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Abstract

The accurate control ofanoparticle (NP) morphology, particle size and particle size distribution
(PSD) is essential to achietleeir accurate size/morphologdependent propertie€ontinuous
microflow reactors offer potential advantage®rtraditional batch processing producing micre
and nanoparticles with excellent corifability, reproducibility with merit of superior mixing and
mass/heat transfer performancais thesigocuses on theynthesif silver NPs (Ag NPs), tin
dioxide NPs (Sn@NPs),gold@tin dioxide NPs (A@SnQ NPs),andcuprous oxide NPs (GO
NPs)within continuous microfluidic systemaiming to achieveontrollable particle size, PSD and

morphology.

While successful cases wificro- and milli-reactors for nanomaterials production have been reported
in a lab scalescalingup these homenade micrechannel / micregubular reactors with nen

standardied components such &sbing, connectors, adaptors, gioseshallengsfor the large

scale production. One of the commercial examples of continuous flow reactors, Corning Advanced
Flow Reactor (AFRhas demonstrated succasfiomogeneous and heterogenous organic synthesis
process. For the larggeale requirementhe Corning AFR provide a wide range of throughput by
increasing the channel size and/or number of the reactor units,rethil@ngmixing, mass/heat
transfer performance, which could helpful to achieve the seamless transition from laboratory
optimized process to industriacle production. Howevelimited studies have been reported on the
nanomaterials production using @imrg AFR. To evaluate the performance of the Corning AFR (Lab
Reactor Module) for the nanomaterials production, the mixing characteristic (on the, mieso

and macroscale) at different flow rate and flow rate raBoeevaluatedA case study of colloidal Ag
NPs was introduced to examine how flow dynamics and multiscale mixing performance inside the
Corning AFR affect average patrticle size and PiEWIll pave the way for large scale production of

sizetunable colloidal nanopatrticles in the future work.

Furthermoreplasmonic meté@dsemiconductor (A@SnQ) binary nanomaterialsere synthesizeih
asimplecapillary milli/micro-tube reactor. Sna ntype semiconductor with a direct wide band gap

(3.64 eV at 300 K)mainlyabsorb the UV light (< 5% in solar light). Bmhancerisible-light



absorptionnoble metal NPs are commonly used to improve soiargyconversion efficiency in
compodte photocatalystthroughthe surface plasmon resonance (SPR) effect and also prevent the
hole-electron recombination by charge transfer. The solar energy conversion efficiency of this binary
composite photocatalysts is determined by the type, material features, geometric amainddine
building blocksln conventional synthetic strategieemiconductor and metal NPs were synthesised
separately, and flowing solimmobilisation, impregnation and goecipitation are commonly used

to combine tfs binarycomposite These sermtontinuous synthesis methods aehallengingto scale

up with precise nanostructuregntrol To address this, the study explores the synthesis of ISR®
atatmospheric pressure, room temperatanmake highvolume production more feasiblderein,

the study introducesmaicrofluidic way for the continuous synthesis of @8nG in a micrecapillary
reactor This study provides a versatile strategy with an economic way to continuously synthesis

plasmonic metal/semiconductor with naxrsizedistributionon alarge scale.

Moreover, as a visible lighdriven ptype semiconductor with a narrow bandgap of2.2eV,

cuprous oxide (G#D) shows promising potential in photocatalytic applications due to its suitable
electronic band structure, earth abundance and nontoxicity. With-adatered cubic crystal

structure § ©d , CwO polyhedron exhibit lovindex and/or highindex facets. Achieving

controllable crystal facetss well asarrow particle size distribution is vital for &uNPs synthesis.

While wet chemical reduction approaches are the cheapest and simplest methods to manipulate the
morphology of CeO NPs in the liquid phase, however, the reported methods are mainly based on the
batchreactor systems in the laboratory settings. To bridge the gap between the academic research and
engineering production process, in thigdstuve present a ¢de and continuous synthesis method for

CwO NPs using a lamade capillary reactor. Theorphologicakvolution of CuO NPs from cubic

to rhombic dodecahedra and from cubic to octahedra was first reported in a single system.

Overall, the results show continuous microfluidic reactor provide a facile method for ssinthesi

nanoparticles with precise control over particle size, PSD and morphology
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Chapter 1. Introduction

1.1 Motivation and objectives

Nanoparticles, by definition, possess at least one dimension in the nanoscafeorarige 100 nm.
They show unigue physicochemical properties compared to their bulk counterparts due to the elevated
surface are#o-volume ratios and the influence of quantum effgdfs[2] Nanomaterials exhibit a
considerable surface area relative their volume, resulting in a significant proportion of their atoms
beinglocated on the surface. As a result, tipeoperties are intricately related to factors, e.g. particle
size, particle size distribution, composition, crystal structure, and morphologid8] étence there

is great importancim thedevelopnentof reliable synthesis methods to achieve tightly specified
nanostructuresVithin the last few decades, wet chemical methods in the liquid phase have
commonly been the most efficient bottam approach for achieving precise control over
nanoparticleg4] In this method, molecular precursors undergo decomposition or reduction to
generate monomers that then nucleate and grow into monodispersed daljddsch reactorsoften
regardedhs the most straightforward approaarecommonlyused in the synthesis of nanoparticles
Unfortunately the inferiormass/heatansfer propertiewithin the batchreactoriead tospatial and
temporalvariations intemperature and concentratj@auversely affecting the reproducibility,
selectivity, andscalability.[6] Consequentlyenlarging the batch reactor for scale proves

impractical due to poor batdb-batch reproducibility and scalg effects, hindering the attainment

of high yields from lakscale to industriascale [7]

Comparedo the conventionabatch reactorthe reduced reaction volume within microchannels helps
to form a more uniform reaction environment, enhanceoeberheat and mass transfer and mixing
performanceThese factors contribute to the production of nanoparticles with greater unifgghity.
[9] Microfluidic processes for the synthesis of nanoparticles have been extensively explored over
recent yearsyith numerous continuous strategies have been reported throughnhaee
microreactors in lab scalgL0] Therefore, based on the actual production requiremigi® isan

urgent demand to develop a superior, robust way to synthesis metal nanomaterials while maantaining

uniform product in large scalgl1] [12] CorningAdvancedFlow™ Reactor{Corning AFR) one of
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the commercial examples of continuous flow rea@ndhas been used industrially for some organic
synthesis processgk3] [14] [15]. However, there are few studies on nanomaterials produbition.
this work, he performance of Coing AFR (Lab Reactor module) on the metal nanoparticles
synthesisvas evaluatedaking Ag NPs as a case stuéiy optimised continuous synthetic protocol
was proposed

The application of specific nanoparticles is influencedhaysurface atomic arrangements, which are
determined by their particle size and morphold@g] [17] Metal oxide NPs find application as
semiconductors with theommon synthesis methods in the liquid phase innglsolgel,

precipitation, liquid deposition, and hydrothermal/solvothermal metttmlvever, these methods
usually demand high temperature/pressure of the reactor etréat&td posprocess to get uniform
NPs.[18] [19] Using a wideband gap semiconductor (Snl@Ps) and a narrowand gap
semiconductor (G NPs) as examples, a facile, continuous, and robust microfluidic method with

controllable parameters developedn this work

1.2 Chapter overview

Chapter Zontainsan overview of metal and semiconductor N&=ecifically Sn@NPs and CyO
NPs) along with an exploratioaf the various methods employed for their synthdssoncers
theadvantageand potential future directiaon scaleup productiorof microfluidic colloidal
nanoparticles synthesishis chapteralsointroduces several ways to improve the photocatalytic
property of semiconductgrincluding utilising the plasmonic metal nanoparticlecteatethe
metalsemiconductor hybrid nanostructuleaditionalsyrthesisways for achiewing the
metal/semiconductor hybrid nanostructures, including the metal/SR®as well as the @D NPs
with controlled morpholoigs, are alsdiscussed

Chapter 3 containthe details of thenultiscale mixing performanggnese and macroscalesf
Corning AFR (Lab Reactor Module) ansinglephase flow at different flow rates and flow rate
ratios. Taking Ag NPs as a case study, the chagtassethe effects of multiscale mixing on

nanoparticle synthesifocusing orparticle size and particle size distribution.
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Chapter 4introduceghefirst reportedmicrofluidic synthesis opristineSnG and Au@Sn®@
nanomaterialsTo identify the most effective structure with superior photocatalytic properties, three
differentstructures were explored to incorporate Au NPs with S Au NPs coated on the
SnQ matrixes, (2) Au NPs surrounded by Smiatrixes, and (3) Au NPs embedded with $nO
matrixes.

Chapter Sntroducesa novelstudy which presest facile and continuous synthesis method for
CwO NPsusing a labmade capillary reactor. The evolution ofOunanostructures from cubic to
rhombic dodecahedra and from cubic to octahedra was first reported in a single Sisem.
chapter also attempts to discuss the influence of mixing performance inside the reactor on
morphology and particle size 6i,O NPs, considering both thermodynamic and kinetic
perspectives.

Chapter summarize conclusions drawn from the work presented along with possible future

directions.
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Chapter 2. Literature review

This chapter will provide an overview of metal and semiconductor nanoparticles, along with an
exploration of thevariousmethods employed for their synthedite limitationsassociated with
conventional batch synthesis techniques for nanoparticlelse discussed and contrastedtie

utilisation of microfluidic reactors as an alternative approach for nanoparticle synthesis. This method
offers the advantages of precise control over particle size, distribution, and morphMdogyver

the limitations inkerent to this innovative techniquéll also be discussed

2.1 Metal nanoparticles

Nangarticles(NPs) are defined as materials which have at least one dimension in the rarif@0of 1
nm. Reducingparticle size tahe nanascale results in higher surfacdo-volume ratig demonstrang

the unique extrinsiguant um si ze adtiitewhandom@aredb buskumatérialjel]e
Beyonddimensionality, their sizeshapeand crystal morphologglsoplay crucial rolesin

determining their propertieR2] [20] Theseunique physical and chemical features make them exhibit
fantastic physicochemical characteristics in the fieldsneirgy catalytic chemistry,

electromagnetism, etsurpassingheir bulk counterpart$21] In order to optimise their quality, it is
important to develop a way to synthesise them in the actual production pgroaessitrollabke

manner [22]

For metal nanoparticles (NP4he quantum confinement and unigue surface plasffentsmake
them widelyapplicablein biomedicine catalysis, optoelectronics, ef23] The properties of metal
colloidal nanoparticlesuch agjold, [24] silver,[25] andcopper[26] mainly depend on factors
includingsize morphologyandcrystal structureln agueoususpensionspherical Au NPs exhibit a
spectrum of colours from brown, orange, red to purple as the colieaigasesrom 1 to 100 nm,
simultaneoushexhibiting plasmonic absorption peaks between 500 to 550Auditionally, Au NPs
with various shape#cludingquasispheres, nanorods, nanodumbbells, nanostarfiave been
successfully synthesizel®7] Similarly, the shapé&lependent catalytic oxidation propertiesAof NPs
greatly depend on the nature of the exposed crystallographic plaeeaX[28] found that the rate
of reaction over th&g nanocubes (purely {100} facets) was more than 14 times higheAthan
nanoplates (purely {111} facets) and four times higher thgmanospheres (displang {100} and
{111} facets).Muller et al[29] predicted thenfluence ofparticle shapes and surface coverage of the
relevant facets of Cu NPs (low index of (100), (110), (111) and steggpeihigh index of (211)) on
CO; hydrogenation via combination oflensity functional theory investigatioaeadatomistic

thermodynamics.
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2.2 Semiconductornanoparticles

In semiconductors, the activation of electrons from the valence band (VB) to the conduction band
(CB) facilitates the conversion of solar energy into chemical enénggt. the past decaddke
substantial demand for traditional fossil fuels to meet societal development has ressetaalis
environmental pollution. Therefore, the requirement of pollution treatment technology and the
utilisation of clean energy have become urgentstd3R] Solar energy is cheap and green, iésd
utilisation will be a key approach for thevelopmenof asustainable society. Photocatalytic research
has received worldwide attention since the pioneering work to split water usinger@onductor

by Fujishimaetal. in 1972.[31]

In the photocatalytic processcident light with fnoton energy equal to or greater than the

semi conduct or 0 seledirangndhe YEtptrareition tiothve B (stepif in Figure2.1).
Subsequentlythe generated electroon the CBandtheleft holeson the VBmigrate to the surfaee
active sites (usually at picosecond sdd)é? s). Subsequently, thactive holes and electrons aaact
with surface absorbed G(H;0, N, O, resulting in the formation a€Hs, CH:OH, O,, NHjs, reactive
oxygen species (ROS)hese photocatalytic proces®pen up a range afpplicatiors in carbon

dioxide reduction[32] pollutant degradationi33] nitrogen fixation [34]water splitting[35] organic
chemical synthesi$36] etc.At the same time, randomalk-like electrors and holstend to

recombine because of the confinement of coulomb force, which is unfavourable for the overall
efficiency (stepi(i) in Fig. 2).[37] This is particularly true when the size of the semiconductor
nanoparticle is much larger than the minority diffusion len@®j In particularthe effective
separation of photogenerated electhmte pairs is very important because charge recombination (~
109 s) is usually much fasten contrast to their transfer rate to the surface of the catalyst to conduct
the redox reactions- 103 sto ~102 s). [39]

hv>Eg

Figure 21 Schematidllustration of different steps during the photocatalytic process: (i) generation of eleutierpairs;
(ii) migrations of exciton to the surfa@etive sites; (iii) instant recombination of electrons and hdi@).
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2.2.1Heterogeneous semiconductor photocatalyst materials

According to the function of elements in constructing heterogeneous semicogdihet@ements are
classified into four groups, shownkigure 2.2. [35] There ardi) to construct crystal structure and
energy structure, (ii) to construct crystal structure but not energy structure, (iii) to form impurity

levels as dopants, and (iv) to be used asatalysts.

112|13|4|5(6|7|8|9(10|11|12|13|14(15|16|17|18
H He
‘Li|Be| B/ CINJOJ F |Ne
Na|Mg Al|si| P ISICH Ar
K |calsc Mn|Fe|Co| Ni |Cu|Zn |GalGe|As [Se| Br | Kr
Rb|Sr| Y Tc|RU/RH Pd|Ag|Cd| In|Sn|Sb|Te| | |Xe
Cs|Ba La| Hf Re|Os| If | Pt |Au Hg| Tl |Pb|Bi |Po| At|Rn

[CBIBRING P 8 £u|Gd| Tb| Dy|Ho| Er [Tm| Yb|Lu

B : d°ion
i)<[]:d"%ion to construct crystal structure and energy structure

] :Non-metal
i) EE) to construct crystal structure but not energy structure
iii) [0 to form impurity levels as dopants
iv) %] to be used for cocatalysts

Figure 22 Elements constructing heterogeneous photocatafa&k.

According to thecompositios, the semiconducto(®andgapusuallybetween 0.5 to 3.6 €\¢an be
divided into elemental and compound semiconductors eldment materialare silicon (Si),
germanium (Ge), and tin (Sn) @rouplV, and selenium (Se) and tellurium (Te)3noupVI of the
periodic tableNumerous binary and ternary compouadscompose of more than one element from
different columns in periodic table, suchgadlium arsenide (GaAsrouplll-V), zinc oxide (ZnO,
Groupll-VI), silver chloride (AgCIGroupl-VIl), tin dioxide (Sn@ GrouplV-VI), antimony oxide
(SbQ, GroupV-VI), andchalcopyrite (CuFeSGroupl-lll-VI). According to the positive (hole) and
negative (electron) carriers, semicondustan be divided into{ype and rtype semiconducter
Semiconductas can be classifiedsdirector indirect band gapased on whether the maximum
energy of the valendgand and the minimum energy of the conduction band occur at the same or

different value of electron momentuithe typical semiconductors are summarised in T2llg18]



Table 21 List of Semiconductdvlaterialsfrom the WIKIPEDIA (2024, March 19).
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Column in periodic Material Formula Band gap (eV) Gap type
table
\Y Silicon Si 1.12 indirect
\Y) Germanium Ge 0.67 indirect
VI Red selenium Se 2.05 indirect
Tin dioxide SnQ 3.6
I1-VI Zinc sulfide Zns 3.54 (cubic) direct
/3.91(hexagonal)
11-VI Zinc oxide ZnO 3.37 direct
11-VI Zinc selenide ZnSe 2.7 direct
11-VI Cadium selenide CdSe 1.74 direct
11-VI Cadmium sulfide Cds 2.42 direct
FeOs 2.20
Oxide Titaniumdioxide, TiO2 3.20 indirect
anatase
Oxide Titanium dioxide, TiO2 3.0 direct
rutile
Oxide Titanium dioxide, TiO2 3.26
brookite
In-v Gallium phosphide  GaP 2.26 indirect
"n-v Gallium arsenide GaAs 1.42 direct
n-v Gallium antimonide  GaSb 0.73 direct
n-v Indium phosphide InP 1.35 direct
Strontium titanate SITiOs 3.3
CuO 2.00
WOs 2.80
Magnetic Nickel (II) oxide NiO 3.64.0 direct
Oxide Copper () oxide CuwO 2.17 direct
V-V g-CsNa 2.7

Thewidth of the band gap iasemiconductomaterialand also théevels of the CB and VRre

importantin the photocatalytic redox reactidhthe photocatalytic water splittirig takenas an

example, lhe bottom level of the CB has to be more negative than the redox potenttdHg®H

(0 V vs.NHE), while the top level of the valence band should be more positive than the redox

potential of @/H2O (1.23 V vs. NHE). Therefore, the theoretical minimo@md gap for water

splitting 23

i's 1.

eV,

and

accor di

ng

t o

t

wavelength is 1100 nnAdditionally, for the photoreduction of GCthe bottom level of the CB

should be negative than the redox potential of/@yrocarbons (Ck CH;OH, HCOOH) refer to

Figure 2.3

he

Band
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Figure 23 Band gap of some photocatalysts with respect to the redox potential of different chemical species measured at pH
of 7.[32]

2.2.2Methods to improve semiconductor photocatalytic properties

According to thephotocatalytic process shown in Figure, 2t effective photocatalytic system

depends on the corresponding requirements: (i) ensuring a sufficiently narrow band gap should be to
assimilate the maximum solar spectrum; (ii) achieving high separation and swift transfer of active
carriers (gh*) to the surface of the photocatalyst to minimize their recombination rate; (iii)

possessing a robust redox capacity of the active carriers; (iv) having a surface area and morphology
that provide nunmus active sites for redox reactiofisl] However, intrinsic semiconductor
photocatalysts often fail to meet all these requirements, prompting modifications to enhance their
photocatalytic properties.

Theband gapplays a major role in deciding the optical absorption ability of semiconductor.
Semiconductos with bandgapargerthan 2.5 eVareusually called widédand gap semiconductor
The larger the band gap, the more energy is required to excite the electrons from the VBdo CB.
example, a shown in Figre2.4, semiconductors with band gap larger than 3.1@m\bnlyactive

under ultraviolet irradiation (UV), which occupies less than 5 % of solar erjégjy.
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Figure 24 Spectrum of sunlight at sea levjdl9]

To enhance the absorption of solar irradiatggit-dopingor dopingwith external elements are

usually used to tune the band struct{#8] However, doping introduces impurity levels in the band

gap of semicoductor, and the dopant atoms become combination centres for activated carriers to
inhibit the reactionUnlike the creation of new band energy by dopthggcreation ofsolid-solution
photocatalystan alsdead to changes in the band gap, the crystatture, as well as the local

electronic structurd44] The integration of plasmonic metal components with semiconductors is
regarded as an effective way as the metal nanostructures act as tunable light antennas across the full
solar radiation spectrurf45]

The photocatalytic efficiencglsogreatlydepend on the separation rate oftet pairs In pristine
photocatalysts, charge transfer occurs through random chaleaelisig taa high probability of €h+
recombination with the bulk or at the catalgstface, releasing hedio improve the charge spatial
separation and depress exciton recombinatieveral strategies are propos@dDoping elements as
extrinsic defects into their crystal lattice generates impurity states within the optical band gap, whi
can widen their optical response and also reduces the recombination of charges. Hiopegr,
(nonrmetal doping, metal doping, @woping) can also acts as a recombination edatrexcitors to

lower the photocatalytic performangg) Designing vacancig@nion vacancies, cationic vacancies,
co-/multi-vacancies)nside the photocatalyst lattican also help to tune the band gap and transfer the
charge carriergConstructing a heterojunction is an effective strategy to control the separation and
migration of chargesChis enhances the transfer of charges along the heterojunction boundary,
facilitating the movement of majority carriers and inducing the separation of charge carriers; various
heterostructures, including Type II;Zcheme, and the recently studie®@&eme semiconductor

semiconductor heterostructures, have been proposed for this py#ed$47]

The reactivity of the photocatalyst is affectedtiysurface atomic structureshis is as theurface

atomic arrangement and coordination intrinsically determine the reactant molecules adsorption,

9
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excited carrier transfer and separation, product molecules desorption. Therefore, tuning crystal facets

of photocatalysts is another important factor to optimize the photocatalytic rea¢ligity.

2.23 Mechanistic understanding of the plasmonic enhancement

Interest in plasmonic photocatalyst has reegan increasing attention during the last decadin

the number of papers has increased rapidly from 2010 till now. Aetsadustaredto use the term

Apl asmonic photocat al y48jAnndmbdr of studieshskow that cosnposite i me
plasmonic metal/semiconducsaxhibit highly improved performance in photocatalytic reactions

compared with their pure semiconductor counterppt®y.

Combing disparate plasmonic mataith semiconductor nanopatrticles is an effective teegixtenda
semiconductdy excited wavelength rangadpromot charge separatiofb0] [51] In
semiconductemetal heterojunctions, Schottky contacts are exhibited due to the unequal work
functions of the conductor and semiconductor, resulting in electron drift and the creation of a
Schottky barrier at the interface between these two materials.

While experimental research in this field is still in the exploration stagéydhksurfaceplasmon
resonance (LSPR) effect is widely recognized for its significant impact on improving photocatalytic
activity of plasmonic metal/semiconductor heterostructwaser photo illumination, the electron
cloud of the metal would respond to the incident lighbwn in Figure 2.3Nhen the incident light
carries a changing electromagnetic field to the metal, collective electron oscillation of the electron
cloud of the metal would happen, called surface plasmon. The surface pleemom classified into
suface plasmon polariton (SPP, propagate plasmons along the interface between metal and
dielectric), and local surface plasmon resonance (LSPRprapagating plasmons in metal
nanostructures). LSPR refers to the coherent collective oscillation of fod®etein plasmonic metal
nanoparticles, which are more relevant in the field of plasmonic photocatfBg$ithe electron

cloud tends to displace asymmetrically relative to the nuclei by the restoring force arising from
Coulomb attraction between electrons and nuclei. Consequently, an electric field is created owing to

the redistribution of the charge densitgdahe direction is opposite to the external ¢58]

E-field Metal

sphere T

¥

C L‘Il)ll\l

Figure 25 Schematic of plasmon oscillation for a metal sphere, showing the displacement of conduction electron charge
cloud relative to the nuclei and formed electromagnetic f[&l.
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The resonant photon wavelengtiries amonglifferent metals. For examplau, Ag andCu
nanostructures exhihilistinctresonant behaviour when interacting with photoidifferent
wavelengtl. (Figure 26 (a)) The resonant wavelength an8PR intensityare influenceahot onlyby
the nature of metals but alby the size and shape of metallic nanostructiufgire 26 (b) and
Figure 26 (c) illustrate theresonant response of silver with various shapes and different sizes
respectively[49] Therefore the controlled synthesis of hanopartighéays a crucial role in

determining thghotocatalytic propeigs of plasmonic metal/semiconductor heterostructure.

a b Ag spheres c Increasing Ag cube size ‘\ '
Ag wires Ag cubes
ot - —> |
#WN 01 \ .
et R * wn
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© .. - o ©
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N : g g g
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Figure 26 (a) Normalizedextinction spectra of spherical Ag (28.2 nm diameter), Au (265 nm) and Cu(133 £23 nm)
particles.The intensity of solar radiation is shown in black. Dashed portions of the metal extinction curves indicate

interband transitions, meaning there is no surface plasmon resonance in these regions. (b) Normalized extinction spectra for
Ag wire (90 £12 nm dieneter, > 30 aspect ratio), sphere (38 £12 nm), and cube nanostructures (79 +£12 nm edge length).

(c) Normalizedextinction spectra foAg nanocubes with various sizes 56 £8 nm edge length (orange line), 79 £13 nm (red
line), and 129 +7 nm (blue linej49]

Despite the significance of plasmonic metal/semiconductor heterostructures, there are disputes
regarding the mechanisms behind ti@smonic effecin enhancinghe photocatalytic procesghe
five main mechanisms of plasmonic efface shown in Figure 2.7) light scattering;i{) hot
electron injection;ii) plasmorinduced resonance energy transfer (PIREV);l(ocal
electromagnetic field enhancement (LEMR}); flasmonic heating effect. The former three are the
majormechanismswhich are mostly used to explain the plasmonic enhanced propeid4.9]
Almost every reported work attensgio provide a reasonable explanation for the enhanced
photocatalytic performanc&here isno single prevaiihg idea eachapproachmaywork under certain
conditions and may fail under othefaking theexample ofplasmonic metal@ GO coreshell

hybrid compositeghehot-electron injectiorprocess is the most cited mechanism to explain the
improved photocatalytic properf$5] [56]. However, it is limited by the electronic band structure
alignment of the semiconductor and metal. Cusbira). [57] reported that PIRET may occur
between these two materials. Howeveretal [58] reported there ia combination oPIRET and
hot-electron injectiorsimultaneously to help generate electhmte pairs in semiconductorhe
detailed processes need to be considereglacddwithin their properand relevantontexts.The

theory ofthe plasmonic enhanced photocatalystill in its infancy,andit requires further study.
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Figure 27 lllustration of four different types of metalemiconductor LSPR46]

Much progress has been made in understanding antufiiigg the plasmonic noble
metalsemiconductor structure gt better photocatalytic propiert For examplethe light

absorption of semiconductcan bencreasedy adjustingthe particle sizg59] [60] morphology,

[61] and also the amount of plasmonic metal N&2] explaining by thenetal NP scatterind he
hot-electron injection can only happen when the plasmonic metal is in direct contact with the
semiconductor photocatalyst, whée Schottky barrier is forme@48] The hotelectron process

also found to relate to the exact energy levels of the hot electrons at various statuses, the external
temperature, and interface between these two materialf3tf64] The norhomogeneous locakd
electromagnetic field shows the highest intensity at the surface of the plasmonic metal, and decays
exponentially with distance from the metal surface*(¥ss the distance from the surface) or from the
centre of the plasmonic metal (4/d is the distance from the centi@5] According to the PIRET
mechanismthetransfer efficiency proportional depends othe overlap integral of the plasmon
resonance and the conduction band, @jdhe distance between the energy donor (metal) and the

energy acceptor (semiconductdB7] [65]

In order for a photocatalyst to find industrial and commercial applicationoitbeving aspects need
to be achievedi) goodcatalytic performancéor diverse photepplications; (ii) find a way to scale
up to industrial standards; (iii) how to prevent the corrosion of photocatalysts and promote their

stability in recyclability runs.
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2.2.4 Synthesis methodof metal/semiconductorhybrid nanostructures

The photocatalytic property of metal/semiconductor hybrid nanostructures are influerfaetbtsy
such agarticle size, distributioandmorphology ofbothmetal and semiconductor materjals well

as their orgased hybrid structureTheseinfluendng parameters strongly depend on the preparation
techniquesnecessitatingvell-controlledsynthesigprocedures for effectivexploitation of the
properties of metal NPs in combination with semicondud&klt is important to considdo

achieve scaleip synthesis process with controlled structiifés sectiordetailsconventional

methods ér semiconductor nanostructusgnthesisandtheincorporationof noble metal NPs into

semiconduct®

Numerousconventionabynthesis methodcludingsolgel processs [66]
hydrothermakolvothermaprocesss [67] [68] precipitationmethod, [69] wet chenical reductbn
method, [70] laser ablation][71] etc.are usedo prepare semiconductor with varialsape
morphologies such as nanoparticl@2]nanorods[73] hanosheetg74]Jandnanowires|[71], as well
asvarious crystafacet morphologieg75] Typically, these methalinvolvehigh temperatuis
pressurs, andcomplicated apgratus.Considering thesubstantiabemandor commercialscale

semiconductor materialsimplified procesesare necessary.

For metal/semiconductor hybrid nanostrucsuxarious plasmonic photocatalysts can be roughly
classified into three formisasedon the contact formembedded form, encapsulation form, and
isolation form The schematic diagram antbrrespondingeported hybrid nanostrtures areshown in
Figure2.8.[38]
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Insulation

Figure 28 Four classificatiors of the plasmonic photocatalytic systems based on the contact form. (@&aldorm, (b)
Embedded forni(b-1) HRTEM images ofu nanoparticles deposit onto the surface of ZnO nandi&].(b-2) SEM images
of AuCw0 Janus nanostructurg®5] (b-3) TEM images of Au nanoparticles deposited on the surface of7IA[p, (c)
Encapsulation fornf(c-1), Multiple-core @ singleshell, Au@Si@yolk-shell structure[78] (c-2) TEM images of Au (15
nm) @TiQ (10 nm) coreshell nanoparticle§79], (c-3) welldispersed Pd nanoparticles inside Sidatrix [80]), and (d)
Isolation form((d-1) HRTEM images of CdS@Si@eposited on Au@ SiQarticles[81], (d-2) SEM images of placing
silica-coated Au particles at the bottom of thireBephotoelectrode layef82]) SC stands for semiconductor, purple and
back lines stand UV and visible light respectivi3g]

For the embedded form (Figureé3Zb)), metal nanoparticlesibere tahe surface othe
semiconductarSemiconductors with various morphologies wérgtly synthesised. Thethemetal
precursoiis mixedwith this pre-achievedor purchasedgemiconductor materiadndreducing agents
are added83] This results in the reduction of the metal precursor to metal nanoparticles on the
semiconductors surface in a method calledimgiregnationCompared tahis method, the sel
immobilisation method affords greater contwekrnanoparticle propertief84] [85] In this method,
metal colloidal solutiopropertiesverecontrolled by adjustingynthesisonditions i.e. temperature,
concentratiorof metal precursor and reducing ageaivent, reaction time, etthetailoredmetal
colloidsare thersokimmobilised by addinghe semiconductor support under vigorous stirring
conditions [86] Alternatively,the metal nanoparticlesan bedeposited onto the surface of
semiconductomaterialsby a depositionprecipitation method76]
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For theencapsulation fornfFigure 28 (c)), the preachieved metatolloidal solutionis mixedwith

the semiconductor precursarith semiconductothensynthesise@ndembeldingthe metal

nanoparticles inside to form a cesbell[87] [88], yolk-shell structurg¢78] or well embedded metal
nanoparticles inside semiconductor mal8R]. The metal nanopatrticles are syntsedias core,

followed by the surface modification with an insulation coating, and finally coated by the
semiconductor material on the surface (Figure 2.8 [@1]).For theisolation form,anisolation cellis

added to avoid direct electron transfer between metal and semiconductor.drigckystem allows

the study ofnfluence of size of nanoantenna metal particles as well as the distance between metal and

semiconductor on the photocatalytic propertj@s]

In practical production processekgsigning an@chieving the synthesis of the metal/semicahaiu
composite nanostructuresmainly conductedatthelab scale andk difficult to replicateon alarge
scale Flow reactors offer a solution to this obstacle by providing alternatives routes to execute
synthesesinderhighly controlled process conditiomdile providing options for largecale

production.

2.3 Flow chemistry and the application to nanoparticle synthesis

Flow chemistry is a process where flgiigith the starting materiabrecontinuously pumped through
a reactor to produce a stream of prod[89] The solutios areinjected intca milli/micro-reactor

using a pump or series of pumps, which can either besaminuous, requiring refilling, or
continuous, which can run indefinitely without the need for refillMiers and unions are used to
connect the reactor and enable the introduction of new reagents into the ongoifigdl@ompared
with traditional batch reactor, micahemical plants act as a bridge between chemical engineering

science (micro area) and process systems engineering (mactoefexad thd-igure 2.9[91]

Chemical Engineering Process Systems
Science (Micro) Engineering (Macro)
Analysis of i

y Prpces‘_s design
phenomena on | " : using simple model
nano-scale results __, - Lumped parameter

P system
,-2>" - Overall heat transfer
& coefficient
- Perfect mixing or
Design of micro piston flow
chemical plants

- Detailed model
- Embed the results of CES

Figure 29 Bridge between the micro and macro engineerjé)]
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Dueto the small characteristic dimenssandthelarger surface area to volume ratio, microreactors

could provide better mixing and mass/heat transfer as compared to traditional batch [e2¢bos.

enhance the mixing performance, the methods usuallyingeldea p p| yi n g

mi cromi xer 0)

or

adjusting

t he

external

f or

reactnoxerd.)98lher ent h

Passivemicrofluidic devicesas compared tactiveones aremuch simpler and more flexible, because

they do not use any external actuator to drive the fliililroreactos for nanocrystal synthesis can

be classified into two broad categories: capilanyd chipbased systemf9] Capillary tubings have

been used to access srradble flows within the simplest features since the initial stages. They offer

simple and cheap approaches for conducting continuouseftperiments with welunderstood

hydrodynamics and also easy manipulation of operating parameters such as residef®4 Ghips

are typicallyfabricated from a plastic, glass or silicon substrate, usingitufgraphy, wet etching or

micromachining techniques to achieve the internal structure.

There are variety of passive micromixers with different channel geometries, shown in BigQre

such

aandr @ plmbti n OS] lanfirat®dibasedchannelparallel lamination[96], [97]

multi-lamellae [97] ) curvedchannel[98] obstaclebased patterrj96] etc Thesehave been designed

to enhance mixing by reducing the diffusion length, or stretching or folding the fluid interface by

chaotic advectionln the case of SAR micromixers, the main channel is typically split into two sub

channels, leading to an increase in the interfacial area. Furthermore, when the fluid flows through the

turns inside the structure, the imbalance between pressure forcentiifdgal force induces

secondary flow (i.e. Dean vortex), which can enhance the mixing performanceidaiiyn§95]
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In theresearch disussed in Chapter $he CorningAdvancedFlow™ Reactor(Corning AFR)is

used to synthesis Ag nanoparticles. Thiaé@mmercial continuous flow reactor comprised of a

chain of identical cells with convergenda/ergence configuration which could lead to potential
enhancement of the mixing performanCaapter 4 and Chapter 5 emplsaghe microfluidic

synthesis of semiconductor nanoparticles, specifiiigyp, SnQG@Au, and CuO. The primary focus

is on achieving a continuous synthesis process with enhanced control over the morphology of these
nanoparticles, utilizing a microreactor. In these two chapaessaightforward capillary microreactor

has been employed to facilitate the synthesis process.

2.3.1Mechanism of nanomaterials synthesis

A profound understanding of particle formatimechanisms essential for tuning their size and
morphology.Nucleation and growth are generally used to describe the overall process of formation of
solids from a liquid solution as two sequential events, and are also crucial for controlling precise
structural characteristics of the final solid. Nucleation is tis $tep in whichbuilding units e.g.

atoms, ions, or molecules form a new thermodynamic structure (nuclei) at the atomic or molecular
level. This is bllowed by growthduring whih crystalunitsare ircorporated onto the surface of the

nuclei, which may also coalesce or aggregate, leading to an increase [@93ize.

Classical Nucleation Theory (CNT)00] and NonClassical Nucleation Theories (NCN[M01] are
integratedo elucidatethe formation of a new thermodynamic solid nuclei from liquid solufit®2]
Nucleation is categorized as homogeneous or heterogeneous based on the préseige loddies.
CNT, themost commonlhapplied mechanispinvolvesa singlestep proceswhereinnucleireachthe
critical sizeand act as templates for crystal gromlIENT serve as complementary frameworks to
address observed phenomena that do not align with CNT, such as intermediate stages in solution
crystallisation.Two major mechanisms are outlined depending othienodynamiatability of the
intermediatesa two-step nucleatiofil03] and a prenucleation clusters mechanigfr®4]. Regardless

of thenucleation mechanism, critical controlling parameiectudetemperature, supersaturation,

surface free energ{105] andlocal solvent environment or ligands environm¢h®6]

Thenfollowing crystal growth haa crucial impact on the final crystal structure and product pafity
nanomateriald107] Classical and nowlassical crystal growth framewarlare combined to give the
explanatioron crystal growthTrying to explain the crystal size enlargemeantbe attributed to
layer-by-layer addition of monomers on the existing crystal surfa@e] or the assembly of particles
by oriented or nowriented attachment or aggregats@parately[108] [109] [110] Regardless of the
mechanism, the crystal growth processifluencedoy the thermodynamic parameters, i.e.

temperature, pressure, and supersaturd®®j.Therefore, in the synthesis process, homogeneous
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reaction environment both in temperature and reactant concentration is really essential to synthesise

nanoparticles with uniform properties.

2.3.2 Synthetic approachedor metal nanoparticles

Commonly there are two synthesis approaches in the fabrication of monometallic nanoparticles, i.e.,
bottomup and topdown.[111] In thetop-down synthesis method, NPs are synthesised by

subdividng abulk substrate. However, the most common methods used recently are-bpttom
synthesis methodsuch asydrothermal decompositioff] solgel,[2] andchemical reduction
method[24]. This is as these botteop approaches axersatikin designing and synthesising new

materials.

Chemical reduction methethave been frequently used to synthegisetalnanomaterialsasthey

offer goodcontrol of the particle size and morphology by changing the type of reducing agent,
reaction temperature, reaction time, and concentration of the so[dtl@h The first step involves the
reduction of metal salts into zerovalent metal atoms, a process that occursnillitbétonds to a

few seconds. Thetheseatomsorientthemselvento crystalline structuresThe procss of nuclei
formation andgrowth is the most important step to control their size and uniformity of Ra#P$he
synthesis ohanoparticlesn order to achieve small and uniform particles, homogeneously high
supersaturation levels and temperature gradient are hecessary which are limited by mass and heat
transport in the reactofA\s nanotechnology moves from academic to actual {acgée manufacturing,
there are still several challengesthe control exerted at the nanoscale tends to wane at theamegso
macroscaleg113]

Consideringchemical reaction of nanoparticle synthesis is based on the underlying transport process
and chemical kineticghe synthesis proceshould be considerdcom bothchemistry and

engineering. Chemical engineering process contains four processes: momentum transfer, energy
transfer, mass transfer and chemical reaction. During the synthesis process in the liquid solution,
micro-mixing of reactants on the molecular leigthe premise of the reaction process, which often

influences the outcome ofactions.

Damké hler number'© @is a dimensionless number used in chemical engineering to relate the
chemical reaction timescale to the transport phenomena rate occurring in a jstem.
i QOwd @68 21

GQidl weiindad o

01l f the chemi calOor mapthe intonsic chesical kinetigs gbverns the rate

of reaction.
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0 |I'f the reaction speed and the mixing speed a
mixing performance and intrinsic kinetics govern the rate of reaction.

6 If the reaction 0 p 8 11hg Mmidranxing speed govarssttha rate a n e o u

of reaction, the yield of production.

In some situations, when the reaction rate is significantly slower than mRicyg @&t p, the mixing
performance haa negligible influence on the chemical reactitherefore, anicrofluidic reactor,
integrated within a sma#icale uniteprovides identical results those obtained from taaditional
batch reactohoused iralargervessel or tani{114] However,in the synthesis processmgtal
nanoparticle (O @ p m)nthechemical reduction and nucleation reacsiarefinished within
milliseconds[115] Consequentiythe influence ofmixing inhomogeneityalong with associated
spatial and temporal variations at the microscopic sbaleomes significant ideterminingparticle
size andpatrticle size distributionRSD). [116] [117] Therefore, the mixing step in the apparatus is a

decisive step in the overall process.

In the traditional batch reactacaling up poses a challenge as increasing the reactor volume
diminishes control over mixing performance, leadingdo-uniform nanoparticle propertieshe

precise control of flow rate, residence time, temperature, concentration in the continuous flow system
allows forprecise control over size, shape and composition of the nanopaffifig}By obtaining
optimised conditions for the desired product, it is also possible to achieve large scale production

without compromising product quality, whisgdgso enhancingreen chemistry metricfo0]

Furthermore,ransitioning batch processing into continuous flow allows for controlled synthesis with
scalability, reduction of sol vent waste and all ¢
and real time analysis of the resulting prodacin automatable waj118] In response to the

aforementioned challenges in the batch reactor, continuous flow technigusstétmanoparticle

synthesis show a large number of advantages shoWabie 2.2
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Table2.2. Advantages and Disadvantages of Colloidal Nanoparticle Preparation Metlid@s.

Colloidal nanoparticle Advantages Disadvantages

preparation method
Excellent control over particle Difficult to scale up because of he
size, distribution, and and mass transport limitations
morphologies in small scale

Colloidal batch methods Safety issues withatch scaling

Batchto-batch variability

Industrial scale out has not be
Automatable demonstrated

Efficient heat and mass transfer  Not widely adopted
Superior reproducibility
o Fouling
Flow fabrication methods Reducedenvironmental health an
safety risks

Higher yields, lower byproducts

Excellent control over particle size
distribution, morphologies

233Wh at 6 s ooatixuous migrofluidic synthesis of nanoparticles

Althoughmicrofluidic synthesis shows undeniable advantages in producing uniform and consistent
particles with the desired size and distributieeveral future trends f@ommercialproduction are

outlined below.

The first major problem is the potential of reactor foulid@0] Fouling is the undesirable buildup of
solid materials sticking to the channel walls that results in changes in flow velocity, mixing
performance, permeability, heat flux and may lead to complete clogging of the channel at worst.
Moreovert the cleaning strategies before operation being resumed is eaathiimeconsuming.
Addressing fouling is a challenging task because every application of microfluidic devices will
encounter this complex issue. Resolving this problem is crucial for achieving continuousisynthes

with controlled naopatrticle properties.

Secondly, lhere has also been a trend towards the use of automated continuous flow systems and
algorithms for the selbptimisation of the fabrication of nanomaterial$is trend contributes to

optimizing theshape®f materialdor various applications whiafesults in improved production

speed, reduced waste, and increased quality cofitt@] Additionally, machine learningpplications
extend topredictivemaintenance, enabling manufacturers to anticipate and prevent equipment failures
before they occur, which can further improve the overall efficiency of contalmu processing.

[121]
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Thirdly, achieving the industryequired throughput can be challenging with low voluhreughput

in asinglechannelof microfluidic reactorA possible solution is to increase the total production yield
by numberingup, each unit microreactor in parallel working simultaneously with shared ifp2@$.
However thecomplexityarises irsimultaneously controlling flows and temperatures in hundreds of
microreactors in parallemaking thenumberingup of reaction unitchallenging for largescale
production. Although some successful cases have been reported using amdrmilli-reactions for
nanomaterials productidt23][124], numbering up homenade micrechannel/tubular reactors with
nonstandardised tubing, connectors, adaptticsand norintegrated heating/cooling elements
remainsachalleng. [10] A notable example of a commercially successful continuous flow reactor is
the AdvancedFlow™ Reactor (AFRYeveloped by Corninghown in Figure 2.1 his flow reactor

is specially designed to enable the conversion from traditional batch to continuous flow chemical
processing form lab to industriatale productionThis system allows for easy production capacity
increase by switching to larger modules with limited need for further agatiion, facilitating

numberingup with appropriate fluid distributiofil 25]

Home-made reactor — Corning Advanced Flow Reactor
B (©) v _ .

%i‘/ F—W @ Interfaces Frames Standard ‘.‘
Fittings =]
——————————— ! J Va |
jl &/ Connectors = « Tubing ) 1

o) Al | ‘ —L—-—l | _“ - Sensing

NeBH, Sofution Straight Helix Reactor in Water Al Q O-ring seals - - >
Bath ’_! /i

1 | P
] ‘ Instrumentation|

(
Fluidic Modules ( i

nggug Add-on (v*::j:su)re relief| i,

- Labelling (insulation...) e S

AgNO; Solution

Figure 211 Exampleschematics of the experimental setupahemade reactas (a) coil microreactor for synthesis
Ag-ZnO NPH126], (b) helical microreactor for synthesing Ag NP4115], and (c)Corning AFR setup, modules and
components

2.3.3.1Scaling-up processusing theCorning AFR

A series ofCorning reactors are designed antkgratedor a smooth and seamless seagetransition
from academiandlab feasibility (Corning NebulaTM Education kits, Lab Reactor System 2 & Low
Flow (Figure 2.12 (b)) to process development (G1 (Figure 2.12 (c)), G1 SiC, G1 Photo) tmmulti
industrial production of chemicals (G3 (Figure 2.12 (d)), G3 Photo, G4 (R2glege)) & G5). All

the series reactor usihave the same HEART designed cell, as shown in Figure 2.12ltapugh

the channel sizéhydraulic diameter around 1 mis)greater than a typical reactor, gmit-and
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recombine heashaped cell isble to provide efficient mixing for both homogeneous and
heterogeneous systems as well as superior heat and mass tfh2gj¢t28]

Reactor volume:
7.3 mL

Reactor volume:
0.6 mL
Reactor size: Reactor size:

: 60X42X16cm  ~ 88X38X72 cm
Lab Reactor Unit Low-Flow Reactor L XWXH) G1 Reactor LXWXH)

© 4 §ff§}@'l')]]...a

Reactor volume:
240 mL
Reactor size:
60X74X96 cm
LXWXH)

Reactor volume:
55 mL
Reactor size:
87X47X41 cm
(L XW XH)

G3 Reactor
G4 Reactor

Figure 212 Images ofCorning(a) Lab Reactor Unit, and setp of (b) LowFlow Reactor, (c) G1 Reactor, (d) G3 Reactor,
(e) G4 Reactor.

This section provides a review of scale synthesis processinfwo methods are employed to
increase the product yields in the Corning reactor. The first invalgeaduabkcak up, with volume
change from the 0.6 mL dafow-Flow Reactorto the 240 mL of G&Reactor This facilitatesa
seamless transition between different reactor types due sintllar mixing performancand
heat/mass behaviguachiewedby usingthe heartshaped statimixing elements[13] [129] Another
method is by numberingp of each unit reactor in parall§l.30] [131]

Celineet al.[132] reported miltiphase hydrogenation using heterogeneous catalyst was conducted
througha Corning AFR It showed the high potential for an industrially scaletyducing200 tons /
yearusing almosf0 reactors in parallef.he Corning reactor hadsodemonstrated effectiveness in
continuous synthesiEf some organic materialgith high yields. Zhanget al [13] scale upa phase
transfer catalyst hypochlorite oxidation reaction from microfluggical microreactoto mesoscale
system(i.e. Corning Low Flow Reactor and Advanced Flow Reacidre production rate increase

up to700 timesn the scaling processithout sacrificing mass and heat transport performance.
Monbaliuet al.[15] reported a robust, continuous and safe industdale process i.e. 12,000 t/y for

producing the biodiesel additive STBE.

The previous studiassingCorning AFR mostly focus on the largeale production of organic
molecules, with only afew papes reportedon nanoparticle synthesis. Biandtial.[129] reported a

unique, robust and scalable photochemical flow process for the production of spherical gold NPs on a
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watersoluble acylphosphinate photoinitiator exposed to UV irradiation. This protocol reports an
effective solution for avoiding gold fouling, hence providing a reliable and robust protocol fer long
term operation. The preliminary optimization was undemak commerciaCorningG3 flow reactor,
and the conditions were successfully transported to pilot and lab scale flow reactors, shigurein
2.13
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Figure 213 Comparison between the Au NPs produced with the Lab photo (LF), G1 photo and G3 photo reactors. (a) UV
spectra; (b) TEMmages[129]

However, the influence of mixing performance at various operating conditions on nanoparticle
synthesis has never been studied. Hentleestudy detailed in Chapter the performance &
Corning AFR on the continuous synthesis of metal NRvaluategdtaking silver as a casw,build

up a synthetic model methéaor therobust and repeatable synthesis method of metal nanoparticles.

2.4 Continuous synthesis of semiconductor nanoparticles
24.15Sn0; NPs

Tin (VI) oxide, also known as cassiterite, is amphoteniterial The crystal structure type of Sni®

tetragonalvith dimensions of the unit celi=b=0.47374 nmc=0.31864 nmandU=b=0=9C". In one

unit cell, the tin ion is surrounded by 6 oxygen ions and each oxygen is bordered by 3 tin ions, and its
space group iB42/mnm[133], shown in Figure 24.Since M.S. Wrighton used Sb-doped Sn@

electrode to produce oxygen under UV lightin 1976,8m@s successfully aroused
interests[134] As an important fiype semiconductor with a direct wide band gap (3.60 eV at 300 K),
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SnQ has been widely used in various photocatalytic reactions due to itsslongtability, high
oxidation potential and chemical inertness, tmxicity, etc.[135]

Figure 214 The crystal structure of Sr@vith oxygen (red ball) and tin (grey balyenerated from crystallography open
databaseusing VESTA softwarl 36]

24.1.1The synthesis method of Sn@and plasmonic metal SnQ nanostructure

Usually, traditional synthesis methsaf tin dioxidesuch as hydrésolvothermal,[137] [138]

chemical precipitatioff139] solgel [140] etc.are commonly used. However, these are not ideal for
largescale commercialisation because they typically require complex equipment, the use of toxic
solvents and timeonsuming higktemperature or highressure processd$41] Inspired by the work
of Weihong Laietal. [141], which showedhat the oneto threedimensional morphology of
inorganic materials (i.e. BaAMg(OH),;, Co(OH}», Cu(OH}, CaCQ etc.) can be adjusted by the
electrolytic dissociation of the reactants and the supersaturation of the sabwéorst room
temperatureln contrast tdraditional hydre/solvothermal or segel methods, which typically
require high temperatures or pressures, we aim to synthesise SnO2 nanopatteléemperature
and low pressurdderein,we achievedsnQ nanoparticles by adjusting tBepersaturation and the
polarity of solution usingmicroreactor This isdescribed in Chapter 4.

Synthesis method®r metal/SnQ hybrid composites focus on small scale batcteegadaysand

theycan be classified into four types, showrFigure2.15

(i) The sl-immobilisation methodvas used to synthesiseesoporous Sn{xoatng on the surface of
metal nanoparticlesorming eithercoreshellor yolk-shellstructurs. Sodium stannate trinydrate
(Na&SnQ3H »0) wasintroducedo the metal colloidal solutiopK=10.511, adjusedby NaOH),

followed bystirring and heating foseverahours An alternativesynthesis method was appliedngs
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amicrowave hydrothermal method instead of conventional hydrothermal method to increase the
crystallinity.[72] [137] [138][142] [143] [144]

(i) Thesokimmobilisation methodvas used to fabricatomus norcentrosymmetric AA5nG
hybrid nanostructures. Potassium stannate trinydra@en@®3H »0) was mixed with urea, thehe
resulting mixture waadded to apre-prepared Au colloid andthylene glycal The mixture washen
transferred int@nautoclaveat 200°C, for periods of time includind0 min, 1 h, 6 h, 12 Wvhen
tested as a photocatalyst, it was found thatdegradation rate of RhB increased three timaseh

usingAu/SnQ ascompaedwith pristine Sn@under visible light[50]

(iii) Theimpregnation methodas used to fabricatompositematerials wherein etal NPswvere
deposiedon the surface of SnQnitially, SnQ NPswith different morphologiesvere

hydrothermdyy synthessedby using NaSnQi3H >0 or SnCl as prectsors. Then surface
functionalised Sne@was mixed withthe metal precursqieading tothe formation ofmetal NPs coated
on the Sn@surface[145][146][147][148]

(iv) Theone-pot co-precipitationsynthesis methodias employed teynthesie metal NPs inserted
into the SnG matrix. The metal and tin precursors were misegdultaneouslyandthe solutionvas
adjustedo haveanalkaline propertyThe mixed solution was heatatlhigh temperature t&rsure
the simultaneous formation &nG and metal NP4149][150][151] [152] [153]

Figure 215 TEM images of (a) Au (15 nm) @ Sn@0 nm) coreshell structure[137] (b) Au-Ag nanoshell @ SnOrdk-
shell structure[144] (c) AuSnQ noncentrosymmetric hybrid structurfg0] (d) Au NPs loaded on dendritic assemblies of
SnQ hollow hexapodd146] (e) Ag NPs inserted inside the Simatrix, [151] and (f) SEM images of 10 % atomic ratio Ag
inserted inside the Sn@lower like heterostructurgd 52].
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However these semcontinuoussynthesisnethods fothe metal NPs@ Snybrid nanostructure
pose challenges in scaliup process. To address this issue and enablevbigme productionan
investigae into an easymethod for the continuous synthesis of Au@ simanicro-capillary reactor is
described in Chapter birst the Sn@was synthesised in the microreactor, then the Au NPs were
added. lrorder to identify tle most effective structure with superior photocatalytic properties, three
different methods were explored to incorporate Au NPs withbSi{PAuU NPs coated on the SpO
matrixes, (2) A NPs surrounded by Sa@atrixes, and (3) Au NPs embedded with Srm@atrixes.

24.2Cu0 NP

CwO crystallsesin a face cubic centered crystal structtifacfidood , with lattice constant
a=b=c=4217A, U=b=0=9C. In the cubic lattice oxygen atomsresurrounded by tetrahedrally
coordinated Cu(l) atomshown in Figur@.16 The number of copper atoms in the unit cell is twice
tha of theoxygen atomg154] Cu0 is a typical gype semiconductor with a narrow bagp of
2.17 eV(corresponding to a wavelength of 590 nm for excitation by light] isone of the most
intensively investigated binary transition metal ogidgesides the welknown merits including low
cost, nontoxicity, abundance and easy synthassomparedo other semiconducter CuO has
furtheradvantages: (ithe narrow band gagivesa high optical absorption coefficieit) the
corresponding theoretical photocurretip to-14.7 mA/cn? [155] and a higher carrier mobility with
30-130 cn/Vs [156], and(iii) excitons in CeO have a londived lifetime of ~10 microseconds.
[157]

c

L.

L = b

Figure 216 The crystal structure a0 with oxygen (red ball) and copper (blue ball), generated foopstallography
open database using VESTA softw§t&8]
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The tailored architecture of @D crystals has also attracted great research interest due to morphology
dependent physicochemical applications in catalysis, sensing, sarfaaaced Raman scattering,
chemical template, sokao-chemical energy conversiatc. [159] Cu,O micro/nanacrystalswith

various architecturesavebeenachievedsuch asollow structures[159] nanowires[160] thin films,

[161] nanoshells[162] etc. Among themwith theface cented cubiccrystal structure, the

morphologyof CwO can also be controlled likie crystal facets. Polyhedral &€ architectures with
low-index facets (including {100}, {111}, and {110}) and highdex facets (such as {211}, {311},

{522}, {332}, {544} etc.) has been achievdry modifying the growth rate ratio (R) between the

<100> and <111> directionl63] [164] Some geometrical configurations of the Cu=0 exposed with

various low and highindex facets are shown in Figure 2.17.

Figure 217 Typical SEM, TEM imagesong withthe corresponding simulategeometricalconfiguration of the GO
crystals partially exposed with different loand highindex facetsThe detailed indexes for these facets are displayed in the
simulated polyhedral sfictures.[163]

24.2.1Recent studies on theynthesis method oCu,O NPs

The photocatalytic properties of polyhedonGare influenced by various surface atomic structures,
which alterband structureandtransport propertiesf donors and acceptor&.key focusof future
researchs desigring crystal structureto enhanceghotocatalytic propertyVhile successful lalscale
synthesis oplanecontrolled CuO nanocrystalfas been achievaging techniques such as
irradiation[165], hydrothermal and solvothermal meth¢86] [167], electrodepositiofil68],
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sputtering169] and wet chemical reductigth70] [156] etc. challenges remain in achieving
reproducibility, high yields, easy scal@, and controllabilityln chemical engineering, synthasig
desired particlewith a controllable structuren alarger scale isrucialfor practicalproduction.

Currently, the "heatingup" method provides an industrially viable route §gnthesisinguprous

oxide nanoparticlewithout crystal controlThis method involves the thermal decomposition of

copper complexeseadingto theformation ofcopper spherical nanoparticles, which tuen further
oxidized.[171] The solutomp has e reduction reactionupé a common
approach for tailoring the nucleation and growth processesf @ystals. This method shows great

potential for the industrial scalg in microfluidic systers and also allows the precise control over

the morphology, particle size, and exposure facets under proper experimental cofidi8pmbese

conditions include the concentration and type of reducing §tyé2}[173], the presence of

surfactant§174], type of copper sourcés75], synthesis time, reaction temperature, and pH value

etc [176]

In recent decades, significant advancements in thedale have been made in tailoring the
architectures of G micro/ nanocrystals, e.g. hollow and porous structwie,rtanodots, D
nanowires, 2D nanoplates,-B facetdesignegolyhedral by using the solutigghase methad163]
Suiet al.[177] controlled the shape evolution of Qucrystals from cubes, truncated octahedra,
octahedra, nanospheres, and-staped by delicately manipulating the polyvinyl pyrrolidone (PVP)
concentration, reaction time, and reaction temperature. Hetaald 178] synthesized a novel series
of C,eO nanocrystals with a systematic shape evolution form cubic to truncated octahedral and
rhombic dodecahedral structures by simply adjusting the amount of reducing agéti.Nig|.
Lenget al.[179], [180]delicatecontrolled over the shapes with higidex facets from the acet,

to 18facet, 56facet through tuning the concentration of @iHd the volume ratio of polar organic
solvent to water. To date, only a limited number of papers have reported on the synthess of Cu

using microfluidic system, and even no one focused on the precise control of its morphology.

Wei et al.[181]firstly reported to synthesise & nanofluids in tubular microreactahown in
Figure 2.18&). CwO NPs vereproduced in two steps at4@ To enhance the nanofluid stability
and prevent the particle aggregation, polyvinyl pyrrolidone (Rv@premixed withcupricsulfate
(CuSQ) solution. In the first step, CuS@ith PVP solutiorand NaOH(sodium hydratewere
pumped through inlet 1 and 2 to form cupric hydroxide (Cu@inder heating, Cu(Okjuickly

decomposed into cupric oxide. Then hydrazigdrate (NH. H.O) was injected from inlet 3 to

reduce CuO into GO. It shows that the morphology of partictdsgnged from a spherical shape to

polyhedral, starfishlike, and flowerlike by varying the Cu$@ncentration and fluid flow rates.

Al-Antaki et al.[182] reported a pulsed laser ablation (PLA) method under continuous flow

conditonsts y nt hesi s copper (I) and copper (, ) oxide
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shown in Figure 2.18&j. This new method paves a new simple and-yighd way to synthesis metal
oxide NPs with avoiding the use of harsh chemicals. Firstly, a plume of copper was formed after
irradiation of a copper rod, following reacts with oxygen in the air to form th® GiiPs. Under
continuous flow, water with G® NPs dispersion was delivered via a jet to the base of the tube. The
dispersion of the GO NPs from the continuous flow process could be prodfroed CuO NPs by

mild heating in an overt ®0°C for 10h. To explore the possible application for scaling up, they
prepared 200 mg GO NPs over 12 h as well 200 mg CuO NPs at 3C. For this method,

selectively forning CuO NPs in water in large scale is challenging, as long ablatiois timaily

result in the formation of larger particles.

Dispersion of
(b) Jot foed dicopper oxide

¥ t: inge [Sol n of
Inlet 1 o -
= | Pure copper rod Tube rotation
= Container \ Vi)
¥ Thermostatic
l) water bath A 2 1/
ot Inlet il \ Dicopper oxide
/ — / -
\ N a
L \% utlet

VFD tube /

50 C°/10 h

‘bh R b

20 30 4 50 6 70 8 9% 20 30 4 S5 6 70 8 9
2 theta 2 theta

laser

'
Copper oxide y

i)

Figure 218 (a) Microfluidic onestep chemical solution method for ZQunanofluids synthesis) test setupij) microfluidic
reactor, andii) PTFE microbore tubing cqi[181] (b) a vortex fluidic device to synthesisZOuNPs under continuous oxide
[183].

Thelimited literature on microfluidic synthesis of & canbe attributed to the fact that the
understanding of the underlying mechanisms governing the nucleation and growth processg@es of Cu
nanoparticles with various morphologies is still in its infarkyrthermorein-depth understanding of
the influence of mass and heat transfer on the various cuprous structureegfoetdther
investigation. These present obstacles when transitioning from batch processes to microfluidic
systems, as it is challenging to achieve precise control over the shapes andibzesobparticles.
While considerable progress has undoubtedly been achieved in the empirical stage of preparing
cuprous oxide crystalline nanospheres in the last decadesbination of empirical and theoretical
approaches is needed to advance the field furfthét] In our researchdescribed in Chapter 5, we
optimised thecontinuous synthesis process for.Ouanocrystals with controlled polyhedral
structure using a lalmade capillary reactor. The influences of mixing performance inside the
microreactor angolution concentration were systematically investigated to explore their effect in

morphology formation as well as size distribution. This simple continuous method for the controllable
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evolution of polyhedral GI© opens up new possibilities for the laigmale production of other

semiconductor nanomaterial with different facets in a reproducible manner.
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Chapter 3. Continuous synthesis of Ag nanopatrticles in an advancetbw reactor

3.1 Introduction

Despiteenormousadvancementis the synthesis and application of nanomateribkskey to their
commercialisation still lies ithe scalable production of nanomaterifild 3] Traditionalprotocols
aretypically developed based upon batch processbih can beasilyoptimizedto yield
high-quality productsatlab scale. However, meeg the requirements for large scale production
becomes challengindue to batchio-batch variability andthe level of control on the nanand
microscale tends to waméhen scaling up tthe meseand macroscal¢105] Continuous flow offers
a potential solution to overcontiee scaleup challengesttributed tats small characteristic
dimensios andalarger surface are@-volume ratiowhich could provide better mixing and
mass/heat transfer compared to traditional batch reaf@8isvioreover, the throughput of these
reactors can be increased by numberind182] Despitesome successful cases have been reported
in the labusing micre and milli-reactions for nanomaterials productjd23] [124], scalingup home
made micrechannel/tubular reactors with netandardised tubing, connectors, adape&isand
nortrintegrated heating/cooling elements remaokalleng. [10] A notable example of a
commercially successful continuous flow reactor isAdeancedFlow™ Reactor (AFReveloped
by Corning.This flow reactor is specially designedfamilitate the transitiofrom traditional batch to
continuous flow chemical processing form lab to indusscalle productior{125] They have been
utilised for synthesigg bothhomogeneous and heterogeneous organieculeson alarge scale
However, theréds limited researcheportingthe use imanomaterials productioparticularlyfor
metal NPs[129][132]

This chapteevaluated the performance o€arning® AdvancedFlow™ Reactor (AFR, Lab Reactor
Module)for nanomaterials production in a singlbase flow, takind\g NPs as a case stugdip
understand the effects of multiscale mixing behaviounsamoparticle synthesi$he work detailed

in this chapter has been publishedMixing performance and continuous production of

nanomaterials in an advanetdw reacton[184]

3.2 Experiments and methods

3.2.1 Materials

Silver nitrate (AgNQ, Acros Organics)trisodium citrate dihydrateCgHsNasO7RH,0 , 099 wt .

Sigma Aldrich), sodium borohydride solution (NaBH2 wt.% in 14 M NaOH, Sigma Aldrich),
methylene blue (MB, GH1sCIN3S A g0H1% extinction, Fisher Bioreagents), potassium iodide (KI, 99
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wt.%, Alfa Aesar), potassium iodate (KI39.5 wt.%, Acros Organics), iodine,(F99 wt.%, Alfa

Aesar), orthoboric acid @#BOs, >99.8 wt.%, BDH Laboratory Supplies), sodium hydroxide

(NaOH, >97.5%, Scientific Laboratory Supplies), sulfuric acigh@®, 9598 wt.%, Honeywell Fluka),

and bovine serum albumin (BSA, Sigma Aldrich) were used as received without any further treatment.
Deionised( DI') water (resistivity -Qtitrapute.water Sygtéweasn) pur i

used in all experiments

3.2.2 Corning AFR

Figure 3.1shows the structure of the Corning AFR (Lab Reactor module, made up of glass). The AFR
consists of three highly engineered fluidic layers, i.e., a reaction layer sandwiched between two heat
exchange layerd=(gure 3.1(a)). The two heat exchange layers have the same inlet and outlet, and the
fluid in these two layerfollows the dashedine wallsinside (Figure 3.1 (b)) The reaction layer is
composed of a consecutive series of heh#ped cells with the same geometry (internal volume of 2.7
mL, 18 rows and 197 cells in totdfjgure 3.1(b)). Each cell contains a centratdhaped structure
serving as an obstacle which forces the fluid to split and recombine, along with the change of the flow
direction (Figure 3.1c)). The split and recombine (SAR) principle is a common mechanism employed

in static mixers, enhancing mixing even at low Reynolds number by generating multiple fluid layers.
[185]

The crosssection of the channel varies continuously along the flow direction, causing a position
dependent velocity profile. For the reaction layke AFR has two inlets (inlet 1 and 2 are marked in
blue and yellow, respectively, Figure 3.1(b)) and one outlet (marked in greerFigure 3.1(b)). The

fluid that enters through inlet 1 is split into two streams (S1 and S3, volumetric flo@diatebefore
combining with the fluid from inlet 2 (S2, volumetric flow ra@aer) in the jet zone, andoing into

the first cell Figure 3.1(c)). The total volumetric flow rateQtoa) and flow rate ratioR) can be

represented as follows:

0 0 @0 (3-1)
0 0 0 § 0 0 (3-2)
Y 0 70 c0 jo ch jo (3-3)

The designed total flow rates for the reaction layer range from 2 to 10 mL/min, and the operation

temperature and pressure ranges4ddo 200 € and up td 8 bar, respectively.
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Reactants Products
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Figure 31 (a) Crosssectional view of the Corning AFR Lab Reactor module showing the two heat exchange layers and the
reaction layer; (b) Top view of the Corning AFR Lab Reactor module. The inlets 1 and 2 are marked in dark blue and
yellow, respectively and the ¢ettis in green; (c) Enlarged image of top view of the Corning AFR Lab Reactor module.
Streams 1 (S1) and 3 (S3) from inlet 1 mix with stream 2 (S2) from inlet 2 in the jet zone.

3.2.3 Optical visualisation

As theCorning AFR is manufacturaglith transparent glass, the flow pattern and mixing status in the
unit cell can be evaluated by a dye dilutlmesed characterisation method. The schematic diagram
setup is shown in Figure 3(d). To visualize and analyse mixiedficiency, an aqueous MB solution

and DI water were injected into the reaction layer using two syringe pumps (Chemyx, Fusion 100) as
the two inlet fluids. It can be assumed that thesbtationhas the identical density and dynamic
viscosity as watef185] The mixing phenomena of the two liquids were recorded by a CCD camera
(15 frames per second) mounted on a stereo microscope (Olympus, SZX16) at room temperature
(2022 eC). AFR was il l uminated #LkT)integtatEdwititheght s ou
microscope. The resolution of the record images was 2448x2048 pikl8.0087 mm/pixelln this
experimentthereactor was positioned under the lens of the camera horizontally, ignoring the effect
of gravity.
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Figure 32 (a) Experimental setup for optical visualisatiohthe AFRusing aqueous MB solution and DI water as the
working fluids; (b) Relationship between the grey difference and the concentration of MB.

To quantify the mixing performance, calibration solutions with different MB solution concentration
levels were prepared (0.025, 0.05, 0.10, 0.15, 0.225, 0.30, 0.40, 0.50 and 0.60 mg/mL). The images
were captured when the whole system appeared stable theipgocess ahe solutionbeing

pumped through the reactdmage processing was domsingFlJI (a distribution of ImageJ software)

with the approach usesthown inFigure 3.3

Raw image 8-bit grayscale image DI water background Image after deduct background

Figure 33 Schematic of the procedure for generation of the grey waiiethreesteps Step 1: the captured raw images
convert into 8bit grayscale image, Step 2: the calibration images are calculated by subtracting the DI water background
image, andStep 3ithen the grey value wabtained in the region of interest.

The image analysis approach compromised three steps:

(1) The captured raw images were first converted iftd §rayscale images, since it is more
effective to build the relationship between the combination of red, green anthblugels rather than

each colour channel with concentratifit86]

(2) The grayscale value for calibration image was calculated by subtracting the DI water background

image, in order to eliminate the bias level set by the camera manufacture and light reflection.

(3) The rel ati ons hi@ oblieddinthe negioh df imtergst (RGI, market rede ( 2

in Figure 3.3 and the concentration of MB solutionyg} was shown in Figure 3(®).

Based a®RGQuwst berel ati on, the c oniotheregioreofintavest(RDI) st r i b u
for each mixing experiment could be deter-mined.
called mixing index (MI), which i s[ h87vediatat or

equations are usually wused to calcul ate Ml
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(3-4)

(3-5)

(3-6)

d -sectioraltplan n

analysed, andll is the total number of pixels in the cressctional plane analysedl.and6lare the

of

species concentration at tifepixel and the species concentration for complete mixing, respectively.

Smax IS the maximum standard deviation of the species concentration, and corresponds to zero mixing.

The mixing index is calculated according to the Equatidn®hen the flow rate ratio dfie two

fluids equals to 1J93] In this case, the mixing index is within the range -df, Qvith 0 indicating total
segregation and 1 denoting complete mixing. However, when the flow rate ratio is not 1, the mixing
index for the total segregation is not equal to 0, and varies with thedte ratio. Table 3.1 provides

examples of various flow rate ratios between MB and water along with their final mixing index by

using Equation 3l and Equation %. Hence, it is difficult to compare the degree of mixing at

different flow rate ratios bysing Equation 3l. When studying the effect of the flow rate ratio,

Equation 35is always employed, in whichnaxis introduced to normalisg and the value o§maxis

dependent on the flow rate ratj@85]

Table 31 Mixing index (MI) at the inlet with zero mixing for different flow rate ratios.

MB Water Quie/Quater F (MEIq?JtattTg nigl-it) Gt ?IAEIq?Jtattrifni gl—%t)
1 1 1 0.50 0 0.50 0
1 0.5 2 0.67 0.29 0.47 0
1 1/3 3 0.75 0.42 0.43 0
1 0.25 4 0.80 0.50 0.40 0

For all flow rate ratios, the mixing index calculated from Equati@ni8s between 0 and 1. The

higher the mixing index, the greater the degree of mixing. In this section, the effects of the total flow

rate and flow rate ratio on the flow and mixing characteristics were studied. The corresponding

experimental conditions welisted in Table 3.2. Because the flow rate ratio varied in a wide range

from 0.25 to 8, the concentration of MB solution at the inlet was varied accordingly to maintain the

outlet concentration of MB a constant, i.e., 0.2 mg/mL and thus achieve-adnigast visualisation

of the mixing process. The mixing indices at different operation parameters were calculated according

to Equation 5.
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Table 32 Experimental details for optical visualisation.

Inlet channel 1 (twosub-inlets) Inlet channel 2

Methylene blue solution (MB) Deionized water Qtotal R=QJ/ Q2 |=_ Smax
Cmg.0 Q Q2

mg/mL mL/min mL/min mL/min / mg/mL mg/mL
0.300 0.67 0.33 1.00 2 0.200 0.14
0.300 2.00 1.00 3.00 2 0.200 0.14
0.300 3.33 1.67 5.00 2 0.200 0.14
0.300 4.00 2.00 6.00 2 0.200 0.14
0.300 5.33 2.67 8.00 2 0.200 0.14
0.300 6.00 3.00 9.00 2 0.200 0.14
1.000 1.80 7.20 9.00 0.25 0.200 0.4
0.600 3.00 6.00 9.00 0.5 0.200 0.28
0.400 4.50 4.50 9.00 1 0.200 0.2
0.250 7.20 1.80 9.00 4 0.200 0.1
0.225 8.00 1.00 9.00 8 0.200 0.071

The flow pattern and mixing performancsiite the reactor cell dfie Corning AFR at different total
flow rate and flow rate ratio was calated by the optical visualisation in this section.

3.2.4 Villermaux/Dushman reaction

Due to the limited spatial and temporal resolution of the optical microscope, flow visualisation could
mainly provide mixing performance on macemd mesescale Micromixing is on the scale of

molecular diffusion, which determine the solution reactiomquantifythe mixing onthe microscale,
theVillermaux/Dushman method was appli¢t38] based onthe parallel competingodide-iodate

reaction system:

"/ ( o/ (quastinstantaneous) (3-7)
) ) o © o0 o / (inthesame time scale of micromixing process) (3-8)
) ) P ) (instantaneous equilibrium reaction) (3-9)
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The neutralization reactionBis quasinstantaneous, while the Dushman reactighi8 fast but
much slower than reactiond Dushman reaction is in the same characteristic time scale with the

micromixing process. Reaction®Bis an instantaneous edhbrum reaction.

In the experiment, a buffered solution (solution A, inlet 2, central flow) KIZNAQOH/HBO; was
mixed with diluted HSQ, (solution B, inlet 1, two side flow). All the experiments were conducted at

room temperature20-22 °C.

Under perfect micromixing conditions, the injected agasinstantly dispersed within the reactive
medium and consumed B9 60 ions via reactior8-7. Conversely, in situations where the
characteristic dissipation time of the injected acid mixing time is in the same range or larger than the
reaction time of reaction-8, these aggregates result in a local overconcentration of acid. After the
complee consumption oD 60 ions, the excess acid can react with surroun@A@0 ions. Then

the formedOcan further react witfDions to yieldO ions according to reaction@® The amount of
producedO depends on the micromixing efficiency andsmeasured by a UVis

spectrophotometer at 353 nm. There was a linear relationship between the absorbance and the

concentration ofO, which accorded with LambeBe er 6 s | a w, and coul d be
& RODO (3-10)

whereris the molar absorptivity 80, is the path lengtiThe extinction coefficierkdof O here is

¢ & 1ol “em 1, which iscalculated according to the following equations:

The equilibrium constant for the equilibrium reaction betw@sandKI is a function of temperature:
I1T® — x®ovuved xivl CY (3-11)

where T is theemperature i, and0 is the equilibrium constant, which can be calculated as

follows,
)  — (3-12)

Rewriting the equation above in terms of the conversid® génerates an equation with only the

conversion unknown,

0 (3-13)

where® is the conversion dO. With the calculated conversion the concentratioftan be

determined.

During the calibration, a series of aqueous solutions with difféf@mioncentrations were prepared.

The raw data is summarised in Table 3.3.
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Temperatur  mass of k mass of £ Volume of  The concentration  Absorbance of
e E KI the solution of k used E

°C g mol/m?3 g mol/m?3 L mol/m3 a.u.

23.1 0.0029  0.0457 0.0207 0.499 0.25 0.012 0.319
23.1 0.003 0.0473 0.0282 0.680 0.25 0.015 0.403
231 0.0029  0.0457 0.011 0.265 0.25 0.007 0.161
231 0.0055 0.0867 0.0286 0.689 0.25 0.028 0.722
231 0.0072 0.113 0.0279 0.672 0.25 0.036 0.914

The extinction coefficient was recalculated, and the value was 25505 fmof'. As shown in

Table 33, this value was very close to the data reported in the litergt&®.Subsequently, th¥s

and corresponding micromixing time was recalculated he calibration curve is shown in Figure

3.4.

1.0

0.8 -

Absorbance

0.0

y=25.505x
R?=0.999

"0.00

0.01 0.02

0.03

Concentration of I, (mol/m®)

0.04

Figure 34 The calibration curves used in this work. The unit of the extinction coefficientrothis figure was

minol “&m L.
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Based on the obtained concentratiorifthe segregation index() which is defined to quantify the

micromixing efficiency can be calculated:

o — (3-14)
o (3-15)
o (3-16)

whereis the ratio of acid mole number consumed by rea&i@no the total acid mole number
injected.cd is the value ofvin the total segregation case when the micromixing process is infinitely
slow. In this case, th® ions are proportionally consumed by 830 ions andO/O0 ions. The
selectivity between these two reactions is controlled by the ratio of their concentration, assuming that
the reaction will occur casi-instantaneously witfO . Va andVs are the flow rates of the mixed

solution and HSQ; solution, respectively Q] and [O] are the concentrations @andO ions in the
reaction effluent, while'D ]o is the initial concentration 6© ions in HSQy solution, andP 0] and

[[O60 ]oare the initial concentrations @0 andO 00 ions in the mixed solution. The value of

Xsis within the range of 0 <& 1 for partial segregation, ang ¥qual to O is for perfect

micromixing, while X% equal to 1 is for total segregation, respectively.

According to the literaturgl90], when the flow rate ratio wamried, the following equations must be
fulfilled to keep the molar ratios of different ions constant:

(3-17)
(3-18)
wherei andi are constants. The details of the concentrations of different reactants used in this

section were summarized in Table 3.4. The two solutions A and B were pumped through the AFR by

syringe pumps.
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Table 34 Experimental details for Villermau®Rushman method.

Inlet channel 1 Inlet channel 2
(two sde flows) (central flow)
H2SOq solution Mixed solution View R " &
Fa Ve Py o/ CnaoH Cki Fr Va
M mL/min M M mM mM mL/min mL/min  / / /
0.018 0.67 0.200 0.100 11.600 2.330 0.33 1.00 2 1.39 0.032
0.018 1.33 0.200 0.100 11.600 2.330 0.67 2.00 2 1.39 0.032
0.018 1.67 0.200 0.100 11.600 2.330 0.83 2.50 2 1.39 0.032
0.018 2.00 0.200 0.100 11.600 2.330 1.00 3.00 2 1.39 0.032
0.018 3.33 0.200 0.100 11.600 2.330 1.67 5.00 2 1.39 0.032
0.018 4.00 0.200 0.100 11.600 2.330 2.00 6.00 2 1.39 0.032
0.018 4.67 0.200 0.100 11.600 2.330 2.33 7.00 2 1.39 0.032
0.018 5.33 0.200 0.100 11.600 2.330 2.67 8.00 2 1.39 0.032
0.018 6.00 0.200 0.100 11.600 2.330 3.00 9.00 2 1.39 0.032
0.060 1.80 0.083 0.042 4.833 0.971 7.20 9.00 0.25 1.39 0.032
0.036 3.00 0.100 0.050 5.800 1.165 6.00 9.00 0.5 1.39 0.032
0.024 4.50 0.133  0.067 7.733 1.553 4.50 9.00 1 1.39 0.032
0.015 7.20 0.333 0.167 19.333  3.883 1.80 9.00 4 1.39 0.032
0.014 8.00 0.600 0.300 34.800 6.990 1.00 9.00 8 1.39 0.032
ar = ViA[HZB?é]O yoir, = Lof’]o
VelH']o VelH']o

This parallel reaction is sensitive to the pH value in the solution and should be chosen judiciously. If
the pH is below pH* (iodine dismutation pH), iodiri€)(remains stable. Conversely, when the pH
exceeds pH*, the iodine formed is thermodynamically unstable and dissodi@@js.

In asegregation situation where acid aggregates, localized zones with pH levels lower than pH* may
appear. Within these zones, iodine is formed. These aggregates are progressively dissipated as mixing
improves andO ions are consumed. Subsequently, the local pH in these zones finally increases to its
final equilibrium pH value. If the final mean pH value is lower than pH*, iodine forms naturally, even
under conditions of good mixing. TH@ ions released by ti® 60 /O60 buffer will react to

produce iodine. In order to the formation of iodine is only due to bad micromixing, the final mean pH
must be greater than pH*. Considering these two situations, the final pH value must be as close as
possible to pH*[188] The final pH value is influenced by both the initial pH of buffer solution and

the quantity of sulphuric acid. Typical pH value used are as follows: (1) buffer solution:

8.5 <pH < 9.5; (2) pH* close to 7. Here, the concentrations of different reactants were carefully

chosen to maintain the system pH at ca. 8.5 under different pararfi9és.
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3.2.5.Determination of micromixing time by incorporation model

As previously discussed, the effectiveness of micromixing, as indicated by the segregatioéipdex (
exhibited a strong dependence on the concentration of reactants. This dependency posed challenges
when attempting to compare various research studies. Consequently, it became necessary to introduce
a parameter, micromixing time, which remained constegeirdless of reactant concentration, in order

to better elucidate micromixing performance. Several models, including the Inter Exchange with the
Mean (IEM) mode[192], the Incorporation mod¢193], and the Engulfment Deformation Diffusion
(EDD) model[194] have been proposed to characterize the mixing process. Among these models, the
Incorporation model is regarded as a simple and commonly employed approach in both laminar and
turbulent micromixing. The parameter known as micromixing titde iGtegrateto the Incorporation

model, serves as a measure of micromixing efficiency because it remains constant under similar
hydrodynamic conditions. Consequently, this allows for a straightforward quantification and

comparison of micromixing times across diffaregactor setup$194]

The incorporation model is applied in conjunction with the ioddiate reaction system. According to
this model, a finite quantity of acid is divided into aggregates and gradually invaded by environmental
fluid that contains iodide and iodate in a basiedium. Acid aggregates grow by progressively
incorporating the surrounding medium where neutralisatié® 60 ions and Dushman reaction take
place. The characteristic time of incorporation, is assumed to be equal to the micromixing time. The
volume of the aggregate grows according to Equati®f:3

® Qo (3-19)
whereV: is the volume of the acid aggrega¥e, is the initial volume of the acid aggregate, aiis

the incorporation function with the form:

Q0 Qwmpft or'Qo p oft (3-20)
wheret is the characteristic micromixing time.

The concentrations of the j species can be calculated by the following equation:
— 0 0o —— Y (3-21)

where j species represents various ions in the solution, which irffi€dde , O , O, "O0, Oor
"0. R is the net production rate of species j for the reaction. V\qnén A @ &rt , Equation

3-21 can be transformed to:

—_ — Y (3-22)

With a series of presumed value of micromixing time and known initial concentration of different ions
in each solution, Equatio22 could be solved by MATLAB (odel5s). The value of time step was

fixed at 1& s, and the integration process was terminated when'tlemsiwere completely consumed

with 108 M as the criterion.
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3.2.6 Continuous synthesis and characterisation of Ag nanoparticles (NPs)

The experimental setup for the continuous synthesis of Ag$\#P®wn inFigure3.5. The Ag NPs
were prepared via wet chemical method by reduciyy ions with NaBH in the presence of
CsHsNagOy stabiliser. In a typical procedure, a precursor solution (containing A@QR@CsHsNazO7)

and fresh reduog agent (NaBH solution) were separately pumped ithe AFR by syringe pumps.

T

|

(lfiia=

Syringe pump

=

- I Water circulator
: | |
Syringe pump T
| | (iell /A
AFR Ice-water bath

Figure 35 Schematic of thexperimental setup for the continuous synthesis of Ag NPs in the AFR.

The molar ratio oCsHsNasO7 to AgNG;, and NaBH to AgNG; were fixed at 3.5 and 6, respectively.
The synthetic reaction temperature was controlled &Cafy a water circulator (Julabo, FRPB(E)

with an external circulation connected to the heat exchanger layers. The reaction effluent flowed
straight into a beaker immersed in theeater bath to quench the reaction and reduce the mobility
and consequermigglomeration of the NPs. The concentrations of AgNBgHsNa;O; and NaBH

used for different flow rates, flow rate ratios and feed orientation were summarizigdiie3.5.
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Table 35 Experimental details for continuous synthesis of Ag NPs.

Chapter 3

Inlet channel 1

(two sde flows)

Inlet channel 2

(central flow)

NaBHj4 solution Ag precursor solution Qs R
F Af Q R Gl FA#I Q2

mM mL/min mM mM mL/min mL/min /
0.450 0.67 0.150 0.525 0.33 1.00 2
0.450 2.00 0.150 0.525 1.00 3.00 2
0.450 4.00 0.150 0.525 2.00 6.00 2
0.450 6.00 0.150 0.525 3.00 9.00 2
1.500 1.80 0.063 0.219 7.20 9.00 0.25
0.900 3.00 0.075 0.263 6.00 9.00 0.5
0.600 4.50 0.100 0.350 4.50 9.00 1
0.375 7.20 0.250 0.875 1.80 9.00 4
0.338 8.00 0.450 1.575 1.00 9.00 8

The UV-vis spectra othe asprepared Ag NPs were recorded on an Agilent Cary 66vidV

spectrophotometer between 300 and 800 nm with a wavelength resolution of 0.5 nm. The

transmission electron microscopy (TEM) images of thprapared Ag NPs were acquireith a FEI

Tecnai TF20 FEGTEM. To avoid pesynthesis agglomeration and maintain uniform particle

deposition, the specimens for TEM analysis were prepared following the protocol developed by

Michen and ceworkers[195] 50 |L of the asprepared Ag NPs colloid solution and 50 L of BSA
solution (0.3 mg/mL) were mixed and stored &C4or 2 h prior to TEM grid preparation. A 5 L

mixture droplet wasdded to a&arbon copper grid (200 mesh) and then dried foir2dir.

3.3 Results and discussion

According totheL a Me r

mo d e |

nanoparticle

f or mat.

on

nucleation followed by diffusicigontrolled growth[100] Both the rates of nucleation and growth

affect the nanoparticle size apdrticle size distribution (PSDyith their dependence on

supersaturation, temperature, and surface free erjé@®}. In this work, we maintain the

under

temperature and surface free energy, and the variation in supersaturation is the sole factor influencing

the final nanoparticle size and PSBenerally, the mixing process is divided into three stages, i.e.

micro-, mese, and macromixing196] [197] Macromixing usually happens by bulk convection on

the scale of the reactor, commonly at the length larger than 50 mm, which is how the fluid is

distributed across the whole reactor. Mesomixing generates engulfment and vortices, commonly at the

length of 01-10 mm. Micromixing is on the scale of molecular diffusion. Here in the Corning AFR,
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the supersaturation depends on micromixing on the molecular scale, which is preceded lypdheso
macromixing, i.e., the reduction of segregation scale controlled by fluid flow. Consequently, to
achieve a robust and controllable synthesis of NPs, thestadding and control of fluid flow pattern
and mixing behaviour in the reactor are of theoretical and practical importance.

It is widely found that mixing performance is strongly dependent on the process parameters, total flow
rate (i.e. Reynolds numbgr98]), andflow rate ratio (i.e. the position of impingement pdit@9]).

Therefore, in this work, the flow and multiscale mixing behaviours under different process parameters
(i.e. total flow rate and flow rate ratio) were studied experimentally. The flow visualisation was
conducted for MBwater system to reflect the flow trafjery as well as the mixing process on the

mese and macroscal¢200] Moreover, the mixing on the microscale was quantified HY Wethod.
Subsequently, the relationship between multiscale mixing behaviour and the average size and PSD of
Ag NPs were demonstrated. Since the cells have the same geometry, it could be éxaetttedow

and mixing characteristics exhibit periodic variation along these cells. Thet&iia)owing

discussion focussmainly on the flow and mixing behaviour in the first cell.

3.3.1 Flow pattern and quantification of mixing performance on the mes@and macroscale using
flow visualisation.

3.3.1.1 The effect of total flow rate

The MB solutionentered into the reaction layer from inlet 1 and was split into two side flows (S1 and
S3), while the DI water was injected from inlet 2, acting as the central flow (S2). The flow rate ratio
was fixed at 2, while the total flow rate varied from 1 to 9 mLmtirand at the same time Reynolds
number increased from 13 to 117. The Reynolds nuislzaiculated via

vo (3-23)

Where'Y (s the Reynolds number, the ratio of inertial forces to viscous fdrdeshe density of

fluid, 10° kg/m?. wis the velocity of the fluid. L is a characteristic length, here it was calculated based
on the hydraulic diameter of the nozzkégure 3.1(c), 0.37 mm in width and 0.40 mm in depth)is

the dynamic viscosity of the fluid, 2.980° Ns/n?. In this calculation, the same properties of water
were specified for the fluid&igure 3.6 shows the optical images about concentrationwouoitduid
mixing at different total flow rates. The central flow of DI water was combined with two side flows of
MB solution in the jet zone (hereafter referred as the combined stream). For all total flow-fates (1
mLmin 1), two distinct interfaces could be observed in the jet zone, indicating a laminar flow

behaviour.
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Figure 36 Optical microscope images ofxing images obtained at different total flow rates using aqueous MB solution and
DI water as the working fluids (a) 1 mLmih (b) 3 mLmin?, (c) 5 mmin-, (d) 6 mLmin?, (e) 8 mLmin', (f) 9 mLmin-L.
R=2.

The width of the central flow was measured (lin€igure 3.7 (8) when the combined stream flowed
into the nozzle, and the accurate position where the interface between the central flow and side flow

could be distinguished was markedrigure 3.7(b).

(a) (b)

0.25

0.20 4

Central flow /mm
—c—
»
-
——
[
—e—

Total flow rate /mL-min™"

Figure 37 (a) The width of the central flow as a function of the total flow rate. RI52lhe width was measured on the
selected line 1.

As shown inFigure3.7, the width of thecentral flow was independent of the total flow rate, implying
the initial fluid distribution across the combined stream was identical at different total flow rates. At
the total flow rate of 1 mLmin' (Figure 3.6(a)), the combined stream was separated into twe sub
streams once entering the first cell. In eachstodam, the DI water and MB solution flowed side by
side, maintain a wellliefined interface. Remarkably, even at the outlet of the first cell, the interface
between the water and MB solution réneal very clear. This indicated that the fluid mixing was
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dominated by molecular diffusion which was very slow under this condition. Despite a Re number of
39 at the flow rate of 3 mLmirt, which still positions the flow within the laminar regime, totally
different flow and mixing behaviours were observed in comparison to the 1 miffow condition.

As shown in Figure 3.f), the combined stream went through the nozzle along the initial flow
direction and collided with the{shaped structure, which split the combined stream into two sub
streams. No visible terface between MB solution and DI water could be seen at the end position of
the first cell, implying the mixing performance was much better than that at 1 mLrifine

improved mixing performance can be attributed to a combination of transverse motions resulting from
collisions and expansion vortices. Within theshlaped structure, collisions generated transverse
motions which effectively increased the interfaciada for diffusion and reduced the mass transfer
distance. Additionally, two symmetric expgon vortices appeared on both sides of the combined
stream. The generation of expansion vortices was pervasive when theamiss of the channel
enlarged abruptly, which can accelerate the mixing process through stretching and folding
mechanismg201] Moreover, when the fluid flowed through the turning (plane 3, Figuréad) of

the hea-shaped cell, transverse advection, known as the Dean vortex, may occurred due to the
gradient of the centrifugal force in the cresstion of the channel. The Dean numii®) (s defined

as a control parameter to express the ratio of centrifugal forces to viscous forces and the intensity of
Dean vortex, and can be calculated through the following eqUai@h

o0 Yog (3-24)

where Re represents the Reynolds number, &hdand R are thehydraulic diameter of the curved

channel and the radius of curvature of the curved channel, respectively.

As the total flow rate increased from 1 to 9 mLminthe Dean number increased from 7 to 60 when

the fluid flowed through the turning (the Dean number was calculated based on the average radius of
curvature of the turninglable 3.§. According to the literature, whehe Dean numbers above 20,
corresponding to the total flow rate of 3 mLminin this work,a symmetrical vortex paiwould be
formed.[202] Thus,the Dean vortex generated in the turning at higher total flow rate could further

improve the mixing quality.

46



Chapter 3

Table 36 Dean numbers at different total flow rates when the fluid passed Plane 3 (turning) in Figure 15.

Qtotal Dnh /mm R /mm Re De
1 0.88 1.07 13 7

3 0.88 1.07 39 20
5 0.88 1.07 65 33
6 0.88 1.07 78 40
8 0.88 1.07 104 53
9 0.88 1.07 117 60

However, darker striations of MB could still be observed, indicating the mixing at 3 minvas far

away from ideal mixing in the first cell. As the total flow rate further increased, the distribution of MB
across the channel became more homogeneous, indicating a better mixing quality. This could be
attributed to the enhanced intensities of séeoy flows (i.e., transverse motions caused by collision,
expansion and Dean vortices) with the increase in Reynolds nui2@&}r.

To demonstratquantitativelythe effect of the total flow rate on the degree of mixing, the mixing

index was calculated according to Equatieb. &For the flow visualisation, the mixing index at the

outlet of the hearshaped cell was difficult to be achieved in this work becaudeedatistence of
exchange layers (Figure 3.1). Therefore, the mixing index was determined on a selected plane in the
subchannel (line 2, Figure 3(b)). In Figure 3.8, as the total flow rate increased from

3 to 9 mLmin -, the mixing index increased slightly from 0.37 to 0.60, which could be attributed to

the higher degree of transverse advection in this flow rate range. At higher Re numbers, although the
residence time of two fluids to molecular diffusion decreased,hetic motion became rapidly and

led to the enhancement of the mixing efficiency.
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Figure 38 Mixing index as a function of the total flow rate. R = 2.

3.3.1.2 The effect of flow rate ratio

In this section, mixing performance was studied at various flow rate ratios ranging from 82b to
adjusting the flow rates of MB solution and DI water while maintaining the total flow rate at 9

mLmin 1. The MB solution and DI water were pumped itite AFR from inlets 1 and 2,

respectively. The optical images of fluid mixing at different flow rate ratteslisplayed inFigure

3.9. It canbe seen that the flow rate ratio affected the initial MB concentration distribution across the
combined stream. Ehwidth of the central flow (DI water) was measured in the same position, as
shown inFigure.3.7 (b)line 1). As shown irFigure.3.10the width of the central flow was gradually
narrowed with the increase of the flow rate ratio. As the flow rate ratio increased from 8, 250

width of the central flow decreased from 0.34 to 0.09 mm. When the flow rate ratio further increased
to 8, the width of the central flow could not be distinguished due to the limited camera resolution
(0.0087 mm/pixel)and particularly the fast dispersion of MB from the side flow into the central flow

arising from the extremely narrow width.
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Figure 39 Mixing images obtained at different flow ratios: (a) 0.25, (b) 0.5, (c) 1, (d) 2, (e) 4, and (f) 8 using agueous MB
solution and DI water as the working fluids at&@= 9 mLmin -,
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Figure 310 The width of the central flow as a function of the flow rate ratioi@{© 9 mbLmin -1,

At the flow rate ratio of 0.25, nearly no MB diffused into the interior of the central flow even litefore
reacledto the Ushaped obstacle. As for the flow rate rati®oMB could quickly diffuse across the
central flow because of the narrowest width of the central flow.

The mixing ingkxes at different flow rate ratiGgeshown inFigure 3.11 For the flow rate rat®of 4
and8, the mixing indexes are decreasing to almost 0 when it reachemtticdting thathe mixing

performancevorsenswith increasinglow rate ratio. Howevelin our experiment, Ml was calculated
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according to the equation-& and (36). At these flow rate ratios, the difference between the inlet
MB concentration and average MB concentration was small, and the deviation of the grey level
caused by the neaniform light distributionof microscopecould not be ignorederrors exist when
the flow rate ratio increaséo 4 and 8Therefore further validation by an additional method will be
needed to calculated the MI at different flow rate satio

Hencejt is concluded that the effect of the flow rate ratio on the degree of mixing could primarily be
attributed to the different initial MB concentration distributions across the combined stream. This
phenomenon, to some exteistsimilar to the fact that the feed position affected the mixing
performance dramatically in stirred batch react@®@4] In stirred batch reactors, the stirring impeller
generates a nonuniform velocity field across the reactor, affecting the energy dissipation yatg. Var
the feed position results in differing local energy dissipation rates where the feeds enter reactor,
significantly affecting the macromixing behaviour. In contrast to the total flow rate, the effect of the
flow rate ratio on the mixing performance heeen rarely investigated and vary across the mixers

with different structures, i.e. different mixing mechanism.
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Figure 311 The mixing index as a function of the flow rate ratio.

3.3.2 Quantification of the mixing performance on the microscale using Villermawushman
method

Micromixing represents the final stage of mixing, essential for achieving moleoalt
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homogeneity. Given that all the chemical reactions occur at the molecular scale, the efficiency of
micromixing within the reactor strongly impacts the reaction performance. The mixing performance
on meseand macromixing has been studied by dye visuadisatbove, which helped determine the
minimum scale of segregatiamnly dimensions at the moleculscale achieve the homogenization.
[205] A smaller minimum scale of segregation helps to achieve higher micromixing efficiency.
Typically, the micromixing efficiency can be evaluated by several fast competitive or consecutive
reaction schemes which are sensitive to the micromixing qu@ag] Among these methods, the
Villermaux-Dushman method based on the iodinigate reaction system has been widely employed

to assess the overall micromixing performances of various m[26r3,.

3.3.2.1 The effect of total flow rate

Figure 3.12 (aphows the plot of the segregation index as a function of the total flow rate with the
flow rate ratio of 1, and the concentration of reactants kept constant. When the total flow rate was 1
mLmin 1, the segregation index waskigh as 0.038, indicating a poor micromixing efficiency. As
discussed in Section 3.3.1.1, the mixed solution and sulphuric acid solution flowed side by side at

1 mLmin 1. Hence, the competitive reaction system occurred at the interface between two reactant
streams and was limited by molecular diffusi@. ions were consumed preferentially y6 U

ions at the interface, and the formatiori@¥vas limited initially. However, along the flow direction,

the unreacte@® and"O0 ions at the interface gradually diffused into the sulphuric acid solution,
leading to the formation of a large amount@énd subsequei® ions, and thus a high segregation
index. As the flow ratio increased from 1 to 6 mLminthe segregation index decreased significantly
from 0.038 to 0.0037. This indicated that a better micromixing performance could be achieved at a
higher total flow rate. With the further increase of the total flow rate, only a slight decrease in the
segregtion index was observed, implying the enhancement effect of the evaluated total flow rate on
micromixing was not pronounced over 6 mLminlt was evident that thetal flow rate showed the
same effect on the micromixing performance as that on the-medanacromixing performances
(quantified by the mixing index in Section 3.3.1.1). This was because the intensities of the secondary
flows were enhanced with the iearse of the total flow rate, leading to an improved masd
macromixing. A better mesand macromixing performance could offer a more uniform

concentration distribution, which could inhibit the occurrence of Dushman reaction. In conclusion, the
enhancedecondary flows could reduce the minimum scale of segregation, which facilitated the
mixing on the microscale. The micromixing time decreased from 0.17 to O(6@guse 3.12 (C)ps

the flow rate increased from 1 to 9 mL/min, which is coincide with the enhancement in micromixing

performance.

3.3.2.2 The effect of flow rate ratio
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Figure 3.1219) shows the effect of the flow rate ratio on the segregation index. The segregation index
decreased from 0.014 to 0.0016 as the flow rate ratio increased from 0.125 to 1. As the flow rate ratio
further increased from 1 to 4, no obvious change in the segmegadex was observed. Initially,
Villermaux-Dushman method was widely used for evaluating the mixing performances of batch
reactors. When this method was implemented to the continuous reactor, Equiatian® 318 must

be satisfied atifferent flow rate ratios. In other words, the molar rati@»fions should be kept
unchanged. Hence, the concentratiofQofions should increase with the decrease in the flow rate of
H.SQy solution. The Dushman reaction was more sensitive to the concentratibioosHompared

to the nebulization 6D 60 . [208] Kdbl and co-workers found that the absorption®f(i.e.
segregation index) increased with the increasing concentration imns and Dushman reaction

mainly happened if® ionsrich region.[209] For microreactorsstudyingthe effect of flow rate

ratio, the segregation index decreaséh the increasing flow rate of23Q; solution (i.e the

decreasing Hions concentration]210] Similar to the previous studies, as showkigure 3.12 (b)

the segregation index was strongly determined by the concentrat®niohs in this study, which
varied with the flow rate ratio (the same phenomenon as we discussed in section 3.1.2). When the
flow rate ratio was 0.25, tHi® concentration was as high as 0.12 M, leading to the maximum value
of the segregation index. When the flow rate ratio increasedZior8, there was only a slight

increase in the concentration of idns, so the segregation index mainly related to the micromixing
performance. Therefore, when the flow rate ratio changed, many factors, including the multiscale
mixing performance and initial concentration of reactants, finally affected the reactiomdoeha

Here in order to provide a more comprehensiveetstdnding of micromixing performandbe
micromixing timehas been incorporated an additional factor. As shown igiie3.12(d), all the
micromixing time fluctuated around 0.005 s. Considering the precision of the model, it could be
concluded that the micromixing times at different flow rate ratios are of similar magnitudes.
Consequently, it was reasonable that the micromixing tiras nearly independent of the flow rate

ratio.
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Figure 312 Plots of segregation index §Xand micromixing timas a function of (ac) total flow rate, R = 2; (bd) flow
rate ratio, Qota = 9 mLmin 2,

3.3.3 Continuous synthesis of the Ag NPs

The mixing performances at muticales in Corning AFR have been discuseeskctions 3.3.1 and

3.3.2 This sectionwill evaluate the influence of mixing characteristics on the continuous synthesis of
nanomaterials (i.e. spherical Ag NPs as a case), mainly on the average particle size and PSD. Earlier
studieshavedemonstrated that the particle size of Ag NPs is closely related to mixing
performancg211] Better micromixing leads to higher and more uniform local supersaturation
instantaneously, and thus fast nucleation rate and smaller average particle size and narrower particle
size distribution. The aforementioned results showed that the total floanciftow rate ratio had
significant effects on the flow and mixing characteristics, so it could be anticipated that these two

parameters affected as well the particle size distribution of Ag NPs.
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3.3.3.1 The effect of total flow rate

In thisexperimentNaBH; solution was injected intthe AFR from inlet 1 (side flow), and Ag

precursor solution was injected from inlet 2 (central flow). The total flow rate increased from 1 to

9 mLmin ", and the flow rate ratio was maintained afFitjure 3.13 shows the UMs spectra of Ag

NPs synthesised at different total flow rate, and the corresponding TEM images and PSD at 1 and

9 mLmin 1. Both samples exhibited spherical morphologies, and the particle size distribution of
aspremred Ag NPs can be deduced by the full wavelength at half maximum (FWHM), the larger the
FWHM, the wider PS[)22] The UV-vis absorption spectra of Ag NPs synthesised at low total flow
rates (1 mLmin?) exhibited an asymmetric shape, i.e. a main peak at ca. 388 nm and a shoulder peak
at ca. 410 nm. Correspondingly, a bimodal PSD measured from TEM images was shown in Figure
3.13 (c). As the total flow rate increased from 1 to 9 mLrhithe shoulder peakf UV-vis

absorption spectra in Figure 3.13 gaxdually disappeared, along with the FWHM decreasing from

65 to 52 nm and the average particle size decreasing b8 to 4.6 +£1.8 nm, respectively. The

Ag NPs synthesised at 9 mLmihshowed a symmetrical absorption peak around 388 nm, which was
the characteristic absorption peak of spherical Ag NPs, and corresponds to the unimodal PSD in TEM
images. This indicated that increasing the total flow rate could obtain uniform particlesnaitiow
PSDfor Ag NPs.
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Figure 313 (a) UV-vis absorption spectra of Ag NPs synthesised at different total flow rates; (b) FWHM as a function of the
total flow rate. The line is given as eye guide only. TEM image and particle size distribution of Ag NPs synthesised at (c) 1
mLmin - (d) 9 mmint. R = 2.

Taking the results obtained in flow visualisatiand theVillermaux-Dushman protocol into

consideration, the effect of the total flow rate could be merely attributed to the change in micromixing
performance. The worst micromixng performance at 1 miinduced the widest PSD. As

discussed above, Ag NPs are formed by burst nucleasialescribed by the classic nucleation
mechanismfollowed by further diffusion growth, Ostwalgbeningor coalescencgl105] At 1

mLmin -, the NaBH solution and Ag precursor solution flowed side by side. The reduction reaction
occurred at the interface between these two flows in the beginning. When the supersaturation of Ag
atomsexceeded the critical value, nuclei formBdie tothe slow molecular diffusion, both

homogenous nucleation and growithexisting nuclei as the nucleation sitesildoccur Poormixing
performanceausecucleito format different positions along the flow direction, which experienced
different growth histories, and hence a wide PSD. When the total flow rate increased, the micromixing
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performance became better, thereby uniform reaction environment, leading to a smaller PSD and

narrower particle size distribution.

In this section, the molar ratios between NaBHd AgNQ is 6 to 1, andCsHsNasO7 and AgNQ were
maintained at 3.5 and 1, respectively. According to the literatureioAg reacted with Bidions under

the basic environment via the following equatif21:2]
prec " wowr e/ v/ (3-25)

It was apparent that a large excess of NaBbk used in this study. Although from 1 to 9 mLmtin
the residence time decreased from 4@@ 18s, the chemical reduction and nucleation reaction
happened within milliseconds. Then a small numberystal unitsinished growing into particles
within seconds[25] So the particle size and PSD are mainly dependent on mixing performance.

3.3.3.2 The effect of flow rate ratio

In line with the above experiments, the flow rate ratio was varied from 0.25 to 8, while the total flow
rate was kept at 9 mLmirt in this sectionFigure 3.14shows the UWis absorption spectra and
corresponding TEM images and PSD of Ag NPs synthesised at different flow rate ratios. As the flow
rate ratio increased from 0.25 to 8, the FWHM decreased from 70 to 49 nm. This implied that the Ag
NPs synthesised atgher flow rate ratio had a narrower PSD. It was further confirmed by the results
of TEM, theaverage patrticle sizes of Ag NPs synthesised at 0.25 and 8 were 7.5 +3.9 and 4.3 +1.8
nm, respectively. Evidently, when the flow rate ratio was varied from 2 to 8, the particle size
distribution of Ag NPs did not change following the same trend as th&soale mixing performance.

The similar phenomenon has been already found in VilleraRatsshman method (Section 3.3.2.1).

As discussed in flow visualisation, the central flow exhibited the largest width at the flow rate ratio of
0. 25. As depicted iRigure 3.14only a minor amount of MB from the side flow diffused into the

interior of the central flow and MB concentration at a very low level. Therefore, it could be expected
that the diffusion of Bl ions from side flow (NaBHklsolution) into the interior of central flow (Ag
precursor solution), or the diffusion of Amns from the interior of central flow to the side flow

requires a longer time at the flow rate ratio of 0.25, as compared to other flow rate ratios. In this case,
the nucleation of Ag NPs happened a longer duration along the flow direction uniiin&gvere
completely consumed. As a result, Ag NPs with a broader PSD were obtained at the flow rate ratio of
0.25. At the flow rate ratio of 8, the width of the Ag precursor stream was the narrowest;, so BH

could migrate quickly across the Ag precursor stream. Although the mixing performance was far
away from ideal mixing, most of Adons could be reduced in a short period, because excessive
NaBH: was used (the concentration ratio of NaBIAg*is 0.75/1). Consequently, a narrower particle
size distribution was obtained at the flow rate ratio of 8 as compared to 0.25. It is concluded that the

average size and morphology of nanomaterials could be tuned by changing the width of the central

56



Chapter 3

flow. Similar conclusions have been obtained in earlier studies, Lu awdrgers reported that while
changing the flow rate of the side flow, the outer profile of the central flow and the molar ratio of two
reactants varied, leading to the formation of #ybrid materials with different morphologi¢213]

(a) w ()
06 704
04 ; 4 654

02 5 £
=60
Jro F
Z
y fé"" 50-
2 = 45 . . " :
e s "‘é‘ 0 2 4 6 8 10
7 arzs
300 400 500 600 700 200 Flow rate ratio
Wavelength /nm

>
o

8

d=43%18nm
n=333

(C) . i ::;-15:3.9..... (d) oy

-
o

4

Relative fnquuncy 1%

o o
s —=

A N
5 10 15
Particle diameter /nm

Figure 314 (a) UV-vis absorption spectra of Ag NPs synthesised at different flow rate ratios, (b) FWHM as a function of the
flow rate ratio. The line is given as eye guide only. TEM image and particle size distribution of Ag NPs synthesised at the
flow rate ratio of(c) 0.25 and ) 8. Qota= 9 mLmin 1,

3.4 Conclusion

In thischapter the influence of multiscale mixing performances@forning AFR Lab Reactor
module on silver NPs synthesis has been studietthe first time Firstly, the flow and mixing
characteristics (mainly on the mesmd macroscale) of two miscible liquids in Corning AFR were
conducted by dye visualisation for methylene bhager system. It was found that both the total flow
rate (19 mLmin ") and flow rate ratio (0.2B) significantly affected the flow and mixing
characteristics. With the increase in the total flow rate, a flow pattern evolution from laminar flow
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(1 mLmin %) to a complex flow containing transverse advectiof (BLmin ) was observed. The

mixing index increased with the increase in the total flow rate, indicating a better mixing

performance. The improved mixing performance at evaluated total flow rate could be attributed to the
enhanced secondary flows (i.e. transverséon caused by the collision with thedhiaped obstacle,
expansion vortices and Dean vortices) originating from the unique structural feature of reactor cell. As
for the flow rateratio, it affected the widths of the central and side flows in the jet zone, i.e. initial
concentration distribution profile across the combined stream, thereby inducing different mixing

performances. The best mixing performance was obtained at theatiowatio of 0.25.

Subsequently, the micromixing efficiency which strongly affected the reaction performance was
studied bythe Villermaux-Dushman method. The segregation index as well as the micromixing time
decreased with the increase of the total flow rate, implying a better micromixing efficiency. The flow
rate ratio affected the segregation index in a complex manner. Aceolbgvitrate ratio studied, the
micromixing performance was related to the diffusion width and solution concentration distribution.
When the continous synthesis of Ag NPs was carried out, a similar phenomenon was observed. As
the total flow rate increased, the PSD of Ag NPs became narrower due to the better micromixing
efficiency at the higher total flow rate. When the flow rate ratio changed, be®P&g NPs was
dependent on the width of the Ag precursor solution rather than the degree of mixing, because an
excessive amount of NaBMvas used. To sum up, the aforementioned results provide a deeper
understanding of the flow and mixing characteristiagl their effects on the particle size distribution
of Ag NPs in a Coning AFRThis maypave the way for large scale production of gimgable Ag

NPs inthefuture
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Chapter 4. Continuous synthesis of Sn@and Au@SnO; NPs in micro-capillary
reactor

4 1 Introduction

SnQ, an important fiype semiconductor with a direct wide bandgéf.60 eV at 300 Khas been
widely used in various photocatalytic reactions due to its-teng stability, high oxidation potential
and chemical inertness, ntoxicity, etc.[135] Traditional synthesis methsdf SnQ NPs such as
hydro-/solvothermal chemical precipitationsolgel methodstypically require complex equipment,
the use of toxic solventand timeconsuming higitemperature or higpressure processasaking
them less suitabl®r largescale commercialisatiofil37][137][138][140] Taking the advantage of
microfluidics with excellent heat/mass transfer performance andsalability potentiglwe initially
synthesisd SnQ NPsby adjusting the supersaturation and the polarity of solution using a

microreactor to achieve the continuous synthesis at low temperature and low pressure.

For the wideband semiconductorscorporateglasmonic metal nanostructures are commonly used
to enhance thesolarlight harvesting in photocatalyqi85] [214] Traditionally synthetic strategies
includesolimmobilisation, impregnation and guecipitationtechniques[83][84][149] However,

these semtontinuous synthesis approaches pose challenges when scaling up production. To address
this limitation and enable higlrolume production, wanitially investigatea straightforward method

for the continuous synthesis of Au@ Sri@micro-capillary reactorThe solar energy conversion
efficiency of this binary composite photocatalyistdetermined by the type, material features,
geometric arrangement of the building blocks. To identify the most effective structure with superior
photocatajtic properties, three different methods were explored to incorporate Au NPs with($nO
Au NPs coated on the Sa@atrixes, (2) Au NPs surrounded by Smatrixes, and (3) Au NPs
embedded with SnOnatrixes.

4.2 General experiments and methods

4.2.1 Chemicals

Tin(IV) chloride pentahydrate (Sn&H -0, Scientific Laboratory Supplies), hydrogen

tetrachloroaurate (Ill) hydrate (HAuCIAcross Organics), trisodium citrate dihydrate

(CeHsNagO72H,0 , 099 wt %, Sigma Al drich) ,4i12wtthinddM bor ohy
NaOH, Sigma Aldrich), Rhodamine B (RhB;sB31:CIN2Os, 1% extinction, Fisher Bioreagents),

sodium hydroxide (NaOH, >97.5%, Scientific Laboratory Supplies), absolute ethaHeD(C

SigmaAldrich) all these chemicals were used as received withwtlter purification. Deionise(DI)
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water (resistivity of 18. 2 Mq A camili-Quétrapdire water a | | e X
system.

4.2.2 Characterisation of nanoparticles

The structure wasonfirmedby X-ray diffraction (XRD) analysis with a Bruker D8 (@uU r adi at i on
= 0.15418 nm) 0-80@ Frangmission 2lektron micragapy ¢TEM) 2rtades were
obtained using a FEI Tecnai 20 TF20 FEGTHEMd thamage Joftwarewas utilisedo obtain the
areaequivalent diameter of Aand Sn@QNPs.To avoid possynthesis agglomeration problem during

dryingt he Au NPs specimens for TEM analysis were pr
[195] [215] To understanthe nucleation process of Sni@ the microfluidic reactoraliquid cell

TEM (LCTEM, with SiNy membraneswas useénd images undertaken in FEtan® Themis G2

TEM. UV-vis ogptical absorption spectiaf the productsvere obtained by a Cary 5000 Xis-NIR
spectrophotometer. The photoluminescence (PL) intensity of the samples was detected using a
fluorescence spectrometer (Cary Eclipse, Varian Medical Systems, DISAJV-vis spectra of the

asprepared Au NPs were recorded on an Agilent Cary 6&vid\épectrophotometer between 400

800 nm with a wavelength resolution of 2 rithe BrunaueEmmettTeller (BET) specific surface

area of the samples was determined through nitrogen absorpti®68&€. All the samples were

degassed at 10C for 5 h before measament.

4.2.3 Photocatalytic activity test

The photocatalytic performance of pristine Sa@d AuU@SnQG was evaluated by degradation of
Rhodamine B. 3dng of catalystpowder vasadded tdl00ml Rhodamine B (RhB3olution
(concentration 010 mg/L). Before irradiation by solar simulat(¥50 W xenon lamp fitted with an
air mass 1.5 global (AM 1.5G) filteQriel® Sol3A™, 1 sun illumination, 100 mW crfwith light
filter > 400 nm) the suspension was stirredtiredark for60 mins to reach the adsorption
equilibrium. 3 mL of the suspension solution were taken out at3aotin interval and centrifuged
for 10 min to obtain the supernatant. The residual concentratiRhBlye in the supernatant was
measured by a UVis spectrophotometer (Perkin EBmMLAMBDA 265) at554nm.

4.3 Synthesis of Sn@nanocrystals inbatch and microreactor

The hydrothermal methad a widely utilised approach for synthesizing Sn@nopatrticles,

involving a reaction within an autoclave under elevated pressure and high temperature. The resultant
productsarewhite precipitates or clear solutions from the chemical reaction between tin (IV) chloride
and sodium hydroxiderhich are closely linked to the final pH values. At lower pH value, total or

partial precipitation ofY€0 "O is formed according to the following reaction (Equatieh)4
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Subsequently, through heating within the autoclave, the preeipitat O decomposes to SrO
nanoparticles (Equation2). [216]

YO TOw0OYEOO 1O WO & (4-1)
YESO  YH® (OO (4-2)

When exces8 O is added the white precipitatéréd 'O dissolves by reacting with abundant
hydroxide ionsith the intermediate hydroxid&¥¢0 "O formed (Equation 48). Then during the

heat treatmeraf the hydrothermal methoavhen the solution critical concentration reaches
supersaturation, the Sp@uclei are formed spontaneously throagtondensation reactiof216]

[217] When theemperature further risesspeciallyjuponreaching the supercritical regiroéthe

solutions thepolarity - distribution of charge within the molecules of the solutican undergo a

shift. Thischange in polaritinfluences the way Sn@rystals grow, leading tanisotropic growth

where the crystals preferentially grow in certain directidusf et al. [67] reported that Sngxrystal

growth explodes and anisotropic nanorods formed when the hydrothermal temperature increases to
400°C. At this temperature, t hpolarwtatgcentrifusBngtothe uct ur e
observed effectd(azuyoshiet al.[218] reported the synthesis of culshaped Sngnanocrystals by
utilising SnCl and NaOH, along with ammonium hydroxide as a surface capping agemnt,a
hydrothermal method 450°C for 24 h.

YEGO 0 G000 OYES O 4-3)
6 &YYES'O  YH  c0 &0 OO0 (4-4)

4.3.1 Thesynthesisof SnO; nanocrystalsin batch reactor

Theaim of this experimental ifo synthesie SnQ nana@rystak under roorpressure and low
temperatureondition.Firstly, we explore the impact of varying concentrations of NaOH and.SnCl
on the production of SnOTo achieve this, we condecta series of experiments in batch reactdrs
room temperature with 5 mins reaction tiraed the photographs of reaction mixturesssr@wn in
Figure4.1. SnCk (0.05 M) wasmixedwith different concentraticsof NaOH solution (the molar
ratios of SnCJto NaOH range from 1/3 to 1/12) at room temperatfeen the pH valugas

between 1.16 to 10.98he molar ratios 08nCkL to NaOH rangeroundfrom 1/3 to 14.5), total or
partial precipitation ofY¢ "O wasformed according to the following reaction (Equatibg).

When excess 'O wasadded,a clear solution was obtained, and the white precipivaé O
dissolved immediately byeacting with abundant hydroxide ions, the intermediate hydroxide

"Ye0 'O formed when pH value reaches up to 10.93 (Equatidn 4
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mmmmm

SnCl4/NaOH
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Figure 4.1 Photographs of reaction mixtures ®iCk (0.05M) mix withvariousconcentratios of NaOH solution
(the molar ratios of Sn@to NaOH range from 1/3 to 1/18) vials, room temperatures minsof the residence time

The molar ratio o5nCkL (0.05M) to NaOH(0.3M) was maintainedt 6 resulting in a clear mixture
solution with a pH value of 12.7ft aqueousolution,”Y¢0 "O has higher solubility at room
temperature withoutrystallisation ofSnQ. To induce Sn@precipitation, we maintained the reaction
temperature at PQ, 8C°C, and 9€C, resulting in successive decreases in precipitation formation time
to 17 mins, 7 min 55, and fimlly 5 mins.It shows that athe temperature increast® solution

reaches a critical concentration whére Unuclei formthroughagglomeratiofEquation 44).
Furthermoreto investigatehe influence of SnGlconcentration, it was maintained at 0.1 M, 0.05 M,

and 0.025 M. The precipitation formation time increased successively frons2®srto 5 mins. At

the concentration of 0.025 M, there was no precipitation even after 30 mins at a reaction temperature
of 9C°C. The experimental findings indicate th&t\eating both the temperature and SnCl

concentration improved the precipitation prooasSrO, nanocrystks.

To furtherspeed up the Sn@ynthesis procesd room temperaturethanol was added to the

solution of SnCland NaOH mixtureSnQG white precipitatevasformed (confirmedby the XRD

resultin Figure 4.3219]) evenat room temperature when the molar ratio of StCNaOH ranges at

and below 1/6, as shown in kig4.2. However, when the concentration ratio of SWT&OH

decreases frort/7 to 1/12, no precipitation occurs at room temperature. The lack of precipitation
attributed to the excess alkali, which suppresses the nucleatim®ef[$18] Theresultant
precipitationwas centrifuged (5000 rpm, 30 min) and washed with ethanol and water repeatedly until
the absence of chloride ion gNO;s test) [220]
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Figure 42 Photographs of reaction mixtures ethanol adding into Sn€Wwith different NaOH mixture solution (the molar
ratios of SnCito NaOH range from #/5to 1/12) at room temperature (the volume ratio of ethanol to A4&DH mixture
is 1/1).
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Figure 43 XRD pattern oBnO; precipitationssynthesising by adding ethanol irBaCk with NaOH mixture solutioat
roomtemperature, witlthe molar atio of SnCJto NaOH 1/4.5 and the volume ratio of ethanol to SN2IOH mixture
1/1

The polar characteristic of the solvent is proposed to influeattenucleation and growth process of
semiconductor nanopatrticles. For minerals and solid electr¢88gs

66 16 16 (4-5)
Y o= — 7 (4-6)
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Whereb | T isthe total number of ions in each formular udlit,is the mean activity of the
ionic speciese andd are the activities of cation and anian, is the product solubility}Yis the

supersaturation.

When adding ethanol, the decreased polarity of the solution will rapidly decrease the solubdity

SnQ and then increase the supersaturatioso the rapid crystallisation form suddenly with smaller

SnQ nuclei from the intermediate hydroxidésid"Y¢0 "O . [221] To observe the precipitation

process of Sngin situ liquid cell TEM was used. Dual inlet liquid streams of ethanol and the
SnCl/NaOH mixture solutiorfthe molar ratio is 1/6jere mixed and flowed througtiiquid cell

chip at room temperature. Amorphous Sparticles nucleatedithin 1sandthen aggregatet

diameters of up to hundreds of nanometsi®wn in Figire4.4. However the spatial resolution of

the experimentandertakerdoesnot provideinsight into the question of whether nucleation occurs

via ion-by-ion attachment,aspérc | as si ¢ n u, orlwhethér stable ortmbtastableyclasters
serve as the primary species of additiomase h a s si ¢ n u cAsdoatheiSn@hthet heor y 6
solution is saturated so quickly when ethanol is added that a high number of nuclei of the precipitates
are generated suddenly. So, the high nucleation rate will lead to the formation of small, irregular
crystal in a very short time with morphologgrdto control.The irradiating electrons have a strong

effect on the local pH of the solution and colloid aggregaf2R] To rule out aggregation caused by
changes in pH value, ttf8nCl/NaOH mixture solution (the molar ratio is 1/6) were mixed and

flowed through a liquid cell chip at room temperature without adding ethanol. After 30 s, no
aggregation was observed. This implies that the addition of ethanol gtdedermation of Sn®

nanocrystals, and the cause is not attributed to a change in local pH values.

Figure 44 STEM images ofutleation and growth process of Sn®ystalsby adding ethanahonitored by in situ LPTEM
at room temperature.
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The morphology of nanoparticlean also benfluencedby solvent polarityhroughadding organic
solvents Khozaet al.[223] reported that the intermediate hydroxideg 0 'O convert intod & 0
with varying morphologies when subjected to different polar solvent mediums, water, ethanol, or
acetone under microwave heating at 12@or 15 mins. Specifically, a mixed solvent of water and
ethanol is commonly employed in the hydrothermal method for the formation efn@n@ods,

which elongate theic axis to formnon-spherical like hierachicalanostructures. It is well accepted
that SnQ prefer to grow along the [001] direction with the (110) facet, because the surface energy per
crystal face candsequenced as (110) < (100) < (10A17] [218] The driving forces for the growth

of 1D SnQ nanaods are believed to originate from the chemical potential in the ethanol/water
solution am the inherent crystal structure of&n[224] In another investigation binderanet al.

[217], acomplete conversion from nanospheres to nanoplates and finally nanoB8m3 efere
successfully synthesised through hydrothermal treatment &C1®@h different concentration of
SnClbH ,0 (0.04M710.16 M)dissohedin a solution of ethanol and water

We propose that ethanol can speed up the nucleation ofdébidver temperatures, prompting small
nuclei agglomerate into gsi-sphericalparticle size range from 5800 nm)without undergoing

further anisotropic growth. As the temperature increases, the water/ethanol mixture solution could
help to form the Sngnanorod structures. To validate this proposition, we obtained i&rdth a
microreactor (90C, 5 mins) and an autoclave (a 50 mL Teflmed stainlessteel vessel, 25T,

24 h) by reactingthanol with SnGI(0.05 M)/ NaOH (0.3 M) mixture. As shown in Figre4.5,

SnQ NPs with bothguasispherical andhanorod shapdgsimilar as the morphologies reported in

[217] and[224]) were formed in microreact@Figure 4.5a)) and autoclavéFigure 4.5 (b))

respectively.

Figure 45 (a) TEM image of pristine Sn@phericalsemiconductor synthesised in microreactor’@P5 mins. If) SEM
images of Sngnanaod semiconductoin autoclave 250°C, 24 h.
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4.32 Experimental setup of SnO, nanocrystalsin microreactor

Here toscale up th@roduction ofSnQ nanocrystals, lab-made microreactor systewas made,
shown in Figire4.6. A helical polytetrafluoroethylene tu(250 cm,PTFE, IDEX Health & Science
LLC) with 1/16inch inner diameter and&inch outer diameter coiletitjhtly around a cylindrical
support (diameter is 20.06m).0.05M (1.751 g) of SnCJ-5H,0 and0.3 M (1.2 g) of NaOH (the
molar ratio of NaOH/SnGls 6/1) wasusedas the precursor solutiohwo syringe pumps (Chemyyx,
Fusion 100) were used to delivbe SnClW/NaOH solution and ethanehchwith a flow rate of 0.5
mL/min and aresidencdime of5 mins.The two streams were mixed in a T mixer (PEEK, 0.50 mm
through hole, IDEX Health & Science LLClhe reactor was immersed in a constaniperature
waterbatch to maintaiareaction temperature of 9C. At the outletanitrogen cylinder was used to
control the system pressureensurghat no bubbles were formed iretfystem and the reaction was
guenched by using ice baffheresultantprecipitationwas centrifuged (5000 rpm, 30 min) and
washed with ethanol and water repeatedly until the absence of chloridegi®{#est) [220]

SnCJ + NaOHsolution

90°C

Water bath

ethanol solution

Residence time: 300 s

Figure 46 Schematic diagram of the experiment setup for:$e@iconductor synthesis.

4.4 Thecharacterisation results and photocatalytic property of Sn@synthesising in
microreactor

Figure4.7 (a-c) showsa TEM image of pristingoolycrystalline Sn@and the correspondirfgast

Fourier Transforn{FFT) patterns obtained in microreactor. SrgBows a quasspherical

morphology, and its crystallites display random orientation, causing the lattice fringes to be rotated in
different directionsThe broad diffraction peaks in the XRD pattern (JCPDSL445, a tetragonal

phase with &1 74 & dspace groum).r) imply small grain sizes (Figure 4.7 (d)he crystallite size
measured in TEM image is 3.060.51 nm using software Imag, which agrees with grain size (3.12

nm) calcul ated acforowla219g to the Schereros
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Q Tl GEi — (4-7)
where O0.89 i s fBrephere_iséhe dray wavelength—s the Bragg diffraction

angle, and is the full width at half maximum (FWHM) of the diffraction peaks.

The tetragonal crystal structure was identified byRR& patterns (shown in Fig-#0 (c)), which are
indexed to the distinctive (110), (101), (211), and (112) planes of. Si@fringe patterns are in
harmony with the peaks obseniadhe XRD pattern.

3.06 £0.51 nm
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Figure 47 (a) TEM imageof a large grouping of SnENPs, with particle size of ~ 130 n¢b) higher magnification TEM
image where individual ~ 3 nm crystalline nanopatrticles are vis{pjecorresponding Fourier transformationd)(XRD
pattern of pristine Sn©semiconductor synthesised in microreactor®@p5 mins.

The optical absorption of pristine Sp@as monitored througbV/Vis diffuse reflectance
spectroscopy, shown in kige4.8 (4). The Sn@nanoparticles only respond to the UV light and no
absorption could be observed in the visible wavelerigih.band gap energy was calculated from the
UV-vis spectra using the TAUC mod§25] This model relates the absorption coefficient to the
energy of the incident photon by the following equation:
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| 0 Q® © (4-8)

WhereO is the band gap energ@ is the energy of the incident photdfiis a constant, and U is
the absorption coefficient which can be defined by Bearmb er 6 s | a we depefdgeone x ponen

the type of transition. For Sn®IPs, the value df is 1/2for the direct allowed transition.

Plots off "® versus® can be derived from the adsorption data iruFégh.8 (b). The intercept of

the tangent to the plot gives an approximation of the band gap energy of the semiconductor. The
estimated band gap valuekpure SnQis 3.24 e\, whichis less than that of the bulk Sn3.62 eV).
The narrowing band gapight be due to thap-shift of the valence band maximum induced by the
presence of the oxygen vacancies/defects in the. §2&8] Arik et al.studied that the oxygen
vacancy defects in semiconductor nanocrystals act as active centres to capture the photoinduced

electrons, which will control the electrdmle recombination process and thus their photocatalytic

properties[227]
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Figure 48 (a) Diffuse reflectance UWVisible (DRUV) spectra andb) Optical band spectra of pristine Sa€ynthesiseth
microreactor 90°C, 5 mins.

The surfaceelated defects of pristine Sp@ere investigated by Raman spectroscopy, shown in
Figure4.9. Here the Sn@nanocrystal is rutile in nature with the space grbupand the normal
l attice vibration at t hvenbjyEquaton49f20]2lF t he Brill oui

3 po po po po po co pO 00 (4-9)

Where6 ,0,0 ,andd are the Raman active modes. The Raman spectrum of SnO
nanoparticles, where peaks at 474, 630, 773cmrespond t® ,0 , andd vibration modes,

respectively. The peak at 577 €mwhich is not detected in the bulk rutile Sri®assigned to the
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surface defects of the Sp@anocrgtals.[230] Compared with the Raman peaks of bulk rutile $nO
the broader Raman peaks is related to the nanocrystalline nature of the prepared SnO

(a) (b)
10000 100 Raman Spectra for Bulk SnOx
577 {surface defacts) 1 633 nm {A lg}
8000 - -_— Bn 1
630 (A, , acti de) =~ 1
Q‘ S 60,
'.::\. 1
4000 - —
w 401
773 {B,,, active made) 5 ) {BIF:' 774 mm
2000 4 474 (E,, active made) 474 i (Eg)
t 204 &
0 1
400 500 600 700 800

T T T
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Raman Shift (cm ') Raman Shift :cm'1}

Figure 49 Raman spectra off pristine Sn@nanoparticles synthesiséa microreactor 90°C, 5 minsand ) standard
bulk Sn@, cited from the copyrigH227].

In evaluatehe photocatalytic performance of Sn@anoparticleexperiments were conducted using
Rhodamine BlueRhB) as a testompoundunderbothvisible lightand simulated solar light

conditions Hgure 4.10depictsthe absorption of RhBieasuredvery 30 mins toassesshe

photocatalytic property of SnOA blank experiment was investigated as comparison, no RhB was
degraded without catalyst under light irradiatiBare SnQ, charactased by its wide band gap,
exhibitedminimal photocatalytic activity under visible ligligure 4.10 (a))Undersimulated solar

light, only slight photocatalytic degradation was observed, however, this performance does not meet
the application requiremen{231] The pure SnG materials has the ability &hsorb UV light and
exhibitsome photocatalyticrppertieswhich has been reported befdf227][232] In conclusion, ér

the pristine SNn&NPs synthesised in the microreactor, their photocatalytic properties need to be tested

in the future work.
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Figure 410 7he absorption of RhB usir8nQ nanoparticlesas catalystsinder @) visible light and i) simulated solar
light.

4.5Summary

In this section the factors of pH value, precursor concentration, temperature, solvent paknety
studied orthe nucleation and growth procexsQ nanocrystals using hydrothermal methodin
batch reactorTo scale up theynthesis of Snénanocrystalswe transitioned the synthesis from a
batch reactor to microfluidic systenfor the first time. The system operates tgmperaturef 90°C,
with residence time of 5 minandutilizesethanol to accetate the Sn@agdomeration. The band
gap of Sn@nanocrystals synthesisedthe microreactor is 3.24 eV lower than the budktributed to
the presece of the oxygen vacay. However, its photocatalytic activity under the visible light and
simulated solar light remains negligible.

4.6 Incorporating Au nanopatrticlesinto SnOz semiconductor

The pristine Sng) as discussed above, exhibits no absorption in the visible light spectrum, thus
displaying almost no photocatalytic properties under simulated solarRiglstnonic
metal/semiconductareregarded as being a very effective way to enhance thelggiaharvesting

in the photocatalysis owing to therface plasmon resonance (SPR) effect and also prevent the hole
electron recombination by charge transfg@][51] Mostly the plasmonic metal nanopatrticles are

noble metals such as Au, Ag, Pt, etc.

The solar energy conversion efficiencyadfinary composite photocatalysts is determined by the
material composition, material shape and size featgegell as thgeometric arrangement of the
building blocks. Hereinthree different ways to incorporate Au NPs with Sm@re comparetb get

the best combination structure: @Y NPs coated on the Sa@atrixes, (2) Au NPs surrounded by
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SnG matrixes, and (3) Au NPs embedde®nQG matrixes.In order toachieveargescale
production of Au@Sng) we firstly employcontinuous microfluidic methods synthessethe hybrid
Au@SnQ compositdan amicro-capillary reactor.

4.6.1 Two-stage synthesis method foAu-SnO;: coating Au NPs on Sn@matrixes

In the first stage, the prepared Sn@L.05M)/NaOH (0.3 M) solution and the ethanol were injected
into the microreactathrough the Tmixer (PEEK, 050 inch through hole, IDEX Health & Science
LLC) to get the Snewith the same flowraté . 5 ) 98°@,i300 s. To incorporate Au NPs with
SnQ, afreshly prepared precursor agueous solutib@19 mM, 0.038 mM, or 0.076 mMAuUCl,)
was pumped to mix with the production in previous sttgeom temperature for 300 s.
Subsequently, theeducing agent solutioriNaBH/HAuUCI, = 12/1, NaCA/HAuUCl, = 5/1) was
pumpedo synthesis Au NPs at 9D for 180 s shown in Figire4.11 The resultant precipitation was
guenched in ice water and then centrifuged and washed as producing pristinEH&tk®oretical
weight ratio of Au NPs to Snds 0.025 wt%, 0.05wt% and 0.1 wtdssuming all the Au+ has been

reduced to Au atoms

5n0, NPs
SnCl, + NaOH solution 2 Au NPs
90°C Mixing 60°C
Water bath |Boom temperature
ethanol solution - 1
Residence time: 300 HAuCI, solution Mixing time: 300 s Residence time: 180 s

MNaBH, + Na,CA soluticn

Figure 411 Schematic diagram of the experiment setuppAieSnQ two-stage synthesis method

4.6.2 Two-stage synthesis methotbr SnO-Au: Au NPs surrounded by SnQ matrixes

To precisely control the particle size distributmfmetal nanoparticleshe preparatioprocesof
Au@SnQ catalysts comprisgwo main steps: (i) synthesis of sizentrolled Au NPs; (ii) self

assembly assisted precipitation of Sa@und the preformed Au NAs. the first stage,

monodispersed Au nanoparticles were prepared in spiral microreactor following a modified protocol
[233]. The synthesiprocesavas carried out at 6 using freshly prepared precursor aqueous
solution 0.019 mM, 0.038 mM, or 0.076 mMAuUCIs) and reducing agent solutioNgBH/HAuUCI,
=12/1, NaCA/HAuCl, = 5/1). Both solutions weratroduced into reactor using syringe pumps with
vol umetric f | §andwithearesidefce tinef80A mi n
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In the second stage, the obtained Au colloid solution was directly fed intetgpessiixer(PEEK,
0.20 inch through hole, IDEX Health & Science LLB} the same time, the prepared SiYQlaOH
solution and the ethanol were injected into with the same flovOratés 1) somn im Figure 4.12
Thetheoretical weight ratio of Au NPs to Sp(3 0.025 wt%, 0.05wt% and 0.1 wt%.

. Au NPs SnQ NPs
HAuC] solution SnCj+ NaOHsolution
60°C 90°C
. Water bath Water bath
NaBH + NaCA solution ethanol solution
Residence time: 180 s Residence time: 300 s

Figure 412 Schematic diagram of the experiment setufsio®-Au twostage synthesis method

4.6.3 One-pot synthesis methodor SnO,-Au: Au NPs embedded in Sn@matrixes

A third methodwas attempted in an aita achieve high dispersion of AlPsand Sn@ nanocrystals
with an intimate contadiy prepaing both components cooperativeljhree solution inlets of
precursor solutionHAuCl4 (0.019 mM, 0.038 mM, or 0.076 mM$nCl (0.05M)and NaOH0.3
M)), ethanol andeducing ageniNaBHJ/HAuUCI, = 12/1, NaCA/HAuCl4 = 5/1) were pumpedia
crosstype mixerinto the microreactor, shown in Rige4.13. The SnQ@can be precipitated out from
the solution with Au NPs formed after the reduction of Athe Au NPswould betrapped inside the
precipitaed SnG with good mixing.Thetheoretical weight ratio of Au NPs to Spi@ 0.025 wt%,
0.05wt% and 0.1 wt%.

NaBH + NaCA solution

l 90°C

HAuUCI + SnGl+ NaOHsolution

Water bath

ethanol solution
Residence time: 300 s

Figure 413 Schematic diagram of the experiment setupfapot SnQ-Au synthesis method
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4.7 Results and discussion

4.7.1.Au NPs coated on the Sn@matrixes

Figure4.14 illustrates theoverallmicrostructure of theompositematerial,depictingAu NPs

adhering to the surface of Sp@anocrysta. The method employed (Figure 4.11) achiezed
theoretical weight content of Sa® Au aroundat 0.05 wt% Hence establishinga robust bond
between plasmonic metal hanoparticles gmedsemiconductor surface is crucial for enhancing their
photocatalytic propertieslowever,in the preparation process of this Sp@u structure after
centrifugationthe Au NPs and Snecame separate@ollowing multiple washing stepshe Au NPs

wereeventuallyremoved.Therefore this method is notonduciveto obtaininga wellformed

plasmonic metal and semiconductor compastitecture.

Figure 414 (A) HAADFSTEM imagef SnG@Aunanostructurewith theamplified TEM images in marked area (red
circle-(B), rectangle(C)).

4.7.2 Au NPs surrounded by SnQ matrixes

To achieve astable hybrid composite éu NPs and Sn©matrixesto improve their synergistic
coupling efficiencythe composite materials, where Au NPs are surrounded by e produced
using a Sn@Au two-stage synthesis methatsection 4.6.2as depicted in Fige4.12 In the first
stage Au NPs were synthesised usiagvet chemical reduction methdnlthe microreactor setup
Subsequently, in the second stage, Sné@rixes were formed and encapsulated the Au NPs within
them.After centrifugation, the combination of materials remains stable. However, after several
additionalwashes, the Au NPsparatefrom the SnQ matrixes The colour of Au NPs is purple,
while the colour of Sn@is greywhite. Following several centrifugation cycleis wasobserved that

the purple olour concentrag atthe bottom of the materialsdicating decreased stabilibetween
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these two material§ o investigate the impact of the weight ratio of Au NPs to Stitdee different
concentrations of HAuGht 0.038 mM, 0.076 mM, and 0.152 mire used, aiming for theoretical
ratios of 0.025 wt%, 0.05 wt%, and 0.1 wt%, respectivEiye LSPR position of Au NPs colloids
centre at 52626 nm, shown in Figre4.15.

0.2
fr ). 038 MM HAUCI4
= (.076 mM HAuCI4
. = ().152 mM HAuCI|4
5
L
@
=
c 0.14
o
S
o
h
o
<
0.0 ——

"300 400 500 600 700 800
Wavelength (nm)

Figure 415 UV-vis absorption spectra oft\NPs synthesised at differgurecursor concentration. A: 0.038 mM,
B: 0.076 mM, C: 0.152 mM.

To observe the combination mode of tha@$n(Q structure STEM imagesof 0.05 wt% AuSnQ
were utilsed, as shown in Fige4-16 (a) and ). While Au NPs(with average patrticle sizéslhm)
wereembedded within the Sn@natrixes it is evident that the Au did not tightly integrate with SnO
revealing noticeable gaps between these two matefiadsXRD resulin Figure4.16 (¢) did nat
showobvious Au NPs peak3his could be attributed tthe lower weight content of Au NPs inside
Additionally, the (200)peakin the SnQ@ pattern overlaps with the main reflectiohAu, further

complicating the identification of Au NPs peaks.
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Au-Sn02 0.025wt%
Au-Sn02 0.05wt%
Au-Sn02 0.10wt%

Intensity (a.u.)

g
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Figure 416 (a) (b) STEM images andcj XRD pattern 00.05 wt% Au SnQ nanostructure[219][234]

4.7.3 Au NPs embedded with Sn@matrixes

To enhance the contact interface between Au NPs angl &o@e-pot synthesis method was
employedo synthesizéAu NPs embedded within Sa@atrixes as illustratedn Figure4.13. The
gold precursor (HAUG) and tin precursor (Snglwere mixed togethdirstly. Subsequently, ethanol
and the reducing agentdaBH; and NaCA) were added, facilitating the simultaneous formation of
Au NPs and Sngin the reactionTo observe the combination mode of tmepot structure STEM
imagesof 0.05 wt%SnQ-Au were utilized, as shown in Rige4.17 (a) and ). The Au NPs
embedded within the Sn@atrixes withoutgaps between these two materidlse particle size of
Au NPs is not uniformrangng from 5to 20 nm.The lack of uniformity maybe attributed to the
complex reaction environment, makingftallenging for the Au NPs to control their particle size
when interacting with Sn{hanocrystalsFrom the XRD result (Figre4.17 (€)), no obvious Au NPs
peaks were observed, the reason maybe the low weight content of Au NPs.

——Sn02
——— one-pot 0.025 wt%

one-pot 0.05 wt%
—— one-pot 0.10 wt%

~
~
~

Intensity (a.u.)

Au : PDF 04-0784
| - 1 )

| SN0, : PDF 41-1445
]

20 30 40 50 60 70 80
2Theta (degrees)
Figure 417 (a)(b) STEM images andcf XRD pattern obnepot 0.05 wt%SnQ-Au hanostructures.
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4.7 4 The photocatalytic property of Au@SnQ structure

Forthe plotocatalytic propertpf semiconductordactors such ashe adsorption gbollutants Jlight
harvestingandthe charge transportation and separation are criitde following sectionthe
surface areas of materials are discussed as key factors of pollutant adsohgtiligiht absorption
ranges of AulSnQ and onepot SnQ-Au nanomaterials were illustrateg the band gap
Additionally, the photoluminescence specstudiedto show their electron separation and
recombination properties.

4.7.4.1 Thesurface area of the pristine SnG; and Au@SnQ structure

Thenitrogen adsiption-desaption isotherm and corresponding size distribution ofpttigtine SnQ
andAu@SnO, samples were shown in kige4.18. The nitrogen adsorptiedesorption isotherm
loops exhibitno distinct saturated adsorption platésye NV curves, indicating irregular pore
structureswithin pristine Sn@, Au-SnQ, and ongpot SnQ-Au nanatrucures.[146] Thesepores are
likely attributedto the spacgamong thegrainstacking in thesnQ matrixes Additionally, the feature
of the isotherm changed when adding Au NPs, indicatingnestion ofAu NPs were mainly filling
into the pores of the Snatrixes The increase contact area with pollutants will improve the
photocatalytic activit. [235] However, the surface areas of Au@ Salidl not exhibit significant
increasenentcompared with the pristine Sa@anopatrticles, indicating that surface area alone may
not be the key factors influencing their photocatalytic property differences.
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Figure 418 Nitrogen adsorptiordesorption isotherrof (al) pristine Sn@, (bl) Au-SnQ, (cl) onepotSnQ-Auand pore
size distributiorof (a2) pristine SnQ, (b2) Au-SnQ, (c2) onepot SnQ-Au.
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4.7.4.2 The band gapof the pristine SnG; and Au@SnQ; structure

The pristineSnG nanomaterials synthesisedtive microreactoexhibitinter-band absorption, which
was cut off at about 350 nras depicted in Fige4.19 (a). For theAu@Sn(Q structure theUV-vis
absorptionband of Au NPs shows a shift from 520 nm to 550 nm. The LSPRdjgotdsmonic

metal is not only dependent on the morphology of nanoparticles themselves but also sensitive to the
refractive index of the surroumgy environment[72] This shift can be attributed to an increase
dielectric contrast, as the refractive index of water is 1.33 and iSr2d®.[57] Additionally, the
broadening LSPR band of Au NPs could be attributed to particle aggregation and clustering in the
synthesis procesf236] Plots off " versus® was shown in Figre4.19 (b), and the estimated
band gap values of ABnQ with different Au content was 3.04 eV (0.025 wt%), 2.92 eV (0.05
wt%), and 2.59 eV (0.1 wt%) respectively. Tleelucedband gapbservedn the Au-SnG hybrid
compositein compaisonto the pristine Sn@ is likely due tothe excitation of the gold surface
plasmonThis excitationcanalterthe carrier densitythereby influencinghe energy of the band
gap([50] [237][238]

(a) (b)
s Sno2
—5n _
1.24 Sno2 —— AU-S102 0.025w1%, Eg (5"023 3245
—— Au-SnO2 0.025Wt%) Aon02 005w, Ed (0.025 wi% Au-Sn0,) = 3.04
Au-SnO2 0.05wt% — AU-S002 0. 1W% Eg {0.05 wt% Au-5n0,) = 292

1.0 4 —— Au-SnO2 0.1wt% 2.0 Eg (0.1 wi% Au-Sn0,) = 2.594
0.8 4

oL,
0.6 Z
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0.4 4
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Figure 419 (a) Diffuse reflectance UWVisible (DRUV) spectraand () Optical band spectra diu- SnQ nanostructure.
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For the ongpot SnO@AuU structure, the LSPR band of Au NPs showed a shift from 520 nm to

560 nm, as illustrated in Rige 420 (a). In this method, as the Au NPs and Sf@med

simultaneously, the formation process became more complicated. The particle size of Au NPs in the
onepot method is not as uniform agslk synthesised in the separated method. The shift of LSPR
could be attributetb the Au NPs themselves and also the increased dielectri@obinside the

SnQ matrixes [57] [72] Plots off "  versus® was shown in Figre4.20 (b), and the estimated

band gap values of Sa@u with different Au contersiwere3.19 eV (0.025 wt%), 3.04 eV (0.05

wit%), and 3.14 eV (0.1 wt%) respectively. Although the materials introduced visible light photo
response plasmonic Au NPs, the band gap in these materials with three different Au NPs contents did
not change significantlgompared to pristine Sn@3.24 eV). This could be attributed to the fact that

the low content of inserted Au NPs did not significamtiffiience the carrier density of the SnO

matrixes [50]
(@ (b)
—_— ——8n02 =
124 $n02 2.5 one-pot 0.025wl%) g (OE.I?Z(SS‘:‘V?"/Z\:)OH::-Zp:t) =3.19
—— one-pot 0.025wt% one-pot 0.05wt% By .
1.0 4 one-pot 0.05wt% one-pot 0.1wt% g (0. ; & one-po )_— !
; one-pot 0. 1wt% 2.0 Eg (0.1 wt% one-pot} = 3.14,

0.8 4
1.5+

05 ___———///

0.0 T T A T T
15 20 25 307 35 40 45 50

Bandgap {eV)

(ahv)?

0.6 -

0.4

0.2

0.0

T T T T T
300 400 500 600 700 800
Wavelength {(nm)

Figure 420 (a) Diffuse reflectance UVisible (DRUV)spectraand () Optical band spectra of of@ot SnQ-Au
nanostructure.

4.7 4.3 Photoluminescence spectraf the pristine SnQ and Au@SnQ structure

Photoluminescence spemscopygives information about the electrbiole pairs recombination,

defect peaks and charge carrier trapping in semicondudioe rate of electrehole recombinatioiis
decida by the intensity of the photoluminescence peak. The higher the intensity of the spectrum, the
higher rate of elgron-hole recombination i§226] However, to enhance the photocatalytic
performance, the increased number of plysnerated electrons and holes need to participate in the
photocatalytic reactiorj239] On the other hand, a lower intensity indicates that more excited
electrons in semiconductor are trapped ordi@med to the metal through the interface, which

indicates efficient charge separation. The room temperpha®luminescencgpectra of the three
samplespristine Sn@, Au-SnG and onepot SnQ-Au with weight ratio of Au/Sn@0.05 wt%are

shown inFigure4.21 with an excitation wavelength of 606 nm. Only the-po¢sanple shows a
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slightly reduced PL intensity than pristine Sh@ddicating Au NPs plays @inor role in trapping the
photogenerated electrons from Sp@otentially contributing to charge separation.

pristine SnO,
Au-Sn0,
one-pot Sn0,-Au

Intensity (a.u.)

J\

300 350 400 450 500 550 600 650 700 750
Wavelength {nm)

Figure 421 Photoluminescence speciné(A) pristine Sn@ (B) AuSnQ, (C) onepot SnQ-Au.

4.7.4.4 The degradation rate ofthe pristine SnG; and Au@SnQ structure on RhB

The photocatalytic activity of Sn@ndAu@SnQ structure for the RhB degradation under visible
light is observed in Figre4.22. The degradation rate of RhB without catalysts was takarkask
experimentrevealing almost no degradation happened in the absence of catalysts.
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Figure 422 RhB photocatalyticdegradationof pristine Sn@, Au-SnQ, andonepot SnQ-Au.

To quantitatively compare the photocatalytic activities of tag@ SnQ nanoparticlesthe reaction
rate constants (k) were calculatezingthe pseudo firsbrder model Equation 410) used to describe
photocatalytic degradation.

In(Co/C) = kt (4-10)

The linear relationshipsf In(Co/C) versus irradiation time (ihdicate thatach photodegradation
procesdollows first-order kineticsThe ate constastareshown in Tablet. 1.

Table 41 The kinetic rate of RhB photocatalytic degradation of pristine;SA®SNQ, and onepot SnQ-Au.

Pristine SnOz (min-?) Method 1: Au-SnO;z (min-t) Method 2: onepot SnOx-Au (min-1)
4.3*10% 0.025 wt% Au 5.8*1¢ 0.025 wt% Au 6.6*16
0.05 wt% Au 6.1*1¢ 0.05 wt% Au 3.7*16¢
0.1 wt% Au 3.6*1¢ 0.1 wt% Au 6.3*1C

The band gap of ASnG is lower than the pristsaSnG due to the increased carrier dengiym

gold surface plasme@nHowever, due to the unintimate contact between Au and, 3n®degradation
rate of AuSnG:d o e s n 0 t signifingntlyoomparedo the pristine Sn@ In the onepot Au-SnG;
structure, Au NPs do improve the photocatalytic propedf SnQ structure However, due to the
lower weight ratio of Au/Sne&from 0.025 wt% to 0.1 wt%, a significantly lower overall degradation

rate was achieved on the order of 10 to the power of negative three. Sommedhedsnetic rate of
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RhB photocatalytic degradation cannot be ignaveén compang these three different weight ratios.
Specifically, thedegradation rate constant of epet 0.1 wt% Sn@Au for RhB under visible light is
0.0063 mint, surpassing the reported results by Batletilal.[68] Their study achieve8nG

quantum dofu NPsvia a onepot solvothermal method at 100 for 18 h, yielding a rate constant k
is 0.019 mirtwith Au/SnQ is 4.69 wt%.

Thedegradation process of RhB initiates witkdBtethylation and the chromophorkeavagewhich

leads to the opening of the molecular rings and subsequent generation of a series of intermediate
oxidation products. Eventually, smaller molecules undergo mineralisation until they transform into the
final products of C@and HO. [232] Figure 423 illustrates the degradation process of RhB using
onepot 01 wt% Au-SnG in our experimentThe absorption peaks display slight hypsochromic

shifts, indicating the likely formation of a series o ethylated intermediates in a stepwise

manner. Even after 420 minutes, some peaks persist, suggesting the presence of organic intermediates
that lave not completely degraded into £&hd RO. [240] In summary, although the omp®t Au-

SnQ structure desimprove the photocatalytic properties compared with pristine; 80©to the

intimate contact of these two materjdise incomplete degradation of RhB as well as the low
degradation rate implhatthe photocatalytic property is noptimal. Further experimestneed to be

desigredto improve it.
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Figure 423 Click or tap here to enter te/bsorption spectra for photocatalytic degradation of RhB usingpmi.05 wt%
Au-SnQ.

Herein,incorporatingAu NPs inside Sn@matrix using the ongot methodnhancethe
photocatalytic property througtvo main processesi) hotelectron injection and\) Local
electromagnetic field enhancement (LEMF) proc&ge. hotelectron injectioroccursonly when the

plasmonic metal is in direct contact with the semicondyatmt the energy of hot carrisurpasses
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the Schottky barrier. For the LEMF process, the enhanced charge separation of semiconductor will
only happen when the energy of local electric field higher than their banf#gam our research,
the randomly inside located Au NBsough the ong@ot synthesis methaodlill only work when the
excited carriers of SnOnigrate to their surfacactive sites to take part in reduction or oxidation

chemical reactions.

4.9 Conclusion

SnO; nanocrystalganbe synthesisedising hydrothermal and sothermal method. In this chapter
we synthesisd SnQ NPsat low-temperature and lowressure conditiaby adjusting pH value,
temperature, precursor concentration, and solvent poladgitionally, to scaleup the synthesis
processweinitially trarsitionedthe synthesismethodfrom abatch reactor ta microfluidic system.
As a wide bandjap semiconductor, Sa@rimarily obsorbs UV light, which constitutesonly a small

fraction pelow 5% of the solar lighspectrum

To improvethe photocatalytic propesacross the entirgolarspectrum plasmonigold
nanoparticlesvereincorporatedo the Sn@QNPs A microfluidic methodwasfirstly exploredfor

continuous synthesis, studying three incorporation structures for opitoiicatalytic property(1)

Au NPs coated on the Sa@atrixes, (2) Au NPs surrounded by Smatrixes, and (3) Au NPs
embedded with SnOnatrixes.Synthesising Sn@nanocrystals in the first step, then-samokilising

Au NPs on the surface of Sa@atrixesdid not yield effective integratiodfter several times
centrifugation, these two materials separafdthoughembedding preynthesised Au NPs inside

SnQ matrixes locks them in place, there still remains a noticeable gap between these two materials.
Due to the unintimate contathe degradation ratef Au-SnQ did notimprove significantly

compared to the pristine SpO

In the onepot synthesis method witkimultaneous synthesis 8hG andAu NPs Au NPs do

improve the photocatalytic properties of Sn@der simulated solar lightlowever, lower weight
ratios of Au/SnQ (0.025 wt%, 0.05 wt%, and 0.1 wt¥@sult ina significantly lower overall
degradation ratdzven after 420 minutespmeorganic intermediatestill exist andhave notbeen
completely degraded into G@nd HO. Thereforethe primaryfocus for further study is achieving an

intimate combination structure 8hQ@Au with theproper plasmonic metal weight content
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Chapter 5. Continuous synthesis of CdO polyhedral nanopatrticles with shape
evolution in microtube reactor

5.1Introduction

Crystal facet engineeringf semiconductor metal oxide nanocrystas attracted significant attention
due to the capability to manipulate faselective performance in various photoelectric applications.
[241] [242] Cuprous oxide (C4D), a visible lightdriven ptype semiconductor with a narrow
bandgap of 1.2.2 eV,shows promising potential in photocatalytic applicati¢phg4] [243] With the
facecentered cubic crystal structute & , Cu,O polyhedrorcouldachieve lowindex facets

and/or highindex facets by modifying the growth rate ratio (R) between the <100> and <111>
directions[163] Hence, in addition to the particle size and shape, the exposed-ongstafacets of
CwO nanoparticleplays a pivotal role in determininteir catalyticproperties[154] [244] While the
most common synthesis methad<CwO nanocrystalsre primarily based on bataleactor systems

in laboratory settingg245] scaling up this traditional batch syst@wses challengeasmixing time
and thermal transport do not scale linearly with the volume of the reaction solution in the batch vessel.
[184] [246]. Until now, only a few paperbavedescriledthe synthesis of GO using the microfluidic
method [181] [183] however, these studidsck the precise control dhe final copper nanoparticle

morphology.

This chapter detailsnthe systematic and precise shape control eg©Cwanocrystalsisinga lab-
made capillaryeactor.The morphological evolution of GO polyhedron from cube to octahegdaad

finally to rhombic dodecahedra was achievedbjustingthe concentration of NdOH HCI and

NaOH This evolutionof the CuO nanarystalhas beelinterpreted from both thermodynamic and
kinetic perspectivesThis simple continuous method for the controllable evolution of polyhede@® Cu
opens up new possibilities for the largmale production of other semiconductor nanomaterial with

different facets in a reproducible manner.

5.2 Experiments and methods
5.2.1Materials

Anhydrous copper (ll) chloride (CuB7%, Fluorochem), hydroxylamine hydrochloride
(NH2OH HCI, 99%, Fluorochem), sodium hydroxide (NaOH, >97.5%, Scientific Laboratory

Supplies), andodium dodecy! sulfonate (SDE;:H2sNaSQd 98.5 %, SigmaAldrich) were

purchased and used as received without any fuptinéication. Ultrapure deionized water (resistivity

of 18.2 M cm) was used in all experiments.
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5.2.2Batch and continuous microfluidic synthesis of CkO nanocrystals via method 1

5.2.2.1Batch synthesis of CeO nanocrystals via method 1

The batch reaction wasjadtedfrom the method reported by Huaetal [178] Firsty, 10 mL
copper precursor aqueous solution containing €(8C110° M) and capping surfactant SDS (B0

M) was mixed with 10 mL NaOH (1.8.02 M) for a reaction time of 20 s. Blue Cu(QH)
precipitationwasformed on the first step. Then various concentrations of reducing age®H\HCI
in6.7mL (a4103M,b 9.2 10°M, ¢ 1.2 102M, d 2.4 102 M) was added to achieve systematic

shape evolution from cubic to rhombic dodecahedral structures in a reactiai #the. By

increasing the concentration of NaOH from 1182 M to 7.2 102 M, truncated cube, truncated

octahedra and octahedra were obtained. The total volume of solvent was fixetirat. 26he
reactionwas undertakeatatemperatur®f 32°C byimmersing reaction vials in a water bath. A
stirrer bar with a length of 10 mm was placed in the reaction vial with a stirring speed of 250
revolutions/min. The reaction temperatures were controlled using stirred water bath and IKA RCT

basic stirrer hotplates equipped with IKA EDS temperature controlléuncertainty of 0.1 K).

Then heproductsolutions were é&pt in the water bath 32 for 2 h for nanocrystal growth. After

aging, thesamples were washed and centrifuged with 1:1 volume ratio of water and ethanol several
times to remove the SDS surfactant. Finally, the sample was dried in a vacuum drying o¥€n at 60
for 6 h to obtain a solid produdtor the scaledip batch reaction, the solvents were scaled up by a
factor of 3. Reaction procedures were kept the same as thessalallbatch reactions. The

concentrationsf all solutionsare calculatethased on their volumia thefinal solution.

5.2.2.2Continuous synthesis of CpO nanocrystals via method 1

In order to achieve a continuous synthesis method, cuprous oxide nanoparticles were syntteesised in
polytetrafluoroethylene (PTFE, IDEX Health & Science LLC) helical tubular reactoreitftar a
narrow1/32 inch 1.D. (internal diameter) (1/16 inch O.D. (outer diameter)ide1/16 inch I.D. (1/8

inch O.D.). The reactor tubing was coiled around a circular plastic cylinder (diameter ~ 2llhmm).

this system, cuprous oxide with tunable crystal shapes were synthesised in tw(Fstages) In the

first stage, the precursor agueous solution containing:G8C103 M) and capping surfactant SDS
(3 102 M) mix with various concentrations of NaOH, 182 M, 3.6 102M, 5.4 10%M, and 7.2

102 M. Both solutions were pumped into reactor 1 using a syringe pump (Chemyx, Fusion 100) with
volumetric flow rate 3 mL min, at 32C, with residence time 20 s. The two streams were mixed in a
T mixer (PEEK, 0.508 mm through hole, IDEX Health & Science LO®E edudion reaction and

CwO seed formation took place in reactor 2 #C3&here an additional reducing agent 9t HCI
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(a4 10°M,b 9.2 103M, c 1.2 10%2M, d 2.4 102 M) was introduced using a syringe pump and
mixed with the solution from reactor 1. The volumetric flow rate of®IHHCI was set to be 2 mL
min! with the total residence time in step 2 was 20 s. Afterward, the outlet solutions were maintained

in a 32C water bath for 2 hours for nanocrystal grovittesame as in the batch reactor.

step 2: Cu;O reducing reaction
reaction temperature 32°C,

step 1: Cu(OH), seed preparation
reaction time 20 s

reaction temperature 32°C,
reaction time 20 s

CuCl; and SDS solution

M s

NH,OH-HCI solution

NaOH solution

- = i M - aging temperature 32°C,
aging time 2h

Figure 51 Schematic for continuous preparation of2Ownanoparticles of the experimental setup in method 1.

5.2.3Batch and continuous microfluidic synthesis of CkO nanocrystals via method 2

In method 2, all the@recursor concentration of CuCEDS, NaOH, and Nd#DH HCI was kept the
same with method 1 in both batch and microreactor (narrow 1/32 inch 1.D. or wide 1/16 in¢he.D.
schematic of experimental setup was shown in Fig. Bt differencdies in the sequence of adding

thereducing agent Ns¥DH HCI, and NaOHwhich were swapped compared to metholeh the first
stage, NHOH HCI was mixed with copper precursor within 20 s residence tim€,. 32 the second

stage, NaOH was pumped into the sec@attor with 20 s residence time G2

step 2:

reaction ternperature 32°C,
step 1: reaction time 20 s
rTeaction temperature 32°C,
reaction time 20 5

CuCl; and SDS solution

il &

NH;OH+*HCI solution NaOH solution

aging temperature 32°C,
aging time 2h

Figure 52 Schematic for continuous preparation of2Ounanoparticles of the experimental setup in method 2.
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5.2.4T-mixer and Vortex-mixer

For thesynthesis ofCw,O nanoparticles withapid nucleationthe choice ofmixers als@lays a

crucial role in determininthe final particle size and polydispersity. As the mixing performance inside

the mixer isa key factor in this regardwo mixers weraitilized inthis study. the T-mixer from
IDEX Health & Science LLCieaturingwith swept volume 17.5L and athrough hole 0.05 ithes
(refer toFigure 5.3(a))andatwo-inlet vortex mixer designed IrofessoN i k K a p u (reters
to Figure 5.3(c))inspired by the multinlet vortex mixer reported by Feng et[@47] A simplified
two-disk design was employed for ease of machining and mixer assembly ¢reidéoFigure
5.3(b))

In the T-mixer, fluids weremanuallypumped from syringeseading tathe merging oftwo streams
into a mixing streamrhe mergingorocesswith a distinct interface between two solutipascurs in
a laminar fashion at the junction, depigron theReynolds numbef200] The detai of this two
inlet vortexwerestill confidentialand will be published bthe Kapur groupA rough estimatef the
mixing performance of these two mixers ¢anobtained by evaluating tipeessure drgpas the
pressure drop i.e. energy dissipation is rougibportional to the mixing performand@48] In this

experiment, three syringe pump@hemyx, Fusion 100)ere used to pump the solution through.

group

Attempting to use the tweortex mixer resulted in pump failure, indicating that the system pressure

exceeded the pump pressure rafges suggests thdhe two-inlet mixerexhibitsbetter mixing

performance than the-mixer. However to establish guantiaive relationship between the particle

size of the CxO nanoparticles and the mixing performance, further reséargcessary
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Figure 53 Images of(a) the Tmixer, (b) external of twinlet vortex mixer, and (c) internal of twolet vortex mixer. Insets:
zoomin schematic®f the Tmixer and the twanlet vortex mixer

5.2.5Materials Characterisation

Powder Xray diffraction patterns were recorded using a Bruker D8K@I r adi ati on, @& =
nm) over t he-853iih the stepgize 0.64i The surfacenorphologies of the samples

were characterised by scanning electron microscopy (SEM, Hitachi S|t&#B0n coatingand

transmission electron microscopy (TEM, FEI Tecnai 20 TF20 FEGTEMprdaselyexamine

early-stage shape and structure by TEM, the samples were added to TEM grids, rapidly frozen to
capture the native state and subsequently sublimed following the procedure previously developed.

[249] Particle sizes were measured by using Imagitd,more than 100 particles measured for each
sample. UWvisible absorption spectra of the-peepared C#0 NPs were recorded on an Agilent Cary

60 UV-vis spectrophotometer between 3@ nm with a wavelength resolution of 2 rphl value

was tested by SevenCompdtE220 PH meter (uncertainty 00.002).To test the concentration of

CU?* remainingin thesupernadnt, inductively coupled plasma mass spectrometry (Thermo Scientific
iCAP RQ plus ICPMS) was usedn order toreduce the concentration of supeamdato a more

suitable range for IGIRIS analysis, all samples were further dilubgda factor of 5Qusing 2% v/v

HNOs. Subsequently, the actual €@oncentration was calculated by multiplying the obtained value
by 50.
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