increased (Fig. S12b and d).
Further increase of the Au precursor concentration to 0.3 mM
results in the sharp increase of the particle size from 5 to 23 nm, with
irregular shape and broad size distribution, as indicated in Fig. S12e.
Finally, elevating the reaction temperature from room temperature
to 40 T leads to the formation of irregular morphology and huge
aggregates of Au NPs (Fig. S12f). Therefore, we just focused on
the sample (Fig. S12b) prepared with 0.05 mg/mL of GP and 0.15
mM of HAuCl, at room temperature for the following catalysis study.

been tuned by varying the GP concentration,
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Fig. 4. (a) UV-Vis absorption spectra of the reduction of 4-NP with the concentration of GP-CNTs-Pd at 0.01 mg/mL. {b) Plots of
In(c/co) as a function of reaction time of GP-CNTs-Pd at various concentrations. (c) Catalytic cycles of GP-CNTs-Pd with the
concentration of GP-CNTs-Pd at 0.01 mg/mL, 4-NP at 0.1 mM, and NaBH,4 at 20 mM at room temperature.

The successful incorporation of Au NPs on GP-CNTs was further
confirmed by the UV-Vis absorption spectroscopy. A broad peak
at ca. 530 nm was observed for the GP-CNTs-Au dispersion (Fig. 3h),
which results from the surface plasmon resonance of Au NPs. To
further confirm the presence of metal NPs, the obtained metal/GP-
CNTs composites were characterized by X-ray diffraction (XRD).
As shown in Fig. 3i, the distinct peaks located at 25.6, 44.7, 55.1,
and 77.6° were observed for all the metal/GP-CNTs composites,
which respectively refer to the (002), (100), (004), and (110)
plane of the MWCNTs (JPCDS NO.

96-101-1061). Meanwhile, peaks at 38.6, 44.3, and 64.5° were

observed in GP-CNTs-Au, which can be indexed to the (110),
(200), and (220) plane of the face-centered cubic (fcc) phase of
metallic Au crystal (JPCDS NO. 00-004-0784), respectively.3> In the
case of GP-CNTs-Pd, two peaks at 40.1 and 46.5° were observed,
which respectively stand for the (111) and (200) reflections of the (fcc)
metallic Pd (JPCDS NO. 05-0681).36 Apart from Au and Pd NPs, Ag and
Pt NPs can be also successfully incorporated into GP-CNTs (Fig. S13).
As a proof-of-concept, the proposed method demonstrates our
versatile GP-CNTs can be applied for the facile synthesis of various
noble metal nanoparticles. The amount of metal loading in the
metal/GP- CNTs composites was estimated from the aerobic residual
in the thermogravimetric Analysis (TGA) measurement (Fig. S14). The
metal loading in GP-CNTs-Au and GP-CNTs-Pd was calculated to

be 13.2 and 11.5 wt.%, respectively. As control experiments, the
pristine CNTs alone was found to be incapable of reducing metal ions
to metallic NPs (e.g. Pd, Au, or Ag), as verified in Fig. S15a. By
contrast, directly mixing GP molecules with Au precursor (e.g. HAUCls)
solution in the absence of the CNTs template led to the formation of
stably dispersed Au NPs, as demonstrated in Fig. S15b. These
findings confirm that GP molecules indeed function as the
reducing agent (and stabilizer) for the generation of metal NPs on
CNTs even at room temperature. The noticeable reducibility of GP
molecules for the formation of metal NPs is presumably due to their
abundant hydroxyl groups in the trisaccharide moieties, which has
been reported in our previous work. 37 During the reduction process,
the hydroxyl groups of the GP molecules are likely to be oxidized
into carboxyls by the HAuCl;.38 In brief, we demonstrated a
straightforward strategy for the green synthesis of water-
dispersible metal/CNTs composites enabled by amphiphilic GP
molecules. Importantly, the small size of metal NPs in situ generated
on the CNTs surface indicates a high specific surface area, which
could provide sufficient active sites for efficient catalysis.

Catalytic reduction of 4-nitrophenol

Noble metal NPs crucial for the catalytic

degradation of organic pollutants in water via reduction or

are catalysts
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Fig. 5. (a) Time-dependent IR thermal photos of the GP-CNTs-Pd dispersion under 808 nm laser (3 W/cm?) irradiation at various
concentrations (0.02, 0.05, and 0.08 mg/mL). (b) Comparison of the photothermal heating of various dispersions at 0.08 mg/mL.
(c) Heating/cooling profiles of the GP-CNTs-Pd dispersion at 0.08 mg/mL under NIR irradiation at 3 W/cm?.
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coupling reactions.3® 40 As a typical temperature-dependentand
surface reaction, the reduction of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AMP) in aqueous solution has been regarded as
a benchmark reaction and was utilized to evaluate the catalytic
performance of various catalysts.*! Thanks to the outstanding
photothermal conversion capability under near- infrared (NIR) light
irradiation, CNTs have also found numerous applications including
cancer therapy, bio-sensing, and photothermal-assisted catalysis.*%
43 In this study, we used the as-prepared metal/GP-CNTs
composites (GP-CNTs-Pd and GP- CNTs-Au) as the catalyst, and
NaBH, as the reducing agent, to investigate their catalytic behavior
in the reduction of 4-NP under NIR light irradiation.

As an initial test, catalytic performance of the GP-CNTs-Pd composite
in the reduction of 4-NP without NIR light irradiation was assessed
in aqueous solution. As the reaction progresses, a characteristic
absorption peak at 400 nm gradually faded and disappeared due to
the conversion of 4-NP, while a new peak at 290 nm came into being
and progressively increased in intensity due to the generation of
4-AMP (Fig. 4a).** To compare the catalytic performance of
various metal/CNTs composite catalysts, we fixed the same
surface area of the catalytic metal (Pd in GP-CNTs-Pd and Au in
GP-CNTs-Au) used for the reaction. The apparent rate constant
(kspp) and surface area-normalized rate constant (k;) were
determined to quantitatively evaluate the reaction rate of these
two catalysts (more details in Fig. S16). As a result, GP-CNTs-Pd
displays a fast catalytic conversion of 4- NP, giving a much higher
ki value of 0.062 s m2 L compared with that of GP-CNTs-Au (k;
of 0.0081 s? m2 L). Note that the as-synthesized GP-CNTs-Pd
shows high rate constant among the reported Pd-based catalysts
under similar reaction conditions (Table S1), demonstrating their
good catalytic performance. The particle dimension and electron
structure of catalytic metal particles on the surface have been
reported to influence the adsorption/desorption behavior of 4-NP
molecules.?> 46 Hence, the fast conversion of 4-NP could be
predominantly explained by the small size of Pd as well as its
intrinsically catalytic activity when applied in the reduction of 4-
NP. As reference, acid- oxidized CNTs were also used as the
template for the preparation of Pd/CNTs composites (denoted as
a-CNTs-Pd).2 When used as catalyst for the reduction of 4-NP with
the same

8 | J. Name., 2012, 00, 1-3

concentration as GP-CNTs-Pd at 0.02 mg/mL, the a-CNTs-Pd
displays a reaction conversion of 32.3 % after reaction for 10
min, which is much lower than that of the GP-CNTs-Pd (a
conversion of 99.2 %) (Fig. S17). Considering that the type and
number of the functional groups (hydroxyl or carboxyl groups) on
the CNTs surface from strong acid oxidation are not very controllable,
this may cause the inhomogeneous distribution and propensity
of aggregation of the Pd NPs on CNTs. These factors will lead to
the relatively lower catalytic activity of the a- CNTs-Pd. Based on
these findings, GP-CNTs-Pd was utilized in the subsequent
measurements. It is found that an increase in the concentration
of the GP-CNTs-Pd catalyst from 0.01 to 0.04 mg/mL led to the Kkapp
elevating from 1.81x10% to 7.21x10 s (Fig. 4b). Moreover, GP-
CNTs-Pd still presented a high conversion above 90 % even after 5
consecutively catalytic cycles, demonstrating their excellent
catalytic stability (Fig. 4c). No visible change in the morphology of
GP-CNTs-Pd was found after the catalytic cycles, confirming its good
structural stability (Fig. S18a). As control experiments, no
conversion of 4-NP was observed when only pristine GP-CNTs-Pd or
GP molecules were used in the absence of NaBH4, revealing that
neither GP molecules nor CNTs alone can reduce 4-NP into 4-
AMP (Fig. S18b).

Next, we tested the photothermal conversion of the as-
prepared GP-CNTs-Pd dispersion in a quartz cuvette under NIR
light irradiation (wavelength of 808 nm, 3 W/cm?2). As visualized
by an IR camera, the temperature of the GP-CNTs-Pd dispersion
increased with the irradiation time and concentration of the GP-
CNTs-Pd dispersion (Fig. 5a). To precisely track the temperature
rise of GP-CNTs-Pd under NIR irradiation, the temperature of
the dispersion was further measured and confirmed by a digital
thermometer. Notably, the temperature of the GP-CNTs-Pd
dispersion with the concentration of 0.08 mg/mL increased by
ca. 23 T after irradiation for 15 min (Fig. $S19). By comparison,
pure water merely displayed a temperature change of ca. 5 C
under the same light intensity, indicating the negligible
photothermal conversion effect of water alone. In addition, the
photothermal performance of GP-CNTs and pristine CNTs
cluster was also evaluated under the same conditions (e.g.
concentration, laser power, and irradiation time). GP-CNTs
showed a similar temperature variation with GP-CNTs-Pd, while

This journal is © The Royal Society of Chemistry 20xx
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the pristine CNTs cluster only showed a mild temperature
increase by ca. 8 C (Fig. 5b). The photothermal conversion efficiency
(n) of the GP-CNTs dispersion was calculated to be

22.3 %, which is higher than that of the pristine CNTs cluster
dispersion (4.2 %), as shown in Fig. S20. As mentioned above,
the pristine CNTs tend to form big aggregates in water owing to
the inherent hydrophobicity. In such scenario, only little surface area
can be exposed for the light harvest. The majority of incident
light will just pass through the water molecules. As comparison, the
NIR light can be efficiently captured by the GP- CNTs owing to a high
exposed surface area. In addition, better dispersity of the GP-CNTs
improves the water diffusion, thus enhances the heat transport from
the surface of CNTs to the surrounding solution. Overall, the GP-
modified CNTs show better photothermal conversion performance
than that of the pristine CNTs. Also, the loading of the small size of
Pd NPs exerts no influence on their photothermal heating
activities. Furthermore, = GP-CNTs-Pd  displayed  superior
photothermal stability, as revealed by its negligible reduction in
its photothermal conversion performance after 5 consecutive ON-
OFF laser cycles (Fig. 5c).

To take advantage of the photothermal conversion effect of GP-
CNTs-Pd, we further explored its catalytic performance under
NIR light irradiation (Fig. 6a). To reach an equilibrium
temperature (32 ), the GP-CNTs-Pd dispersion was first
continuously stirred under NIR light irradiation (3 W/cm?2) for 15

min prior to the reaction, i.e. in the absence of NaBH4. The UV-
Vis absorption spectrum showed no 4-NP conversion on this
occasion (Fig. $21), indicating that the NIR light irradiation alone
does not affect the reduction process of 4-NP. Afterwards, a
fresh NaBH; solution was rapidly injected into the reaction
mixture to trigger the reduction of 4-NP (Fig. 6b). As expected,
the reaction under NIR light illumination showed a high
conversion up to ~ 91.2 % in 5 min, which is 6.8-fold to the
conversion (~13.5 %) achieved at room temperature without
light illumination. Considering that light irradiation leads to a
significant increase in the dispersion temperature, the
enhanced reaction conversion is thus assigned to the high
temperature induced by the photothermal heating of CNTs. To
further confirm the role of photoheating effect, the reduction
of 4-NP was conducted at the same reaction temperature (32 C)
in a water bath, in the absence of light illumination. In this case,
only ~35.1 % of the conversion was achieved, which is much
lower than that obtained under NIR light irradiation (Fig. 6¢ and
S22). As a control experiment, the reduction of 4-NP has been
conducted under NIR light irradiation with the light wavelength
of 976 nm, as shown in Fig. S23. It is found that the GP-CNTs-Pd
shows a conversion of the reduction reaction of ~88.5% after
reaction for 5 min (solution temperature at 33 C), which is
similar to the reduction reaction conducted at the wavelength
of 808 nm (91.2%, solution temperature at ~32 <C). This
indicates that the catalytic performance does not show obvious
difference when exposed to the light wavelength of 808 and 976
nm. As the reduction of 4-NP is a thermal driven reaction, the
catalytic performance is primarily controlled by the reaction
temperature under NIR illumination. Therefore, the comparable
catalytic performance of the GP-CNTs-Pd composite can be

This journal is © The Royal Society of Chemistry 20xx
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attributed to the similar photothermal conversion vpi eewr f20r ¢ i cme  cannicnee
under these two wavelengths, which s PoPnffirl @ 1603 %/ Dy 3NsR 82 Ofar
solution temperature under NIR irradiation at 808 nm (~32 ¥)
and 976 nm (~34 ),
hollow architecture of nanomaterials is capable of facilitating the

respectively. It has been reported that

light harvesting and subsequent localization, resulting in a relatively
higher surface temperature compared to the bulk solution.4”-48 In the
present work, we hypothesize that the heat induced by light
irradiation is relatively higher on the nanotube surface supporting the
catalytic Pd NPs than that in the solution phase. This localized heat
predominantly contributes to the substantial enhancement in the
fast conversion of 4-NP, as the reduction of 4-NP is a typical
temperature-dependent Overall, the
incorporation of catalytic metal particles with photothermal CNTs

and surface reaction.
realized by the multi- functional GP molecules demonstrates great
potential in the efficient degradation of organic pollutants. In
addition, a more systematic study will be conducted in the future to
gain deeper insights into the dependence of catalytic performance of
the metal/CNTs composites on the light wavelength. Considering
that Au NPs could also show significant photothermal effects, the
combination of photothermal Au NPs with CNTs could be promising
for enhancing the catalytic performance. Thus, we will continue
the optimization of Au NPs synthesis and even investigate Pd-Au
nanoalloy particles in our future work.

Conclusions

In summary, we provided a novel strategy for the facile and
green synthesis of versatile metal/CNTs composites based on
amphiphilic glycopeptide (GP) biomolecules. GP was first
employed to disassemble the CNTs cluster in water through non-
covalent m-it interaction. Particularly, GP-CNTs exhibit an enhanced
processibility, forming a paste, gel, and dough at high concentrations.
In contrast to conventional single-functional surfactants, the GP
molecules also show strong reducibility towards noble metal ions.
This unique property enables the in situ generation of various
metal NPs including Au, Ag, and Pd NPs on CNTs at room
temperature, which was scarcely reported in the literature. To
explore their practical applications, GP- CNTs-Pd with ultra-small
size of Pd NPs (1-3 nm on average) was applied as the catalyst for the
reduction reaction of the typical organic pollutant, 4-NP, with the
assistance of NIR light irradiation. Enhanced degradation of 4-NP
was realized mainly due to the small size of catalytic Pd NPs as well
as the localized photothermal heating of the CNTs template under
NIR light irradiation. The proposed new
opportunities for the integrally green synthesis of CNTs-based

approach provides

catalytic platform that are inaccessible for the conventional
surfactant strategy.

Experimental Section/Methods
Chemicals

Single-wall carbon nanotubes (SWCNTs, diameter of 1-2 nm,
length of 5-30 um, 2 95 %) and multiple-wall carbon nanotubes
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(MWCNTs, outer diameter of 10-30 nm, inner diameter of 3-5
nm, length of 10 -50 um, > 99.9 %) were obtained from
Timesnano. Palladium chloride (PdCl;, 99 %), gold chloride trihydrate
(HAUCI43H 7,0, = 99 %), chloroplatinic acid hydrate (H,PtClg), silver
nitrate (AgNOs, = 99.99 %), sodium borohydride (NaBH4, 99 %),
sodium hydroxide (NaOH, = 97%), hydrochloric acid (HCI, 37%),
and 4-nitrophenol (4-NP, > 99 %), dimethyl sulfoxide-d6 (DMSO-d6,
> 99 %), and tetramethylsilane (TMS, =99 %) were purchased
from Sigma-Aldrich. Ultrapure water with a resistance of 18.2
MQ-cm was purified using the Thermo  Scientific Barnstead
GenPurex CAD Plus system. All chemicals were used without any
further purification.

Materials synthesis

Synthesis of glycopeptide

The glycopeptide (GP) molecule was prepared according to the
methods reported in our previous study.2® In short, the GP molecules
was synthesized through a coupling reaction between the
hydrazide group of triphenylalanine and hydroxyl end of
sialyllactose at 50 €. The reaction yield is ca. 59%. Its NMR
spectrum can be found in Fig. S1.

Water-dispersible GP-CNTs in various states

For diluted CNTs dispersion, the as-purchased MWCNTs powders
(1 mg) were mixed with GP in water (1 mL) and dispersed by
gentle sonication (30 W, 37 kHz, constant parameters thereafter)
in an ice bath for 30 min. Following centrifugation at 8000 rpm for 20
min to remove the residual bundle complexes, a diluted GP
functionalized CNTs (termed as GP-CNTs) dispersion was obtained.
The preparation of SWCNTs dispersion followed the same
procedure as described above. The final concentration of the
resulting GP-CNTs dispersion was calculated by its solid content in
water, which was obtained through freeze-drying overnight. As a
control experiment, the pristine MWCNTs powders were directly
dispersed in water inthe absence of GP molecules. To synthesize
the GP-CNTs paste, the diluted GP-CNTs dispersion was
concentrated further by centrifugation (8000 rpm, 1 h) to form a
highly viscous state. The concentrated paste was subsequently
coated on analumina foil and dried in an oven at 40 €, ultimately
yielding a uniform thin film. For the preparation of gel and dough,
the MWCNTs powder was directly mixed with GP molecules at
the same weight ratio (1:1) but the total concentration in water
increased from ~70 to 200 mg/mL, or even higher and followed by
simple hand-grinding carefully in a mortar for 30 min.

Metal/GP-CNTs composites

Taking Pd as the example, a fresh PdCl, solution (50 uL, 10 mM) was
directly mixed with the as-obtained GP-CNTs dispersion (4 mL,
0.05 mg/mL). The pH value of the GP-CNTs dispersion was adjusted
to ~8.5 by adding NaOH. After stirring at 250 rpm at room
temperature for 15 min, the Pd NPs coated GP-CNTs (denoted as
GP-CNTs-Pd) were obtained by centrifugation at 8000 rpm for 20
min. When it comes to Au, Pt, and Ag, HAuCl, (60 pL, 10 mM),
H,PtClg (60 uL, 10 mM), and AgNOs (60 uL, 5

mM) solution was respectively used as the precursor for the

10 | J. Name., 2012, 00, 1-3

synthesis of Au NPs coated GP-CNTs (denoted as G i ePu- CarNicTieS-0AnUin)e,
Pt NPs coated GP-ONTsPt (denoted as GPDOCN: 17051-0p39) / Da3nNdRAD Zg6N0 7pHs
coated GP-CNTs (denoted as GP-CNTs-Ag).

Catalytic reduction of 4-nitrophenol

Catalytic reaction of metal/GP-CNTs composites without NIR light
irradiation

In a typical run, 1.75 mL of fresh water, 0.25 mL of 4-NP solution
(1 mM), and an appropriate amount of metal/GP-CNTs composite
dispersion (50-150 pL, 0.1 mg/mL) was successively introduced to a
clean quartz cuvette (110-QS Hellma, 10 mm) under stirring at 250
rpm at room temperature. Next, a fresh NaBH4 (0.5 mL, 0.1 M)
solution was swiftly injected to start the reduction of 4-NP. The
reaction dispersion in the cuvette was in situ tracked by UV-Vis
spectroscopy. To note, all the dispersions were thoroughly purged
with continuous N, bubbles for 30 min to remove dissolved O,
prior to the reduction reaction.

Photothermal conversion performance

The GP-CNTs-Pd dispersions at various concentrations (1 mL, 0.01-
0.08 mg/mL) were stirred at 300 rpm in a clean cuvette (110-QS
Hellma, 10 mm) under the NIR light irradiation (PhotonTec Berlin,
a wavelength of 808 nm) at 3 W/cm? for ca.10 min. The
thermometer was placed in the back corner of cuvette with the
distance of 6.5 cm between the laser point and the cuvette. The
temperature variation of the dispersion was visualized by an
infrared (IR) camera (FLIR-E8 XT) and also recorded by a digital
thermometer (P300 Thermometer, Dostmann electronics) at the
time interval of 20 s.

Catalytic reaction of GP-CNTs-Pd with NIR light irradiation

0.45 mL of fresh water, 0.5 mL of 4-NP solution (2 mM), and 0.03 mL
of GP-CNTs-Pd dispersion (1 mg/mL) was successively added in a
clean cuvette (110-QS Hellma, 10 mm) and stirred at 300 rpm.
The dispersion was irradiated by NIR light (3 W/cm?2) for

~15 min to reach a constant temperature. A fresh NaBH; solution
(100 uL, 2 M) was rapidly introduced to trigger the reaction. To
monitor the reduction progress, 0.1 mL of the reaction dispersion
was extracted after 5 min and then diluted with 1.9 mL of fresh
water. The diluted dispersion was then subjected to filtration using
a syringe filter with a pore size of

0.1 pm. The remaining solution was eventually analyzed using
UV-Vis absorption spectroscopy. In comparison to the NIR-
assisted reduction, the non-irradiated reaction was conducted in
a water bath heated at the same temperature under the same
condition as above.

Characterization

X-ray diffraction (XRD) analysis was conducted on a Bruker D8
diffractometer with a monochromatic X-ray beam with Cu Kg
radiation at a scan rate of 0.05 /min. All the samples were collected
after freeze-drying overnight and stored in air-tight XRD holders
for measurements. The oxidation state of Pd in the GP-CNTs-Pd
composite was determined by X-ray photoelectron spectroscopy
(XPS) with an ESCA-Lab-220i-XL X-ray photoelectron spectrometer
(Thermo Fisher Scientific) with Al

This journal is © The Royal Society of Chemistry 20xx
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Ky sources (hv = 1486.6 eV). Nuclear magnetic resonance (NMR)
measurement was performed on AVANCE Ill HD 400 MHz of
Bruker BioSpin International. Dimethyl sulfoxide-d6 (DMSO-d6) was
used as a solvent and tetramethylsilane (TMS) was employed as
the reference with the peak of chemical shift at 0 ppm.

Conventional transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), and cryogenic TEM (cryo-TEM) were
performed on a JEOL JEM-2100 instrument operated at an
accelerating voltage of 200 kV. For conventional TEM and HRTEM,
all the samples were prepared by dropping ~5 uL of the resulting
dispersions on continuous carbon-coated copper TEM grids (200
mesh, Science Services). Cryo-TEM specimens were prepared on
Lacey carbon-coated copper grids (200 mesh, Science Services)
and subsequently plunge-frozen into liquid ethane with an FEI
Vitrobot Mark IV at 4 € with a humidity of 95%. Vitrified grids
were either directly transferred to the cryogenic transfer holder
(Gatan 914, Gatan, Munich, Germany) or stored in a liquid N
tank. The imaging process was carried out at ca. - 183 € with a
defocus of the objective lens ranging from 2.5 to 3 um. Cryo-TEM
images were recorded at various magnifications using a bottom-
mounted 4 kx4 k CMOS camera (TemCam-F416, TVIPS, Gauting,
Germany). The total electron dose for each image was maintained
below 20 e~/A2. Scanning transmission electron microscopy (STEM)
for electron energy- loss spectroscopy (EELS) analysis was
performed on a Nion HERMES microscope (Nion Co., Kirkland,
WA, USA) equipped with a Dectris ELA direct electron detector
(Dectris AG, Baden- Daettwil, Switzerland). Similar to the sample
preparation for cryo-TEM, ~5 uL of the GP-CNTs-Pd dispersion was
placed ona lacey carbon-coated copper grid (200 mesh, Electron
Microscopy Sciences, Hatfield, PA) and followed by drying under mild
conditions. Scanning electron microscopy (SEM) images were
recorded using a LEO GEMINI 1530 microscope at 5 kV.
Thermogravimetric analysis (TGA) was performed on a Netzch
Phoenix F204 instrument with a temperature range of 25-900 C
at a heating rate of 10 T/min in a synthetic air atmosphere.
Raman spectra were recorded using an InVia 2R9X81 Raman
spectrometer equipped with a detector of Renishaw Centrus
2MYAO8 and a HeNe laser (a wavelength of 532 nm). UV-Vis
absorption spectroscopy were recorded at room temperature on
a PerkinElmer Lambda 650 spectrometer. All the aqueous solutions
or dispersions were contained in a clean quartz cuvette (110-QS
Hellma, 10 mm).
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Fig. S1. *H-NMR spectrum of the GP powder dissolved in DMSO-d6.

Fig. S2. SEM images of (a) the GP-CNTSs dispersion and (b) the pristine CNTSs cluster with a scale bar of 5 pm.
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: GP layer

Fig. S3. Cryo-TEM images of the GP-CNTSs dispersion at different magnifications.

Fig. S4. TEM images of the SWCNTSs dispersed with GP (same mass ratio of 1:1) at different magnifications.
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Fig. S6. Photos of the GP-CNTSs dispersions at 0.2 mg/mL and the pH of (a) 10 and (b) 5 overnight.
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Fig. S7. SEM images of the GP-CNTs film after drying at various magnifications.

GP-CNTs-Au ,, GP-CNTs-Ag GP-CNTs-Pd

Fig. S8. SEM images of (a) GP-CNTs-Au, (b) GP-CNTs- Ag, and (¢) GP-CNTs-Pd.
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100 nm

Fig. S9. TEM images of the GP-CNTs-Pd sample after storage for 1 month.
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Fig. S10. Histograms of particle size distribution (based on over 50 particles) of (a) Pd NPs in GP-CNTs-Pd, (b) Au
NPs in GP-CNTs-Au, and (c) Ag NPs in GP-CNTs-Ag determined from TEM analysis based on more than 50 particles.
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Fig. S11. (a) Full XPS spectrum and (b) high-resolution Pd 3d spectrum of the GP-CNTs-Pd composite.

100 nm

Fig. S12. TEM images of GP-CNTs-Au prepared at (a) 0.02 mg/mL of GP, 0.15 mM of HAuCl,; (b) 0.05 mg/mL of
GP, 0.15 mM of HAuUCI4; (¢) 0.1 mg/mL of GP, 0.15 mM of HAuCly; (d) 0.05 mg/mL of GP, 0.05 mM of HAUCl.;
(e) 0.05 mg/mL of GP, 0.3 mM of HAuCl.; and (f) 0.05 mg/mL of GP, 0.15 mM of HAuUClI, heated at 40 <C. Note
that all the samples in (a-e) were prepared at room temperature.
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Fig. S13. (a, b) TEM images of GP-CNTs-Ag at different magnifications. (c) UV-Vis absorption spectra of various
metal/CNTs composites. (d) XRD patterns of the pristine GP-CNTs and GP-CNTs-Ag powder after freeze-drying.
The peaks at 38.2, 44.3, and 64.7<in XRD indicate the (111), (200), and (220) planes of the (fcc) metallic Ag (JPCDS
NO. 01-087-0719).! (e-f) TEM images of the GP-CNTs-Pt prepared by mixing GP-CNTs (0.05 mg/mL) with HzPtClg

(0.15 mM) at room temperature with stirring for 24 h.
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Fig. S14. TGA curves of the GP-CNTs-Au, GP-CNTs-Ag, and GP-CNTs-Pd powder in synthetic air.

Fig. S15. TEM images of (a) Pristine CNTs cluster mixed with HAUClI4 in the absence of GP molecules. (b) Au NPs
generated in the mixture of HAuCl4 (0.01 mM) and GP (0.1 mg/mL) solution. The inset in (b) is the corresponding

photo of the obtained Au NPs dispersion.
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Fig. S16. Reduction of 4-NP with (a) GP-CNTs-Au at 10.5 pg/mL and (b) GP-CNTs-Pd at 1.80 pg/mL. The
concentration of 4-NP and NaBH4 was 0.005 mM and 0.1 M, respectively.

When adding an excess amount of NaBHya, the reduction kinetics of 4-NP mainly follow a pseudo-
first-order law. Apparent rate constant (kapp) Of 4-NP can be given by:

c
ln— = lTl_ = —kapp t = —kl Sit (1)

co Io

where ¢ and co are the concentration and | and lo are the absorption intensity at 400 nm of 4-NP at
the given time t and the very beginning of the reaction, respectively.? S; is the total surface of
catalytic particle and ki is the rate constant normalized to St. kapp can be obtained from the linear
correlation between In(1/1o) or In(c/co) and t. As a result, GP-CNTs-Pd displayed a fast catalytic
conversion of 4-NP, giving a kapp Vvalue of 0.016 s™, while a kapp value of 0.0021 s? has been
measured for GP-CNTs-Au (Fig. S16).

Note that the reduction mainly proceeds on the surface of the metal NPs. If we assume both Pd

and Au particles are ideally spherical, St can be thus calculated by:

mo = ipT[d3 (2)

So = md? 3)

n=_" 4)
mo

St = QVO ®)
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where mo So, and n are the mass and surface of a single catalyst particle and the total number of
metal particles, respectively; m is the total mass of metal catalyst that can be estimated from TGA
measurement (13.2 wt.% for GP-CNTs-Pd and 11.5 wt.% for GP-CNTs-Au); p is the density of
the catalytic particle, assuming it is the same as the density of their bulk material (12.0 g/cm? for
Pd and 19.3 g/cm?® for Au); d is the diameter of the particle, which can be obtained from the
HRTEM analysis (1.8 nm for Pd and 5.6 nm for Au).® V is the reaction volume (2.5 mL here).
According to Table S2, the S; was thereby fixed to be 0.26 m?/L. The value of GP-CNTs-Pd was
calculated to be 0.062 s m? L, which is higher than that of GP-CNTs-Au (0.0081 s m? L),
demonstrating the superior catalytic activity of GP-CNTs-Pd.

Before reaction
a-CNTs-Pd
—— GP-CNTs-Pd

b 20.

1.5

1.0

Abs.

0.5

0.0

300 400 500
Wavelength (nm)

Fig. S17. (a) TEM images of a-CNTs-Pd. (b) Reaction comparison: both a-CNTs-Pd and GP-CNTs-Pd at the
concentration of 0.02 mg/mL, 4-NP at 0.1 mM, and NaBH. at 20 mM at room temperature.
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Fig. S18. (a) TEM image of the GP-CNTs-Pd dispersion after catalytic cycles. (b) Reduction reaction of 4-NP with
either GP-CNTs-Pd or pristine GP molecules at pH of ~10 without NaBH, after 15 min.
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Fig. S19. Temperature variation of the GP-CNTs-Pd dispersion at various concentrations.
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Fig. S20. (a) Temperature variation of the GP-CNTs dispersion under NIR irradiation. (b) t versus —in () obtained

from the cooling curve.
The photothermal conversion efficiency (#) can be calculated based on the heating-cooling profiles

and given by:
@

n= T1(1—_1T)A808_)

where h, s, Qois, are the heat transfer coefficient, surface area of the container, heat dissipated from
the light absorbed by the quartz sample cell containing with pure water, respectively. | and Asos
are the laser intensity and absorption of dispersion at the wavelength of 808 nm, respectively.
where Tsur, Tmax are surrounding temperature and maximum temperature of the GP-CNTs

dispersion, respectively.* °
To calculate hs, a dimensionless parameter (6) needs to be introduced and determined by:

mpC
hs = 2L 3)

Ts

where mp and Cp are the mass of water (1 g) and heat capacity (4.2 J/g -C), respectively. The time

constant (zs) can be determined from the slop of cooling curve (Fig. S16b) according to the

equations below:
t = —1sln (0) &)
9 = —[Laur (®)

Tmax_Tsur
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where t and T are the time and cooling temperature of the dispersion during cooling stage. Hence,
75 Of the pristine CNTs cluster and GP-CNTs dispersion were determined to be 328.1 and 370.4 s,
respectively. Correspondingly, the value » of CNTs cluster and the GP-CNTSs dispersion were

determined to be 4.2 % and 22.3 %, respectively.

1.6 -
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Fig. S21. Reduction reaction of 4-NP after NIR light irradiation for 15 min before introducing NaBHa.
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Fig. S22. Reduction reaction of 4-NP under various heating conditions after 5 min.
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Fig. S23. Reaction comparison of GP-CNTs-Pd under NIR light illumination at 808 and 976 nm (3 W/cm?) for 5 min
with the concentration of GP-CNTs-Pd at 0.03 mg/mL, 4-NP at 1 mM, and NaBH4 at 0.2 M.
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Supplementary Tables

Table S1. Comparison of the catalytic activity of the Pd-based catalysts.

Sample Size  Ceat CnagHa (MM)  Canp(MM)  t(min) T km x<103s!  Ref.
mg-1

(nm) ()
Pd-peptide 2.6 79 uM 10 0.05 10 25 8.73 6
Pd 265 5pug/mL 100 2 20 25 24 7
Pd-Au/PS- 3.1 3.6 pugmL 20 0.1 10 25 95.6 8
PVP
Pd/protein 2.8 0.6 mg/mL 105 0.1 10 20 3.33 9
Pt-Pdalloy ~57 5 ug/mL 100 0.1 10 22 226.7 10
Pd- 18 0.01 mM 10 0.2 15 15 113.3 11
PAMAM
GP-CNTs- 1.8 50 pg/mL 20 0.1 10 25 146.5 This
Pd work

Note that Ccar, CnasHa, Cane, T, T, and kr, are the catalyst concentration, NaBH,4 concentration, 4-NP concentration,
reaction time, reaction temperature, and kap, Nnormalized with the catalyst mass, respectively.

Table S2. Summary for the calculation of S

Metal mug) p (g/cmd) d(nm)  mMo(Q) n So (M?) St (M?/L)
Pd 0.59 12.0 18 3.66x<10 2 1.61x10 % 40710 Y 0.26
Au 3.02 19.3 5.6 1.77x10 8 1.70x10 ¥ 3.93x10 ¢ 0.26
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