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Abstract

The objective of this w ork is to  synthesis various nano-m etallic  carbon microsphere  

com posite m aterials fo r environm ental and catalytic applications. Ultrasonic spray 

pyrolysis and electroless deposition techniques w ere  used to  achieve this. The 

composites m aterials w ere  characterised and th e ir subsequent activity was 

dem onstrated .

Carbon m icrosphere particle o f various m orphology and surface area have been 

synthesised using ultrasonic spray pyrolysis. These particles w ere  characterised using a 

com bination of Raman spectroscopy, scanning electron microscopy (SEM), BET 

adsorption, FTIR and zeta potential m easurem ents. SEM im agery determ ined  the  

shape and m orphology of th e  various carbon m aterials. It was dem onstrated  via 

Raman spectroscopy th a t carbon m icroparticles w ere  graphitic in nature, how ever, 

FTIR and Zeta potential m easurem ents dem onstrated  th e  presence o f carboxylate  

groups on the carbon m icrosphere surface.

It was dem onstrated  th a t carbon microspheres synthesised using ultrasonic spray 

pyrolysis had controllable size by leveraging precursor concentrations. This was 

confirm ed via a com bination of SEM images and dynam ic light scattering experim ents. 

FTIR and zeta potential experim ents dem onstrated  th a t CM surfaces display chem istry  

which allow ed th e  grafting of d iffering chemical m oieties via diazonium  chem istry.

Using electroless deposition techniques, nanoparticles of th re e  m etal m aterials w ere  

nucleated and grown on th e  CM surfaces. In particular. Palladium and silver metal 

w ere  nucleated on th e  CM surface fro m  m etal salts using coffee as a green reducing 

agent, at room  tem p era tu re . M eta l com posite m aterials w ere  characterised using a 

com bination of SEM, x-ray diffraction (XRD), energy dispersive x-ray spectroscopy 

(EDS) and therm ogravim etric  analysis (TGA). XRD confirm ed the m etallic nature o f the



p artic les  o bserved  via SEM . Using TG A and  EDS in c o m b in a tio n , mass loadings w h e re  

e s tim a te d  w ith  A g /C  and  P d /C  mass ra tios  o f (1 3 .5  ±  1 .5 )%  and (7 .4  ±  1 .0 )%  w /w ,  

resp ective ly .

Suzuki coupling  re a c tio n  c o n firm e d  th e  v ia b ility  o f th e  P d /C  co m p o s ite  m a te ria l fo r  

c a ta ly tic  app lication s . A g /C  c o m p o s ite  red u c e d  4 -n itro p h e n o l, ach iev ing  rea c tio n  ra tes  

w h ich  a re  c o m p a rib le  to  o th e r  s u p p o rt s ilver n an o p a rtic les  in th e  lite ra tu re .

Iro n  and  iron  o x id e  n a n o p a rtic les  w e re  synthesis  a t th e  carbon  m ic ro s p h e re  surface  

using e lectro less  d ep o s itio n . T h e  re p o rte d  e lectro less  d ep o s itio n  a p p ro ach  p ro d u ced  a 

c o m p o s ite  F e /F e O x /c a rb o n  m ic ro s p h e re  w ith  n an o p artic les  o f a n arro w ly  d ispersed  

size. A  c o m b in a tio n  o f X -ra y  p o w d e r d iffra c tio n  (XRD) and X -ray  a b so rp tio n  

spectro sco p ies  (EXAFS and XANES) w as used in o rd e r  to  d e te rm in e  th e  s tru c tu re  and  

c o m p o s itio n  o f th e  F e /F e O x /c a rb o n  m icrosp heres . M icro s p h e res  w e re  fo u n d  to  d isp lay  

(1 4  ±  1)%  iron c o n te n t (w /w ) ,  w h e re b y  (12  ±  3 )%  o f Iron  a to m s  w e re  p re s e n t as 

m e ta llic  iron  and  th e  re m a in in g  as m a g h e m ite  (Fe203>. Finally, w e  show  th a t  th e  

re m o v a l capac ity  o f F e /F e O x /c a rb o n  m ic rosp heres  fo r  C r(V I) is (2 0  ±  2) m g g ' l  and  th a t  

th e  m a x im u m  su rface  d en s ity  fo r  Cr a d so rb a tes  Is (6 0  ± 6) m g m ‘ ,̂ thu s  suggesting  th a t  

th e s e  a re  p ro m is ing  m a te ria ls  fo r  th e  re m o v a l o f  w a te r  p o llu ta n ts  fro m  aqueous  

s o lu tio n .
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1.1 Background

Contrary to  popular belief, nanotechnology is not exclusive to  m odern science. 

Colloidal gold nanoparticles (NPs) was discovered over 2500  years ago [1]. Colloidal 

gold w/as used to  m ake ruby glass and to  im bue ceramics w ith  colour, and these  

applications are still continuing now. This was due to  the intense colours th a t colloidal 

noble m etal NPs m ake. Also, o f interest was th e  use o f colloidal gold NPs in the  

diagnosis o f syphilis in th e  m iddle age. A m ethod which rem ained active and in use 

until the 20'*'’ century , a m ethod which also happens to  be com plete ly unreliable [2]. 

How ever, even though NPs had been around fo r this long, it w asn 't until Faraday 

showed th a t th e  intense colour is due to  m etallic gold in colloidal form  that 

understanding o f th e  potential applications o f NPs was slowly realised [3,4]. In 1908, 

M ie  explained th e  phenom ena o f coloured colloidal m etal particles by solving 

M axw ell's  equations fo r the absorption and scattering o f electrom agnetic radiation by 

spherical m etallic particles [5]. Interestingly, these tw o  results indicated th a t m etal 

nano m aterials had d iffe ren t optical properties than  th e ir bulk counterparts, know as 

quantum  size effects [6,7]. These effects are not a result o f a scaling fac tor but are  

directly due to  th e  size and shape of the NPs. In fact, m any of th e  properties o f bulk 

m aterials change w hen  the m ateria l is put into the nano scale. Optical, physical, 

chem ical and electrical properties have all been observed to  be size dependent fo r  

various m aterials [8,9]. Effects such as this due to  small particle size led to  great 

curiosity about th e  properties o f nano-sized m aterials in th e  scientific com m unity  

which has continued to  this day. In fact, in the last ten  years alone, the num ber of 

research papers on nanom aterials has grown exponentially in num bers, indicating that 

research into nanom aterials is still a relatively new  and unexplored field [10]. This 

research is driven by a desire to  discover m aterials w ith  new  properties and to  

understand th e  science behind quantum  size effects fo r differing m aterials in th e  hope  

o f discovering interesting applications which could be of significant benefit to  society.
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All of this research has led to  m any potentia l applications of nanom aterials from  

biological, optics, environm ental and catalysis. How ever, in this report w e w ill be 

focusing on th e  nanom aterials which have potential catalytic and environm ental 

applications.

Synthesis o f nanom aterials and particle is generally achieved in tw o  ways, top  down  

approach and bottom  up approach. Top dow n approach general involved the use of 

photochem istry or electron beam  lithography fo r etching surfaces to  create  

nanom etre sized structures and features [11 ,12], This route fo r synthesis of 

nanom aterials w ill not be discussed or reported  on herein.

The bottom  up approach generally involves the nucleation o f particles fo llow ed by 

subsequent grow th o f the particle. The easiest m ethod fo r obtaining NPs using this 

approach is utilising w e t chem istry. This type o f synthesis starts o ff w ith  m olecular 

precursor solutions. Typically, they include a m etal salt, a reducing agent and a 

support/stabilising agent. G enerally the m etal ion in solution is reduced to  its m etallic  

state, form ing a particle. This process Is governed by th e  th eo ry  o f nucleation and 

g row th [6]. O ther m ethods fo r bottom  up synthesis have been achieved. Specifically, 

m ethods involving spray pyrolysis [13 ,14], electro-deposition [15 ,16], and sol gel. 

Synthesis o f nanostructures using electro-deposition is discussed In m ore detail In 

section 1.5.3.

1.2 Introduction to supported nanoparticle systems

1.2.1 Stabilising agents

In synthesizing m etal NPs fo r any application tw o  o f th e  biggest issues are th e  size of 

the NPs and th e  stability o f NPs in solutions. As m any o f the unique properties o f NPs 

are size and shape dependent [17], controlling these param eters in synthesis can be
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crucial fo r m any potential applications. Instability in solution comes from  attractive  

forces betw een  NPs in solutions such as van der vaals forces and m agnetic interactions  

[18]. If bottom  up m ethods are being used th ere  must be a mechanism  fo r restricting  

grow th o f th e  NP to  keep it in the desired size range. This is generally achieved using 

stabilising agents and support m aterials.

By introducing stabilising support m aterials, it is possible to  m anipulate the size o f NPs 

during synthesis and NP stability post synthesis. The stabilisation o f NPs is generally of 

the form  electrostatic, steric, electrosteric and use o f ligands. Stabilisers w ork by 

creating an energetic barrier to  counteract the van d er W aals and m agnetic (m agnetic  

m aterials) attractions betw een  nanoparticles. This can be used to  inhibit grow th in the  

nucleation processes o f NP fo rm ation  or to  stabilise dispersions o f NPs in solution [6].

1 .2 .1 .1  Polymers

An exam ple o f a steric stabilising agent is polymers. Figure 1.1 shows poly(N -vinyl-2- 

pyrrolidone) (PVP) and po ly(2 ,5-d im ethylphenylene oxide) (PPO) which are used in the  

synthesis of NPs because they behaves as steric and ligand stabiliser.

PVP

poly( vi ny IpyiTol idone)

PPO

poly(2.3-cliniethylphenylene oxide)

Figure 1.1: Two polymer families used as metal NP supports for catalysis [10].
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Using this polym er, Pt, Pd and Rh NPs have been synthesised which catalyse olefin and 

benzene hydrogenation reactions [19]. H ow ever throughout the lite ra tu re  a vast 

num ber o f polym ers have been used in NP synthesis, including, polyacrylic acid [20], 

oligosaccharides, polyethylene glycol [21], chitosan [22] and polyelectrolyte films [23].

1 .2 .1 .2 Dendrim ers

Dendrim ers have also seen use fo r supporting and stabilising m etal NPs. M eta ls NPs 

such as Cu, Au, Pt, Pd, Fe, Ag and Ru have all been synthesis using dendrim ers [24-26]. 

Dendrim ers behave sim ilarly to  polym ers in th a t they encapsulate th e  NP, particularly  

if hetero  atom s o f th e  m etal are located in th e  dendrim er interior. The branches of the  

d en drim er than  control access to  the nucleating NP, which limits grow th and stabilise 

the NP in solution. Figure 1.2 shows the strategy pioneered by crook e t al fo r the  

synthesis o f NPs via encapsulation in a den drim er [24].

P A M A M -O H

Complexatlon

Product Reactant

Pd/Rh
bimetallic
cat.

Reduction

Figure 1.2; Nanoparticles encapsulated in PAMAM or PPI dendrimers: complexatlon of a metal 

cation, then reduction to metal(O) by NaBH/,, and aggregation giving the NPs inside the
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dendrimer. Specifically, the preparation of dendrimer-encapsulated bimetallic NPs is shown 

[27],

O th er form s o f stabilisers used include Ligands [1], m icro-em ulsions, reverse micelles 

[9] and surfactants [10]. These m ethods achieve stabilisation and controlled particle  

grow th  by using th e  same principles and concepts as exam ples previously outlined  

above. Hence, th ey  will not be discussed fu rth er in this report. In general, use o f some 

fo rm  o f stabilising agents is essential in order to  obtain nano-sized m aterials using a 

b otto m  up solution based approach.

1 .2 .1 .3  Solid support systems

In recent lite ra tu re , th ere  is an Increasing num ber o f reports on NPs are being placed  

on various solid supports are being published. The benefit o f anchoring NPs at a solid 

surface is in creating synergies betw een  th e  desirable properties o f m etal 

nanopartic les and those o f the solid m atrix. For exam ple, ease o f rem oval and handling  

o f NP system from  a reaction m edium  and m inim isation o f particle aggregation are  

significant benefits. A nother application fo r solid supports is in use as a tem p la te  

m ateria l in order to  achieve structured nanom aterials. For exam ple, Kim et a l[28], 

nucleated a Pd film  by heat treating  silica spheres which had palladium  

acety lacetonate  (Pd(acac)2) adsorbed at th e  silica surface. Subsequent etching o f th e  

silica sphere w ith  HF left a hollow Pd m etal sphere nanostructure. M enon  et al utilised  

a polycarbonate m em brane as a tem p la te  fo r synthesis Au nanoelectrodes in th e  10  

nm size range [29]. In the litera tu re , most solid supports take th e  fo rm  of m etal oxides. 

For exam ple. Si [30], Al [31], and Tl [32] oxides have all been utilised as solid support 

m aterials fo r NPs. Oxide supports are not exclusive to  these metals and will not be 

discussed fu rth e r in this report.

M o re  recently, carbon m aterials have seen use as solid support m aterials fo r NPs. The  

use o f carbon m aterials fo r nanoparticle support offers a num ber o f highly attrac tive
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properties fo r a variety o f applications. Carbon provides many advantages over 

polymeric or inorganic supports due to its resistance to  corrosion and its relatively 

good biocompatibility. Furthermore, the surface chemistry of carbon can be fine tuned 

to  display d ifferent chemical groups tha t can fo r instance impart charge, regulate 

basicity/acidity, control w etting  behaviour or prompt biological recognition. Finally, 

carbon supports can be designed to  display a large specific surface area which can be 

leveraged fo r the delivery of large loads of nanoparticles or small molecules. For this 

reason, there have recently been increased efforts aimed at developing new 

methodologies fo r the controlled deposition/embedding of metal nanoparticles at 

carbon scaffolds [33-36].

Examples o f carbon materials fo r nanomaterials support Include: Metz et al. have 

synthesized nano-structured composite Au/C and Pt/C electrodes fo r energy storage 

and conversion applications, by using vertically aligned carbon nano-fibres (VACNF) as 

a scaffold [36-38].

Photochemical Electroless
VACNF functionallzation

b)
CH3

D
'C=0

1) hv, 254nm
2) deprotection

1)
2)

OH OH
C=0 CO

H H H
±

Au* Au

Au Au
N ^

Sn^*
✓ Vo o 

'CO po

VACNF VACNF VACNF VACNF

Figure 1.3: (a) Schematic illustration of the steps involved in the functionalization of carbon 

nanofibers and subsequent proceudure for electroless deposition, (b) Chemical 

transformations involved in the nanofiber modification [39].
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Figure 1.3 shows how IVletz and co workers used solid carbon fibres as a support fo r  

growing gold nano - electrodes. The carbon fibres act as a tem p la te  in order to  shape 

th e  grow th o f th e  m etal nano m aterial. Lipshuts e t al [40] use o f Nickel on Charcoal 

N i/C  as an Inexpensive Heterogeneous Catalyst fo r Cross-Couplings betw een  Aryl 

Chlorides and Organom etallics is ano ther exam ple of a carbon supported  

nanom aterial.

1.3 Applications of nanoparticles

In this section the use of nanom aterials w ith  regard to  specific areas will be discussed. 

The first part will consist of nanom aterials fo r catalysis. A short review  will be given, 

fo llow ed  by application in catalysis fo r the tw o  m etals utilised in this report fo r  

catalysis. Part tw o  will consist o f nanom aterials fo r environm ental applications. Herein, 

a review  w ill be given o f current technologies in environm ental rem ediation, the  

potentia l of nanom aterials and the problem s w ith  im p lem enta tion  o f nanom aterials in 

this field.

1.3.1 Nanomaterials for catalysis

The use of nanom aterials in catalysis was first recorded in th e  19*'  ̂ century. Notable  

exam ples included the use of silver NPs (AgNP) in photography and th e  use o f platinum  

NPs (PtNP) in th e  decom position o f hydrogen peroxide [41]. H ow ever, research 

continued w ith  progress m ade in the 2 0 ‘'̂  century w h ere  progress in catalysis was 

m ade fo r a num ber o f m etal NPs. Hirai e t al dem onstra ted  th a t gold nanoparticles  

(AuNP) catalysed olefin hydrogenation [42 ,43]. Palladium nanoparticles (PdNP) found  

im p ortan t applications as catalysts in heck C-C bond coupling [15 ,44]. Over th e  years of 

research m any m etal NPs have been shown to  have catalytic properties, how ever, of 

particu lar im portance has been the discovery of Pd catalysts in the fo rm ation  o f C-C



bonds, making it possible to  functionalise olefins and  a rom atics  in a facile m anner .  

M oreover,  significant n u m b e rs  of diverse reactions can be cata lysed  by various noble 

m etal NPs, which a re  beyond  th e  scope  of this rep o r t  [10]. For this repor t ,  w e  will 

utilise Pd and  Ag m etals  in o rd e r  to  achieving th e  aims s ta te d  previously (see section 

1 . 6 . 2 ).

1.3.1.1 Palladium nanom ate r ia ls  in catalytic application

Pd nanopar t ic les  find im por tan t  applications as catalysts  in hyd rogena tion  and C-C 

bond form ing reactions like Suzuki, Heck and Sonogashira coupling [45,46]. However, 

p rob lem s with cata lyst recovery  m e a n t  th e  p re se n ce  of undes ired  m e ta l  co n tam in an ts  

in th e  en d  p roducts  in reactions for  which it w as utilised. Immobilization of 

catalytically active Pd nanopar tic les  a t  solid suppo r ts  facilitates ca talyst rem oval and 

reaction  w ork  up w h en  c o m p a re d  to  h o m o g e n e o u s  catalysts. T herefore ,  m uch  effort 

has recently  b ee n  d ev o ted  to  developing anchoring  p ro tocols  fo r  Pd nanoparticles ,  

thus  form ing  a com pos i te  m ateria l th a t  p rese rves  th e  original catalytic p roper t ie s  

while improving handling and  reaction  work up. Mei e t  al used  po lye lec tro ly te  brushes 

and  core  shell micro gels in o rd e r  to  encapsu la te  th e  PdNP [26]. O th e r  groups have 

used carbon  n a n o tu b e s  [47,48], silica [49,50], polyelectro ly te  films [51], and  g raph ite  

[52]. Im portantly  th e  results o b ta ined  by m any of th e s e  re se a rch e rs  indicate th a t  th e  

n a tu re  of th e  su p p o r t  used  can have an im pact on  th e  ra te  of catalysis. This is not 

un ex p e c ted  as catalysis is a h e te ro g e n e o u s  process. Therefo re ,  any m ateria l th a t  

blocks access to  th e  NP su rface  has th e  po ten tia l  to  red u c e  catalytic perfo rm ance .

1.3.1.2 Silver nanom ate r ia ls  in catalytic application

Silver nanopar t ic les  have n u m e ro u s  applications, e.g. in fuel cells [53-55], optical 

senso rs  and  biological applications [56-58]. However, m any of  th e s e  applications rely 

on th e  ability to  contro l nanopar t ic le  aggregation  and  c o n s e q u e n t  loss of function, 

while a t  th e  sa m e  t im e  preserving th e ir  chemical, optical a n d /o r  catalytic p roper t ie s
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[25 ,59], In order to  achieve this goal, several research groups have focused on 

developing supported Ag nanoparticles, e.g. Ag/polysaccharide [22 ,58], Ag/graphene  

[60] o r A g / polym er [61] nanocarrier composites, im proving transport and m odulating  

aggregation o f Ag nanoparticle active centres. Similar to  Pd particles, th e  support 

system chosen can influence the rate of catalysis fo r AgNPs. This means selection o f an 

appropria te  support m ateria l can be essential fo r utilising NPs in catalytic applications  

in an effic ient m anner (See section 1.4).

1.3.2 Nanomaterials for environmental applications

1 .3 .2 .1  Review of th e  issues

Due to  growing awareness about the effects of subsurface contam inants in soil and 

g ro un d w ater in the environm ent, increased research and funding is being allocated to  

th e  area of rem ediation technologies and contam inant m anagem ent. Rem ediation of 

these contam inated sites is a vast and com plex area. The vast scale o f the problem  is 

exasperated by the sheer num ber o f contam inated  sites. In the US th ere  are over 1500  

o f w h a t are known as superfund sites and on average a superfund site costs 

approxim ately $25 million to  rem ediate . Recently, it has been estim ated  th a t Ireland  

has close to  2000  contam inated  sites due old industries, unm anaged spills and o ther  

inadequate waste m anagem ent procedures [62 -64 ]. The com plexity o f the problem  is 

in th e  variety o f contam inants at th e  sites, variety of contam inant source type and 

locations and also the variety  of soils and porous m edia which contain the  

contam inants. This means d iffe ren t m ethods fo r clean up have to  be identified in a 

case by case basis. Traditional approaches to  treating  soil and groundw ater 

contam inants have used pum p and tre a t or containm ent m ethods via perm eable  

reactive barriers (PRB). These m ethods have serious disadvantages. The biggest 

disadvantage is the cost associated w ith  th em . Installing, managing and rem oving  

PRB's is quite expensive and can be uneconom ical fo r w idespread use. Secondly, some
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contam inant sources in deep aquifers and under buildings may not be accessible to  

these technologies [65-67].

In recent tim es th e  use of nanotechnology fo r environm ental rem ediation  has been  

investigated [18]. Nanoparticles have a higher proportion o f atom s near or a t the  

surface. This leads to  a higher proportion o f atom s having dangling bonds and higher 

surface energy. This means th a t these atom s have a much greater capacity to  

p rom ote adsorption and to interact w ith  o th er molecules in order to  com pensate fo r  

the excess surface energy. A lready, nanom aterials exhibiting promising reactive and 

adsorptive properties have been successfully used in w a te r purification and 

environm ental rem ediation. Nanoparticles also have the advantage of being able to  

penetra te intrapartic le pores of soils. This enables th e ir use in slurry reactors fo r the  

rem ediation o f contam inated soils and sedim ents. Currently, th e  most promising  

nanom aterials fo r environm ental applications, considering rem ediation  potential and 

cost are m etallic iron and iron oxides.

1 .3 .2 .2 M eta llic  iron as rem ediation  m ateria l

In recent lite ra tu re , m etallic iron Fe° has been reported  as a successful rem ediating  

agent fo r environm enta l contam inants. Fe° is an excellent electron donor in w ater, 

resulting in its use as a reductive agent th a t can effective ly rem ediate  contam inants  

such as inorganic anions [68 -73 ], heavy m etals [74 -76 ], and organohalides [77 -79 ]. In 

fact, m etallic iron has been so versatile in rem ediating m any d iffe ren t varieties of 

contam inants th a t an explosion o f w ork has occurred in this research field  in th e  last 

fifteen  years.

Fe° particles can be described using a core shell m odel as shown in Figure 1.4. The  

core mainly consists o f Fe w hereas the o u te r shell consists o f a m ixture o f Fê '̂  and 

Fe^^ due to  oxidation o f th e  Fe° m etallic core.
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H,0

Figure 1.4: Core shell model of an iron nanoparticle[18]

Figure 1.4 also shows tw o  o f the main proposed m echanisms by which rem ediation  

occurs on particle surfaces in the case o f a chlorinated organic com pound. Several 

contam inants adsorb on the oxide phase layer, oxidation o f th e  Fe° in th e  particle 

provides electrons fo r the reduction of trich loroethy lene. The Fe° core shrinks and is 

used up in the reaction. The particles are no longer active as a reducing agent once all 

th e  Fe° is oxidised.

The reduction reaction induced by Fe° is a heterogeneous process. This means that 

th e  to ta l num ber o f active surface sites which can in teract w ith  contam inants  

depends only on th e  to ta l surface area. Hence, by increasing th e  surface to  volum e  

ra tio  {i.e decreased particle size), the efficiency and perform ance o f the reductive  

processes can be im proved. This led to  th e  interest in nano-sized Fe° across research 

groups fo r environm ental rem ediation. Interestingly, Fe°NPs have displayed  

properties unique to  nano-sized particle indicating th e re  are som e quantum  size 

effects. For exam ple, nano iron can dechlorinate polychlorinated biphenyl compounds 

(PCBs) at room  tem p e ra tu re  and pressure w hereas granular iron does not [80-82]. 

H ow ever, m any reduction due to  iron d on 't have any quantum  effects. In fact when  

norm alised fo r surface area, reaction rate constants are sim ilar fo r m any reductive  

reactions [65 ,80 ,83 ].

For successful use o f nanom aterials at a large scale, cost effective and robust methods  

m ust be developed fo r production since environm enta l applications dem and large
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quantities o f rem ediation  agents a t low  costs. Fe°NPs have been synthesised using a 

w ide range o f m ethods: decom position of iron pentacarbonyl in organic solvents 

[84 ,85], e lectrodeposition  o f ferrous salts , vacuum sputtering [8 6 ], reduction of 

goeth ite  and h em atite  particles w ith  hydrogen gas at high te m p e ra tu re  [87] and 

finally, reduction o f Fe[lll] and Fe[ll] salts using sodium borohydride o r o th e r reducing  

agents. [8 8 ]. This last m ethod uses aqueous based chem istry and is facile to  

im p lem ent. Fe° is prepared according to  th e  fo llow ing reaction:

4Fe^^ + 3BH4 + 9H2O ^  4Fe° 4. +3H2B03' + 12H^ + 6 H2 t  (eqn 1.1)

W hen th e  reaction is carried out und er constant stirring and under inert a tm osphere  

it leads to  th e  fo rm atio n  o f polydisperse polycrystalline o r am orphous nanoparticles, 

w ith  diam eters typically in the range 2 0 -10 0  nm. This equation  shows th e  basic 

reaction th a t occurs. It is im p ortan t to  note th a t m any side reactions can occur here. 

For exam ple, the reaction shown in eqn 1.2 below  occurs

BH4 + 2 H 2 O - >  BO2 ■ + 4 H2  (eqn 1.2 )

This reaction causes th e  fo rm ation  of the basic M e ta b o ra te  ion. This can th en  lead to  

th e  fo rm atio n  o f m etallic Boron in our m ixture via th e  half reaction

BO2 + 2 H2 0  + 3 e ^ B  + 4 0 H ' (eqn 1.3)

These reactions result in a Fe/B alloy. The Boron concentration o f this alloy is sensitive 

to  param eters such as pH, tem p e ra tu re , concentration o f salts and th e  ratio  o f th e  

ferrous salt to  th e  Borohydride salt. These have been investigated in deta il in the  

previous lite ra tu re  [89 -91 ].

The increased perform ance o f Fe° offers many advantages; (a) im proved perform ance  

results in low er costs; (b) m ore effective  rem ediation and (c) reduced production o f
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h a rm fu l b y -p ro d u c t in te rm e d ia te s . F inally, n a n o -m a te ria ls  can be d e liv e re d  d ire c tly  

in to  th e  c o n ta m in a n t sou rce  via in jec tions  o f aq u eo u s  s lurries co n ta in in g  

n an o p a rtic les . This in je c tio n  ca p a b ility  enab les  sites such as c o n ta m in a te d  d ee p  

aqu ife rs  to  be se lec tive ly  ta rg e te d  [9 2 -9 6 ], thu s  rep lac in g  costly excavation s . 

H o w e v e r , a n u m b e r o f cha llenges  m u st be o v e rc o m e  in o rd e r  to  im p le m e n t n an o  Fe° 

in th e  fie ld ; key  issues th a t  re p re s e n t an  o bstac le  a re  o u tlin e d  in th e  fo llo w in g  section .

1 .3 .2 .3  C hallenges in th e  im p le m e n ta tio n  o f iron  n an o p a rtic les

T he  firs t p ro b le m  w ith  th e  im p le m e n ta tio n  o f Fe° is th e  p resence  o f c o m p e tin g  

o x id an ts . In a c o n ta m in a n t p lu m e  Fe° n o t o n ly  reacts w ith  c o n ta m in a n ts  b u t also w ith  

disso lved  oxygen  and  w a te r  accord ing  to  th e  fo llo w in g  reaction s:

2Fe°(s) + 02(g) + 4H^ 2Fe^^(aq| + 2H20(i) (eq n  1 .4 )

2Fe°,s) +2H 20(|) 2Fe'",aq) + H 2,g) + 20H-,aq) (eq n  1 .5 )

Fe '̂  ̂ can be fu r th e r  oxid ised  to  Fe '̂  ̂ accord ing  to :

4 F e % )  + 02(g) + 4 H " 4Fe'"(aq> + 2H20(,) (eq n  1 .6 )

T hese  side reaction s  can a ffe c t  th e  serv ice  life t im e  o f Fe° NPs based PRB's, s ince

c o n ta m in a n t p lum es can ta k e  severa l years  to  c o m p le te ly  pass a p o in t in th e  

sub surface . This p ro b le m  has th e re fo re  res tric ted  th e  use o f Fe° as a re m e d ia tio n  

a g e n t to  g ro u n d w a te r , w h ich  is a re la tiv e ly  anoxic  m e d iu m . H o w e v e r, th e  b iggest 

p ro b le m  w ith  fu r th e r  ap p lic a tio n  o f FeNPs is in its m o b ility  in porous m e d ia  [97 ]. 

R ecen t s tud ies  on  b are  u n s u p p o rte d  Fe°NPs h ave  re p o r te d  lim ite d  m o b ility  in 

s a tu ra te d  porous m ed ia  [9 7 ]. T ra n s p o rt d is tances o f  a fe w  c e n tim e tre s  o r inches have  

b een  re p o r te d . This p o o r m o b ility  is caused via tw o  m ech an ism s, successful f ilt ra t io n  

by soil m a tric e s  and  agg reg atio n  o f th e  Fe p artic les . Based on f ilt ra t io n  th e o ry  th e re  is
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an optim um  size range fo r particles in order to  minimise the ir filtra tion  by porous 

media. In general, smaller particles below 100-200nm are susceptible to  adsorptive 

processes on soil grains. Electrostatic interactions, London van der vaals forces and 

Brownian motion all influence these absorptive processes; consequently, soil pH, ionic 

strength and w ater composition can all affect adsorption. Larger particles, above 1-2 

nm in size, are susceptible to  filtra tion  via sedimentation instead. Therefore, 

depending on soil type and water conditions, the optimum range fo r particles to 

minimise filtra tion  is in the order o f 100 nm to  2000 nm. This means tha t Fe°NPs are 

vulnerable to  filtra tio n  by adsorptive process due to  their small size [98,99].

The colloidal chemistry and ferromagnetic behaviour of Fe particles results in severe 

aggregation. Aggregation prevents particle flo w  through porous media such as soils 

a fter aggregates reach a few  microns in diameter. Lowry et al have reported DLS 

measurements taken at d ifferent times a fte r sonication of Fe° NPs dispersions, and 

observed tha t average particle size increased w ith in  15 min from  lOOnm to  SOOOnm in 

a concentrated solution. Even fo llow ing attempts to prepare extremely dilute 

dispersions it was not possible to reduce aggregation.

500nm

Figure 1.5: TEM showing FeNP aggregates; Scale bar 500 nm
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Even w ith  an im provem ent in th e  result and m easurem ent quality, th e  aggregation  

appears to  be still occurring. Figure 1.5 shows a TEM of FeNPs synthesised in our 

laboratory using th e  borohydride m ethod outlined above. Large m icrom eter sizes 

chain like aggregates can be observed. Aggregation such as this, also have th e  effect 

o f lowering reactivity due to  subsequent low ering of specific surface area available for 

adsorption and reaction [100,101].

In recent tim es, m any groups have tried  to  overcom e these difficulties by use of 

surface m odification and supports fo r the NPs. Surface m odifications have involved  

th e  use of surfactants [99 ,102 ], carbohydrates [103 ,104], polyelectrolytes [105] and 

tri-b lock copolym ers [106], These approaches aim at preventing aggregation via 

electrostatic  repulsion an d /o r steric stabilisation. In lite ra tu re  these methods have 

been shown to  im prove transport in m odel soils and to  m inim ise agglom eration, 

increasing stability. How ever, this often  occurs at a loss in reactivity since these  

surface m odifications have the effect o f sim ultaneously blocking and inhibiting  

reactive sites on th e  particle.

T herefo re , th ere  is a need fo r new  m ethods and technologies th a t can im prove  

transpo rt and m obility in soils fo r the nanoparticles. These new  technologies should 

aim  to  im prove transport and m obility w hilst m aintaining the advantage of increased 

reactiv ity  gained fro m  using FeNP.

1 .3 .2 .4  Iron oxide in environm ental applications

H igher surface energies o f m etal oxide nanoparticles due to  surface to  vo lum e ratio's 

m ake iron oxide nanoparticle m ore prone to  adsorption effects. A large body o f w ork  

has been done on adsorption mechanisms of ions onto m etal oxide surfaces [107 ,108]. 

Surface hydroxides in m etal oxides have a double pair o f electrons w ith  a dissociable H 

atom  which allows ions to  react in solutions and form  complexes at the oxide surface
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[18 ,109]. Iron oxide NPs have also been used in environm ental applications. Iron oxide 

NPs have been shown to  be effective in th e  adsorption o f Cr(VI) [110], arsenite and 

arsenate [111].

1.4 Support material for Ag, Pd and Fe/FCxOy particles

Porous carbon m icrospheres (CMs) are particularly advantageous fo r nanopartic le  

support since they can leverage all of th e  advantages o f carbon m aterials w hile  

displaying a high specific surface and good transpo rt/d e livery  properties, as recently  

shown by w ork in our group [112]; how ever, th e ir  applications as nanopartic le support 

have rem ained re latively unexplored.

Carbon m aterials displayed chem istry which facilitates th e  functionalisation o f the  

surface [113 -115]. This facilitates a mechanism fo r changing surface charge and

chem istry in CMs. Surface charge m odification can be m easured using th e  zeta

potential fo r suspended particles.

1.4.1 Zeta potential and surface charge

M ost particles in a colloidal suspension have a surface charge associated w ith  them . 

This surface charge attracts an excess o f a counterion species in solutions. This leads to  

th e  fo rm atio n  o f tw o  layers of opposite charge. These are the fixed surface charge and 

th e  diffuse charge fro m  ions in solution. This is known as the electrical double layer 

(E D L )[116].

In m ore com plex models, th e re  is also w h a t is known as th e  Stern layer. This is

represented by th e  location betw een  th e  surface and th e  locus o f counterions. The

Stern layer is som etim es broken into tw o  regions: the inner Helm holtz layer (IHL) and
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the o u ter Helm holtz layer (OHL) to  distinguish b etw een  m oieties th a t have a chemical 

affin ity  fo r th e  surface as w ell as coulombic interactions. Tangential fluid flow  along a 

charged surface can be caused by applying an electric field. It has been shown th a t a 

th in layer of fluid  sticks to  the surface. This is known as the hydrodynam icaily stagnant 

layer. This layer goes from  th e  surface to  some distance d®'' w here a slip plane is 

assumed to  exist and fluid flow  begins again. This assumption means th a t the volum e  

contained w ith in  the slip plane Is constant and hence the space charge fo r everything  

w ith in  th e  slip plane is constant as everything is assumed to  be static w ith in  th e  slip 

plane. The potential at this point is defined as th e  zeta potential. The slip plane will be 

a g rea ter than or equal to  distance fro m  th e  surface as the OHL.

a° a' 0^ a®*'

IHP

OHP

Slip plane

d d®'̂ Distance

Figure 1.6: Model of Surface charges and potentials. All potentials are defined with respect to 

the potential in the bulk solution.

Figure 1.6 dem onstrates a m odel depicting all these layers. It is accepted th a t th e  zeta 

potentia l is defined by the nature o f th e  surface, its charge, th e  electro lyte  

concentration , pH and the nature o f th e  solvent. These being fixed, th e  zeta potential 

should be a fixed num ber [116].



The zeta potential is not directly measurable but its value can be obtained via 

electrokinetic measurements coupled to modelling of the electrophoretic mobility. In 

our studies we  have used this approach to investigate the effects of surface 

functionalisation on CM surface charge using methods outlined in section 2.2.2.

1.4.2 Carbon microsphere with controllable size

Also, CMs w/ere synthesised utilising ultrasonic spray pyrolysis. Using this method CMs 

with varying porosity have been synthesised[117]. This method also has potential to 

control CM size (See section 2.1.1). Tufenkji-Elimelech model predicts that filtration  

effects are minimized for particles between 0.1 nm and 1 nm in diam eter [118]; 

therefore, CM size is in the optimal range for applications requiring delivery of 

nanoparticles through porous matrices. These CM offer a vast range of selectivity and 

tuneable parameters for potential applications as a nanomaterials support. If control 

of CMs used for support can be gained, they would provide an excellent support for 

Ag, Pd and Fe/FexOy NP's in all there potential applications.

In this work, we report on the use of an electroless deposition approach to synthesize 

metal nanoparticle/carbon composite microspheres. Electroless deposition is used to  

synthesis Ag, Pd and Fe/FexOy at CM surfaces. The next section contains a review of 

electroless deposition and some information regarding applications of the technique 

for synthesis of nano materials.
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1.5 Introduction to Electroless Deposition

1.5.1 Basics of Electroless Deposition

Electroless deposition (ED) is a heterogeneous electrochem ical process which involves 

the grow th o f a m etal on a substrate via a catalyzed chem ical reduction o f aqueous 

m etal ions onto th e  substrate surface. It is generally accepted th a t ED proceeds via 

tw o  sim ultaneous electrochem ical processes: i) The cathodic reduction o f th e  m etal 

ion at a catalytic surface, ii) The anodic oxidation o f th e  reductant in solution: 

How ever, unlike conventional electrodeposition processes, the catalytic oxidation of 

reductants is th e  source of electrons fo r reductive deposition o f m etals. Figure 1.7 

shows a schem atic representation of th ree  types o f ED occurring on a substrate. The 

reducing agent donates an electron, allow ing the aqueous m etallic salt to  be reduced  

and deposited on the catalytic substrate in m etallic fo rm  [119-122].

(a) (b)

Red Ox Red Ox

/
Substrate Substrate

(c)

Substrate

Figure 1.7: Electroless deposition processes: (a) Autocatalytic: The reduced noble metal serves 

as the catalyst for further reduction of the metal salt by the external reducing agent, (b) 

Substrate catalyzed: The substrate surface catalyzes the reduction of the metal salt by the 

reducing agent (c) Galvanic displacement: The surface serves as the reducing agent and 

electron source for reduction of the metal salt: [123].
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In most ED processes, continued metallic deposition will occurs due to the deposited 

metallic sites having their own catalytic properties. The term autocatalytic is often 

used to describe this property of ED. Once ED is initiated, the autocatalytic property 

coupled with an electron source via the reducing agent, mean ED reactions can 

continue without the need of an external power supply. Subsequently, ED processes 

can be achieved on non-conducting and semi conductor surfaces, provided 

catalytically active regions are available to initiate autocatalysis

1.5.2 Key requirements for ED

In order to achieve successful ED, several key requirements are necessary:

i) Chemistry of bath such that the oxidation potential of the reductant is less 

noble than the reverse potential of the metal being deposited.

ii) Chemistry of bath such that the kinetics for the electron transfer between 

reducing agent and metal ions in solution are slow

iii) A catalytically active surface to accelerate the rate of metal ion reduction 

at the surface, initiating autocatalysis.

i) and  ii)

Requirements i) and ii) ensure that the ED baths of this type are therm odynam ically 

unstable but kinetically stable. This is essential because otherwise the metal ion 

would be reduced in the bulk solution via homogeneous electron transfer. 

Homogenous electron transfer is unwanted for many reasons. Firstly, it decreases the 

lifetime of ED baths due to homogenous reduction occurring simultaneously with 

heterogeneous reduction. This results in the metal ions and reducing agent being
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consumed at a fas ter rate, leading to  increased decom position tim es fo r deposition  

solutions. This has cost implication due to  th e  w aste o f expensive m etal salts. 

Secondly, hom ogeneous reduction can result w ith  precipitation o f unw anted chemical 

compounds such as m etal hydroxides. Precipitates can in te rfere  w ith  the  

heterogeneous process resulting in d iffe ren t physical and chem ical properties of the  

deposited layer. Precipitates can also lead to  bath fa ilure by inhibiting catalytic  

activity.

To prevent this, m any baths contain additives o th e r than  a source of m etal ions and a 

reducing agent. Additives are used prim arily to  change the therm odynam ic behaviour 

and kinetic behaviour o f solutions in order to  satisfy th e  criteria of having kinetic 

stability w hilst retaining enough therm odynam ic instability to  ensure catalytic  

reductive deposition. Complexing agents are typically used to  achieve this. These 

agents can act as e ith er stabiliser agents or reaction inhibitors. Stabilisers can act as 

b uffer agents to  th e  fo rm ation  of m etal hydroxides and o th er m etal precipitates  

which fac ilita te  bath failures. Complexing agents are  also used to  inhibit rates of 

reaction by lowering the redox potential b etw een  th e  anodic and cathodic reaction, 

increasing kinetic stability.

Lowering the redox potential has also been achieved by controlling the pH o f the  

bath. The potential o f m any of the reducing agents has been shown to be dependent 

on the solution pH [124 ,125]. How ever, fo r reactions th a t result in the fo rm ation  or 

consum ption of H* ions or OH' ions, addition o f a pH buffe r may be necessary to  

ensure successful plating.

W ith  all these possible additives, many ED procedures have very com plex chem istry  

and are quite simply, not w ell understood [12 6 -1 28 ]. It is w ell docum ented in 

lite ra tu re  th a t m inor changes in bath com position can a lte r th e  physical properties of 

th e  m etal deposits produced through ED [129]. This indicates th a t properties such as
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res is tiv ity , ra te  o f d e p o s itio n , m o rp h o lo g y  and  p u rity  d ep en d  on m a n y  fac to rs  besides  

th e  id e n tity  o f th e  m e ta l being  d ep o s ited  [1 2 9 ,1 3 0 ],

Hi)

R e q u ire m e n t iii) ensures  th a t  ED can be in it ia te d  a t th e  re q u ire d  surface . A ca ta lys t 

a cce le ra tes  th e  ra te  o f m e ta l ion re d u c tio n , a llo w in g  th e  h e te ro g e n e o u s  re d u c tio n  to  

vastly  o u tp ac in g  a n y  c o m p e tin g  h o m o g en eo u s  re d u c tio n . In th is w a y , m e ta l ions are  

red u ced  only  a t th e  su rface , and th e  surface  becom es co a ted  w ith  th e  d es ired  m e ta l. 

It has b een  sho w n  th a t  g en e ra lly  ED p roceeds  on m eta ls  th a t  can be used in 

h yd ro g e n a tio n  and  d e h y d ro g e n a tio n  c a ta ly tic  processes. This d ras tica lly  m in im ises  

th e  ty p e  o f surfaces w h ich  can be d ire c tly  d ep o s ite d  on. H o w e v e r, re search ers  have  

o v e rc o m e  th is  using severa l m eth o d s . M a o z  e t al d e v e lo p e d  a m e th o d  o f  

n an o fa b ric a tio n  using a con du ctive  a to m ic  fo rce  m icroscopy tip  to  locally  o x id ize  th e  

te rm in a l C H 3 g roups o f a se lf-assem bled  m o n o la y e r [1 3 1 ]. T he  oxid ized  sites w e re  

th e n  used fo r  th e  se lec tiv e  se lf-assem bly  o f v iny l te rm in a te d  silanes, w h ic h  d ro v e  th e  

d ep o s itio n  o f  m eta ls . R esearchers h ave  also ach ieved  ED by n u c lea tin g  c a ta ly tic  

m e ta llic  seed  p artic les  o n to  m an y  su rface  typ es  via ion exch an g e  and  galvan ic  

coupling  m e th o d o lo g ie s  [3 8 ]. T he  seed p artic les  act as an in it ia tio n  s ite  fo r  th e  

a u to c a ta ly tic  process. This a llow s ED to  be im p le m e n te d  on surfaces such as glass, 

p o lym ers , ceram ics  and  o th e r  non m e ta llic  and non  con du c tive  surfaces [3 9 ].

1.5.3 Uses of electroless deposition for nanoparticle synthesis

Electro less d e p o s it io n /p la t in g  has e m e rg e d  as an e ffe c tiv e  m e th o d  fo r  g ro w in g  nano  

structu res  and  n a n o p a rtic les  on s u p p o rtin g  m a te ria ls . Cu, Ag, Pd, Pt, Au and  Co m e ta ls  

h ave  all have n an o s tru c tu re s  synthesised  via  ED [3 8 ,1 3 2 -1 3 5 ] . This has b een  a c h ieved  

by utilis ing  severa l d if fe re n t  m e th o d s , m o st o f w h ich  use o ne  o r b o th  o f th e  fo llo w in g  

concepts
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I) Controlling w h ere  th e  grow th occurs

II) M odifying  rate of g row th  by m odifying reaction kinetics.

i)

The use o f grow th tem plates to  control shape and lim it th e  uncontrolled grow th has 

been shown to  be effective. As ED is a bottom  up m ethod fo r producing  

nanostructures, use of a tem p la te  w ill shape, guide and lim it the grow th, enabling the  

production of nanow ires, nanotubes and nanoparticles. Notably, M artin  and co­

w orkers carried out w ork  on th e  use o f electroless deposition fo r the decoration of 

poly carbonate filte r  m em brane supports (10  -30 nm pores) w ith  noble m etal 

nanostructures [29].

M o re  recently, M e tz  e t al. have shown th a t these m ethodologies can be used to  

deposit Au and Pt nanoparticles at nano-structured carbon supports [36 ,38 ,135 ]. The 

approach here typically consists o f a spontaneous reduction o f the m etal at a surface 

th a t is se lectively activated via fo rm ation  o f catalytic seed particles; plating only  

occurs at these catalytic centres.

ii)

M odify ing  th e  kinetics o f an ED process has been achieved several ways. Firstly, 

Yoshino e t al [136] has dem onstra ted  th a t by using additives w ith  inhibiting and 

accelerating effects it is possible to  fill n anom etre  scale trenches in ultra -  large scale 

integration  in terconnect technology. This approach involves controlling the kinetics of 

deposition by m odifying bath chem istry. This approach is m anipulating th e  rate of 

electron donation as a m echanism  fo r controlling deposition rates.

Typically, heterogeneous kinetics is characterised by mass transport through solution, 

adsorption on th e  catalytic surface, mass transport on the surface and desorption o f 

th e  reaction products. As ED is a heterogeneous process, electron transfer is not the  

only property  which influences rate. Therefo re , th e  dispersion and size o f m etal
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nanoparticles can be, in principle, controlled by mass transport to  the surface o f the  

nano-structured solid support [137], Figure 1.8 shows a schem atic of the ED process. 

In general, it is desirable to  reach step 3 and obtain a uniform  m etallic layer.

-Catalytic seed 

Metal Nucleation

Substrate
Step 1 
--------►

w  w  w  w  w

Substrate
Step 2 
--------► Substrate

Step 3 
 ►

Metal 
n n o fl n

Substrate

G eneral process of electroless deposition  

Figure 1.8: Schematic showing electroless deposition utilising catalytic seed particles

How ever, in this w ork w e are going to  com bine contro lled  catalytic seed activation  

w ith  controlled mass transport in o rd er to  achieve lim ited grow th. This m ethod will 

result in th e  ED process halting at step 2 in figure 1.8 and th e  synthesis of nucleated  

nanoparticles instead o f a conform al m etallic layer.

1.6 Aims of this work

1.6.1 Carbon microspheres

The first goal of this w ork is to  synthesis CMs utilising USP and m ethods p ioneered by 

Skrabalak e t al [117 ,138 ], Once synthesis, w e will try  to  dem onstra te the viability of 

the CM 's as a support m ateria l fo r nanopartic le grow th . In o rd er to  do this w e w ill (a) 

d em onstrate th a t CMs synthesised via USP have contro llab le size, im portan t fo r  

transport in porous media and biological systems, (b) It w ill be shown th a t CMs display 

typical carbon surface chem istry by perform ing som e sim ple diazonium grafting  

reactions. A surface charge change a fte r functionalisation w ould  indicate th a t it w ill be 

possible to  m odify th e  surface charge and chem istry o f CMs, im portan t fo r tailoring  

transport properties in various environm ents [97].
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1.6.2 Synthesis of new Pd/C and Ag/C composite materials using Electroless 

deposition

Using CMs, Pd and Ag NPs will be nucleated at the carbon surface via green electroless 

deposition protocols. It will be shown that protocols used by metz et al, can be used to 

achievable nucleated catalytic seed particles at the CM surface. It will be shown that 

growth of catalytic seed particles at the CM surface is crucial to obtaining these 

composites and determining the size of the nanoclusters grown at the CM surface. 

Recently Varma and coworkers reported on the use of coffee or tea as a reducing 

agent fo r green synthesis of metal nanoparticles [139,140]. In this work we report on 

the use of coffee as a low-cost, green reagent for electroless deposition at room 

temperature. We have leveraged the reduction potential of coffee in order to grow Pd 

and Ag nanoparticles at the surface of porous carbon microspheres (CM) synthesized 

via ultraspray pyrolysis. It is also shown that both of the Pd and Ag composite materials 

are catalytically active by performing Suzuki coupling and 4-nitrophenol reduction 

respectively.

1.6.3 Synthesis of Fe/FexOy/C composite materials using Electroless deposition

Using CMs, Fe/FexOy NPs will be nucleated at the carbon surface via electroless 

deposition. Metallic catalytic seed particles will be used again to start the ED process 

on the carbon surface in order to achieve this goal. Multiply ED protocols will be tried 

in order to achieve the synthesis of this composite material. It will be shown that it is 

possible to control the size of NPs grown at the CM surface using electroless 

deposition protocols by nakanishi et al [141]. Subsequently, it is demonstrated that the 

new composite material is very highly responsive towards the removal of Cr(VI) from 

aqueous solutions.
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CHAPTER 2

Experimental techniques

In this chapter, th e  theory behind some o f the less w ell known experim ent methods 

and techniques used in this report will be given. A background w ill be given fo r  

ultrasonic spray pyrolysis, dynam ic light scattering and zeta potentia l m easurem ents. A 

review  o f o ther techniques used in the report will not be given due to  the ubiquitous  

nature o f these techniques.
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2.1 Review of experimental methods

2.1.1 Ultrasonic spray pyrolysis

Recent developm ents have shown th a t it is possible to  achieve th e  synthesis o f carbon  

m icroparticles by a process know/n as ultrasonic spray pyrolysis (USP) [1,2]. In USP a 

liquid precursor solution is nebulised into a mist using a high frequency piezoelectric  

transducer. The mist is then carried via inert or reactive gas flow/ to  a furnace. The 

solvent evaporates in th e  furnace and the precursor decomposes thus leaving a solid 

particle th a t can be captured and isolated. Figure 2.1 shows a schem atic o f this 

process as carried out in the studies presented in th e  fo llow ing chapters.

Ar in

Furnace 700 °C

Bubbler

1.67 MHz piezo 
electric disk

Ar out

Figure 2.1: Schematic of the USP system used in our studies.

Using piezoelectric nebulisation it is possible in principle to  obtain a narrow ly  

dispersed particle size distribution [3]. The oscillations in the ultrasonic range of the  

piezoelectric disk cause capillary waves to  form  in th e  precursor solution. Eqn 2.1  

provides a w ay of calculating the expected w avelength  o f capillary waves in a liquid 

reservoir:[3]

A = (2 .1)
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Where p is the liquid density, T is the surface tension, F is the exciting frequency and \  

is the wavelength of the capillary wave. When a wave has a large enough excitation 

vibration, build up in wave amplitude causes instability, resulting in wave peaks 

breaking loose and being expelled from the surface leading to the formation of 

droplets. The diameter of these droplets (D) is proportional to the capillary wavelength 

according to the following eqn 2.2 [3]:

D = 0.34 (eqn 2.2)

The typical size dispersion of droplets generated with this method can thus be 

controlled by varying frequency or surface tension. These droplets can then be carried 

into the furnace on a stream of inert gas where the solvent evaporation and precursor 

decomposition can be controlled by maintaining control over furnace temperature and 

carrier gas flow rate.

Within the furnace each individual droplet acts as a separate reaction vessel containing 

limited amounts of dissolved precursor. Hence, upon decomposition, the resulting 

particle can only be of a limited size. Using mass balance, a given particles diameter is 

given by eqn 2.3 [3-5];

 ̂M
p  1000

(eqn 2.3)

Where M is the molecular mass, p is the expected density of the solid, D is the 

diameter of the droplet given by eqn 2.2 and Cs is the starting concentration of the 

precursor solution. Equations 2.2 and 2.3 indicate that control over microsphere size 

can be achieved in two ways: by varying piezo frequency and by varying precursor 

concentration.
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2.2 Experimental Techniques

2.2.1 Dynamic Light Scattering (DLS)

Dynamic light scattering is an experimental technique used to determine the size of 

particles, typically in the submicron scale. DLS uses the Brownian motion of particles in 

a solution in order to estimate size; this estimation is done via the Stokes Einstein eqn

2.4 [6]:

kT
— -  (eqn 2.4)

^TtrjD

Where dh is the hydrodynamic radius, k is Boltzmann's constant, ri is the solvent 

viscosity, T is temperature and D is the translational diffusion coefficient. This equation 

means that, if the diffusion coefficient is known, it is possible to calculate the 

hydrodynamic radius as long as the temperature is constant and the particles are 

suspended in a solvent of known viscosity at this temperature. A main limitation of eqn

2.4 is that it assumes that particles are spherically shaped, so that the hydrodynamic 

radius is the diameter of a sphere with the same translational diffusion coefficient. 

Since the measured diffusion coefficient can be affected by surface structures and ions 

in the solvent medium, the same particle core size can yield slightly different df, values. 

Also, the ionic strength of a medium affects particle diffusion speed by changing the 

size of the electric double layer. Surface structures affect the diffusion coefficient by 

varying degrees depending on their orientation and properties.

Figure 2.2 shows the basic experimental configuration of DLS measurements used for 

our studies of carbon microparticles. Light from a laser impinges on a dispersion of 

particles in a liquid and is scattered at different angles. A detector at a specific angle 0
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measures the intensity of the scattered beam; the intersection of the incident and 

scattered beam defines the scattering volume V. According to the classical theory of 

light, the Incident field can induce dipoles in the medium that oscillate at the same 

frequency thus creating scattering centres.

Scattering
volume

Attenuator

Detector

Computer

Correlator

Laser

Figure 2.2: Optical setup for DLS measurements

Since the incident laser light is monochromatic and coherent the total scattered 

amplitude is the result of the superposition (interference) of the beams scattered by all 

infinitesimal volumes within V. If all the volumes are identical (have the same dielectric 

constant) it Is always possible to find an infinitesimal volume that is in destructive 

interference with another at a scattering angle different from zero. Therefore, only 

forward scattering will be observed in this case, since only at zero degrees all of the 

beams superimpose in phase. If the scattering centres are different from each other 

scattered radiation is observed at all angles instead.

The amplitude scattered by a volume containing a suspension of particles depends on 

the dielectric constant of the dispersing liquid and on the number density, size and 

dielectric constant of the particles. Such a suspension is not a homogeneous medium  

and beams scattered by infinitesimal volumes will lead to scattering over all angles. At 

any instant in tim e the total scattered beam will depend on the particular arrangement
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of the particles in space, however, Brownian motion causes the particles to move thus 

introducing fluctuations in the scattered amplitude. The time-scale of these 

fluctuations, in turn, contains information on the diffusion coefficient D and, 

consequently, on the hydrodynamic radius dh of the particles. DLS determination of 

particle size and concentration therefore relies on extracting size, concentration and 

dielectric constant information from the tim e fluctuations of the scattered intensity. 

The DLS measurements in our experiments were performed at a fixed angle by using a 

digital correlator to process the intensity signal measured at the detector. A correlator 

generates the correlation function for the scattered signal which is used to extract the 

characteristic tim e scale for the observed intensity fluctuations. The normalised time  

auto-correlation function is given by eqn 2.5:

{any
(eqn 2.5)

where l(t) is the intensity at time t to  which the average value of the scattered 

intensity is substracted; l(t+T) is the intensity after one sample time t and the <> 

brackets indicate an average over all times.
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Figure 2.3: Example of an experimental correlation function
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This is how the decay is collected in th e  instrum ent; Figure 2.2 gives an exam ple of an 

experim enta l autocorrelation function. If a scattered signal from  tim e  t is com pared to  

a signal a small tim e  interval 6 t la ter a strong relationship can be observed; th e  tw o  

signals will be very sim ilar because little  particle m ovem ent has occurred over a short 

tim e. A fte r very long delay tim es the particles can be very fa r aw ay from  th e ir initial 

positions so th a t th e  tw o  scattered intensities are also very d ifferent. Therefore, at t  =0  

g(x) should be 1 w hereas at t  ->  infin ity th e  g(x) should tend  to  zero. For a 

m onodisperse sample this decay can then  be m ade to  fit w ith  an exponential m odel 

according to  eqn 2.6:

W here  A is th e  baseline o f the function, B is th e  in tercept o f the function and F  is the  

decay constant. The diffusion coefficient can be derived from  th e  decay constant 

according to  eqn 2.7:

w here  n is the refractive index of the dispersant, Xo is the w avelength  o f th e  laser light 

used and 9  represents the angle at w hich scattering is detected . From the diffusion  

coefficient th e  hydrodynam ic radius o f th e  particles can be determ ined  as seen in eqn 

2.4. This type o f modelling can also be used to  m odel polydisperse samples by 

substituting th e  single exponential te rm  in eqn 2 .6  w ith  a sum o f exponentia l decays.

The instrum ent used in our experim ents is a Zetasizer Nano-ZS m anufactured by 

M alvern  instrum ents. This instrum ent consists o f 6 main parts. A H e-N e laser as a light 

source (632 nm). A sample contained in a cell and sam ple cell holder, a backscatter 

detec tor at 173° relative to  th e  incident light. In order not to  over saturate the  

detec tor th ere  is also an a tte n u a to r a fte r th e  laser to  control incident light intensity.

g ( r )  =  i4[l +  B e x p ( - 2 F r ) ]  (eqn 2.6)

(eqn 2.7)
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T he  n ext c o m p o n e n t is th e  c o rre la to r  w h ich  feed s  in to  th e  fin a l c o m p o n e n t, th e  

c o m p u te r . T h e  m a n u fa c tu re r 's  s o ftw a re  w as used fo r  m o d e llin g  th e  d a ta . For m o re  

d e ta ile d  in fo rm a tio n  on th e  princ ip les  and  p rac tic e  o f DLS see th e  fo llo w in g  

re fe re n c e [7 ,8 ].

2.2.2 Zeta Potential Measurements

This m e a s u re m e n t is p e rfo rm e d  by e xp lo itin g  th e  e le c tro k in e tic  p h e n o m e n a  o f  

e lec tro p h o res is . E lec tro ph oresis  is th e  m o v e m e n t o f charged  co llo ida l p artic les  o r  

e le c tro ly te s  in a liqu id , u n d e r th e  in flu e n c e  o f an e le c tr ic  f ie ld . T h e  p artic le  experien ces  

severa l fo rces  in th e s e  con d ition s . F irstly  an e le c tro s ta tic  fo rc e  is ap p lied  to  th e  p artic le  

via th e  e le c tr ic  fie ld . T h e  p artic le  also e xp erien ces  a fr ic tio n  o r d rag  fo rc e  opposing  th e  

d ire c tio n  o f th e  e le c tro s ta tic  fo rc e . T h e re  is also an e le c tro p h o re tic  re ta rd a tio n  fo rce  

w hich  opposes th e  e le c tro s ta tic  fo rc e . This fo rce  d ep e n d s  on th e  size o f th e  D eb ye  

leng th . W h e n  e q u ilib r iu m  is rea c h ed  and all o f th e s e  forces  a re  e q u a l, th e  partic les  

m o v e  a t a con s ta n t ve lo c ity . T he  v e lo c ity  o f a p artic le  p e r u n it f ie ld  is re fe rre d  to  as th e  

e le c tro p h o re tic  m o b ility . T he  d rift  v e lo c ity  is d e p e n d a n t on th e  fo llo w in g  p ara m e te rs ;  

th e  s tre n g th  o f th e  e le c tr ic  f ie ld  a p p lie d , th e  d ie le c tric  c o n s tan t o f th e  m e d iu m , th e  

viscosity o f th e  m e d iu m  and th e  z e ta -p o te n t ia l. T h e  fo rm u la  used in o u r e x p e rim e n ts  

as a m o d e l is H enry 's  fo rm u la :

M e = ^  —  f ( k a )  ( e q n 2 .8 )
3 77

W h e re  He is th e  e le c tro p h o re tic  m o b ility , e is th e  d ie le c tr ic  c o n s tan t o f th e  m e d iu m , n 

is th e  d isp ersan t viscosity and  ^ is th e  ze ta  p o te n tia l. / (K a )  is a n u m b e r th a t  varies  

b e tw e e n  1 and 1 .5  d ep e n d in g  on th e  sam p le  being  m e a s u re d . T h e  p a ra m e te r  a  is th e  

p artic le  radius and  k  is th e  inverse  o f th e  D e b y e  len g th  expressed  by eqn  2 .9:
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N

1 = 1

Er,e^kT
(eqn 2.9)

w here e is the e lem en tary  charge, Z|, ni th e  charge num ber and num ber concentration  

of ion i (the solution contains N  ionic species), Ers the re lative perm ittiv ity  of the  

electro lyte solution, Eq th e  electric perm ittiv ity  o f vacuum , k th e  Boltzm ann constant 

and T th e  therm odynam ic tem p era tu re . W hen the radius o f the particle is much larger 

than th e  Debye length then k o  » 1 ,  a n d /f r a j  is approxim ated  to  1.5. W hen the radius 

is com parable or sm aller than th e  Debye length th e n /( r a j  = 1. This is re ferred  to  as the  

Huckel approxim ation. It is im portan t to  note th a t Henry's m odel has its lim itations. 

First, it assumes th a t th e  samples are non conducting m eaning th a t fo r conducting  

particles, it can only be used fo r zeta potential m easurem ents below  50m V . The reason 

fo r this is th a t Smoluchowski's th eo ry  assumes th a t the electric field  is independent of 

the presence o f an electric double layer w hereas in fact, they are interacting all the  

tim e. If is g rea ter than 50m V  the interaction betw een  the double layer and the  

electric field  cannot be neglected and a d iffe ren t m odel must be used to  account fo r  

surface conductivity. Such equations are the ones derived by Dukhim  fo r sym m etrical 

z-z electrolytes and Sem enikhin or th e  equations o f 0 ,B rien  and W h ite . In our 

experim ents w e have applied only th e  Huckel m odel[9].

In th e  cell the electrophoresis is induced by applying a voltage across the sam ple cell. 

The field  is reversed about every 1 second to  help m inim ise e lectrode polarisation, 

which is caused by the build up o f anions or cations around th e  positive or negative  

electrodes respectively. The m easurem ent itself is perform ed using laser Doppler 

velocim etry; this technique uses a beam  sp litter to  create tw o  beams, an incident and 

reference beam . The incident beam  is allow ed to  pass through th e  centre o f th e  cell. 

The scattering light caused by the particles is detected  at 13 degrees. This light is 

recom bined w ith  th e  reference beam . This produces a fluctuating intensity signal
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which is proportional to the particle velocity in the cell. This is then converted into a 

zeta potential using the equations above. For a review see the fo llow ing reference [9].
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Chapter 3

Synthesis of Carbon Microspheres via 

ultrasonic spray pyrolysis

Porous carbon m aterials are o f interest fo r th e ir potentia l use in electrochem ical, 

catalytic, adsorbent, and transport properties through porous matrices. Here, we  

report on the synthesis o f Carbon microspheres (CMs) using ultrasonic spray pyrolysis 

(USP). It is dem onstrated  herein th a t the CMs have tuneab le  size, structure and surface 

chem istry via various characterisation techniques.
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3.1 Introduction

In this chapter, w e report on th e  use o f ultrasonic spray pyrolysis (USP) as a method  

fo r synthesis Carbon microspheres (CMs) as previously reported  by Skrabalek et al [1], 

W e have characterized the structure, m orphology and com position o f these CMs using 

a com bination o f SEM, Raman, FTIR and BET analysis. Subsequently, th e  versatility of 

USP technique was dem onstrated  by achieving size control over CMs using tw o  

d iffe ren t param eters. Finally, in order to  dem onstra te  th e  surface chem istry of the  

CMs, functionalisation experim ents w ere  perform ed using Diazonium  grafting  

reactions. O ur results show th a t USP can be used to  create CMs o f differing  

m orphology and porous structure using d iffe ren t precursor solutions in the USP 

apparatus, in ag reem en t w ith  previous reports. It is also dem onstra ted  th a t resulting  

m icrospheres are all carbon in nature w ith  various carboxylate and carbonyl groups on 

th e  surface. W e  have also confirm ed th a t precursor solution concentration and 

nebuliser frequency can both be used to  achieve CM size m odification utilising USP 

m ethods. FTIR and zeta potential m easurem ents confirm  th a t CM surfaces can be 

m odified via th e  use o f Diazonium salt chem istry. On th e  light o f these studies w e  

discuss potentia l applications o f CM produced using USP techniques.

3.1.1 USP Methods for carbon microsphere synthesis

In 2006 , Skrabalak e t al. utilised USP to  obtain meso and m acro porous CMs [1]. They 

proposed a design criterion fo r the choice of organic precursor solutions to  obtain  

carbon microspheres. They assume th a t vo latile  stable leaving groups w ill dissociate 

fro m  heated droplets o f organic precursor solution, and due to  subsequent pyrolysis, 

the organic salt breaks down into a halide salt and pyrolytic carbon. Hence, proposing
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the formula below as a means to determine the end products of the thermal 

decomposition process.

M„XmCn(C02 or SOajoHhXc

where M is an alkali metal ion, X is a halide or hydroxyl. By defining N = b -  c, they 

were able to give the likelihood of obtaining CMs. They observed that for N values of 0 

and 2, spherical and networked CMs where obtained. Outside of this range the carbon 

materials obtained were ill defined, indicating that ideally b should equal c to ensure 

the remnants from decomposition contain just carbon. They also observed that by only 

changing the alkali metal ion in various organic precursor solutions they were able to 

achieve CMs with varying surface area, porosity and morphology. They suggested the 

differences in morphology are due to the relative order and kinetics of the following 

processes [1,2].

i) Melting of organic salt

ii) Exothermically decompose of the organic salt may release MX

iii) Endothermic decarboxylation of the organic salt

iv) Melting of the inorganic salt MX.

3.1.2 Modification of surface chemistry and charge

Control over the surface charge and surface chemistry of carbon particles can be 

achieved via surface functionalisation reactions. One of the most exploited methods is 

using diazonium salt chemistry to attach aromatic groups to carbon surfaces. This 

approach will be used to impart charge to the particles by functionalizing them with 

ionisable moieties such as -ArCOOH or -ArSOjH. Aryldiazonium salts can be grafted 

electrochemically and the mechanism involves the transfer of a reductive electron to 

the diazonium [3]. The reaction involves the cleavage of dinitrogen leading to the 

form ation of an aryl radical; this radical then binds to the surface of the carbon via
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covalent bonding as dem onstrated in figure 3.1. In lite ra tu re this reaction has been 

shown to  happen spontaneously fo r carbon black and carbon nanotubes w ithout 

electrochem ical induction [4].

COOH COOH COOH

N

III
N

Carbon
Surface

Figure 3.1: Schematic demonstrating an example of a diazonium grafting reactions.

The presence of acidic groups can be used to  control th e  surface charge of the particles 

and th ere fo re  the transport and m obility o f th e  carbon m ateria l in d iffe ren t chemical 

environm ents. The change in surface charge can be m onitored  via m easurem ent o f the  

particle zeta potential as described in detail in section 2.1 .3 .

3.2 Experimental

3.2.1 Materials

Reagent grade lith ium  hydroxide (96% ; Sigma), sodium hydroxide (98% , Sigma), 

potassium hydroxide (98%, sigma), dichloroacetic acid (DCA, 99% , Sigma Aldrich), 4- 

am ino benzoic acid (Compound 1), (99% , Sigma), sulfanilic acid (Com pound 2), (99%; 

Sigma), n ,n -d ie thy l-p -phenylenediam ine (Com pound 3) (97%; Sigma Aldrich), NaCI
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(99%  Sigma Aldrich), Hydrochloric acid (30% ,), 4-carboxyphenyl d iazonium , 4-d iazo- 

A/,A/-diethylaniline fluo ro b orate , 4-sulfophenyl diazonium

3.2.2 Synthesis o f Porous carbon microspheres

Porous carbon m icroparticles w ere prepared using th e  USP m ethodology described in 

Section 2.1 .1 . First the USP apparatus was set up as described in section 2 .1 .1  as 

dem onstrated  by th e  photo in Figure 3.2. A typical experim ent involves making a 1.5 

M  precursor solution which is prepared vo lum etrically w ith  deionised w ater. 250  mL of 

3 M  dichloroacetic acid and 250  ml o f 3 M  alkaline hydroxide w ere  mixed in order to  

obtain th e  subsequent alkali d ichloroacetate solution. The solution was m ade up to  

500 mL as the reaction resulted in less than 500 ml volum e.

Figure 3.2: Photo of the USP setup used for the synthesis of CMs in our laboratory.

The solution was left to  cool fo r 10 min. 100 ml of th e  alkali d ichloracetate solution  

was placed in th e  atom isation vessel o f the USP system via the solution addition arm. 

The reaction system was purged o f oxygen by m aintaining a constant flow  of Argon at 

2 standard litres per m inute (SLPM). The furnace was preheated  to  710  °C. The  

piezoelectric nebuliser (Piezo) was switched on thus generating a mist of the precursor 

solution. Precursor solution was added using a p ipette  via the solution addition arm  in 

order to  keep a constant liquid level. The process was allow ed to  continue until 

sufficient carbon particles w ere  observed in th e  bubbler. Carbon particles w ere
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purified via filtra tion  through 0 .4 5  |im  m em branes and washed w ith  copious am ounts  

of w a te r to  rem ove inorganic salts and w ith  ethanol to  rem ove any organic residues. 

The particles w ere  then  characterised using DLS, zeta potential m easurem ents, FTIR, 

Raman and SEM imaging.

3.2.3 Functionalisation of carbon Microspheres

Synthesis o f th e  Diazoniums salt m entioned in this report was perform ed by Deirdre  

M urphy in our Laboratory.

Synthesis of 4-carboxyyphenyl d iazonium  te tra flu o ro b o ra te : fo llow ed  the m ethod  

reported by D'Am ours e t al which involved using p-am inobenzoic acid as a precursor 

[5]. A light yellow  pow der was obtained. This was washed w ith  ice cold e ther and 

suction dried. A yield of 64% was obtained

Synthesis o f 4-sulfobenzenediazonium  te tra flu o ro b o ra te : fo llow ed  the m ethod  

reported by Herm ans et al w hich involved using 4-am inobenzenesulphonic acid 

(sulfanilic acid) as a precursor [6]. A pale c rea m /w h ite  pow der resulted which was 

vacuum filtered  and washed w ith  e th er;m eth ano l mix. A yield of 82 .61%  was obtained.

CMs w ere added to  25 ml o f w a te r to  an end concentration o f 0 .0 4  g /l. This suspension 

was cooled to  4 °C fo llow ed by subsequent addition  o f diazonium  salt to  an end  

concentration o f 0 .5  M . The reaction vessel was left fo r 48  h in a 4 °C environm ent 

w ith  occasional agitation. CMs w ere  rem oved fro m  the diazonium  solution via 

filtra tion  through 0 .4 5  |iM  filte r m em branes. CMs w ere  washed w ith  copious am ounts  

of cooled w ater, fo llow ed  by washings o f acetonitrile  and ethanol. Samples w ere  dried  

under a steady flow  o f Ar gas and subsequently stored in a vial containing Ar gas.
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3.2.4. Characterisation techniques

Scanning Electron Microscopy (SEM) was performed at an accelerating voltage of 10 

keV using a Zeiss Ultra microscope equipped w ith  in lens, secondary and electron 

backscatter detectors. Particle size distributions were obtained via SEM from  particle 

diam eter determ ination o f particles fo r LiDCA and NaDCA samples from  images. 

Raman spectra were collected on a micro-Raman system (Renishaw 1000) 

equipped w ith  a CCD camera and a Leica microscope. The 457 nm

line of an Ar laser was used as the excitation source. A grating w ith

1800 lines/mm was used fo r all measurements, providing a spectral

resolution o f '1  cm” \  Spectra were collected in extended mode with

10 s exposure tim e, 10 accumulations, and a laser power of 0.25 mW to 

avoid laser burning o f the carbon surfaces. z-Potential measurements were carried out 

on a Malvern Zetasizer Nano-ZS: HCI or NaOH was added to  particle suspensions in 

order to vary the pH followed by an addition o f NaCI in order to bring the to ta l ionic 

strength to  a value of 0.010 M. DLS measurements were carried out on a Malvern 

Zetasizer Nano-ZS: Deionised water filte red using 0.45 nm filte r membranes was used 

in order to  minimise contributions from  larger particles in the solute. Also, particles 

were sonicated fo r 1 m inute directly prior to  measurement to  ensure signal generated 

from  any CM particle aggregates was at a minimum. FTIR measurements were 

performed on a Bruker Tensor 27 FTIR spectrom eter at 2 cm“  ̂ resolution equipped 

w ith  a 13 mm pellet holder. Pellets fo r FTIR were prepared by compressing a m ixture 

containing 0.1 g of dried KBr powder w ith  0.001 g o f CM powder using a 13 mm die 

too l exerting a load of 6 ton fo r 1 min. The specific surface area of carbon spheres was 

determ ined via Brunauer-Em m ett-Teller (BET) analysis (Quantachrome Nova Station) 

[7]. The sample was pre-treated at 100 °C under vacuum fo r 24 h prior to  analysis using 

nitrogen as the adsorbing gas. The specific surface area was calculated using a m ulti­

point BET plot over relative pressures in the range 0.08-0.3. Pore size was determined 

via the Barrett-Joyner-Halenda (BJH) [8] method using the desorption branch of
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a ds o rp tio n  iso th erm s  [9 ]; va lues  re p o rte d  re p re s e n t th e  m o d e  o f th e  p o re  size 

d is trib u tio n .

3.3 Results and Discussion

T h e  results sectio n  w ill consist o f tw o  p arts . Part (i) re p o rtin g  results on th e

c h a ra c te ris a tio n  o f  C M s syn thes ized  using USP. P art (ii) re p o rtin g  results on size

c o n tro l and surface  m o d ific a tio n  o f th e  C M s. T hese  sections w ill be fo llo w e d  by a 

discussion o f th e  resu lts , w ith  suggestions fo r  s u p p le m e n ta l and  fo llo w -u p  

e x p e rim e n ts .

3.3.1 Characterisation of CMs

C arbon  m ic rosp heres  w e re  p ro d u ced  fro m  th re e  d if fe re n t  p re cu rso r so lu tions  in o ur  

e x p e rim e n ts ; L ith iu m  D ic h lo ro a c e ta te  (LiDCA), S od ium  D ic h lo ro a c e ta te  (N aD C A ) and  

Potassium  D ic h lo ro a c e ta te  (KDCA) p re cu rso r so lu tio n . C M s p ro d u ce d  fro m  th e  various  

p re cu rso r so lu tions w ill be su b s e q u e n tly  re fe rre d  to  as th e  a b b re v ia tio n  fo r  th e  

p re cu rso r so lu tio n  in o rd e r to  d if fe re n t ia te  b e tw e e n  typ es . T h e  m ic ro sp h eres  w e re  

c h a racte rised  using a c o m b in a tio n  o f  R am an , SEM  and BET analysis in o rd e r  to  

estab lish  if pyrolysis o ccu rred , p a rtic le  m o rp h o lo g y  and  specific  su rface  a rea .

In o rd e r to  gain  in fo rm a tio n  a b o u t th e  n a tu re  o f th e  carb on  m a te ria ls  in CM s

synthes ized  via USP, R am an  m e a s u re m e n ts  w e re  p re fo rm e d  on ca rb o n  p o w d e r. Figure

3 .3  show s th e  R am an  spectra  o f carb on  m ic ro p a rtic le s  o b ta in e d  via USP fo r  th e  th re e  

p recu rso r so lu tions u tilised . T he  R am an  spectra  a re  cons is ten t w ith  th a t  o bserved  fo r  

highly  g ra p h itic  a m o rp h o u s  carbons and  disp lays tw o  s ca tte rin g  peaks w ith  m a x im a  at 

1 5 9 7  and  1 3 5 0  c m ’  ̂ th a t  w e  can assign to  th e  G and D bands o f a m o rp h o u s  carbons  

resp ective ly  [1 0 ]. T he  p eak  a t 1 5 9 7  cm'^ is n am e d  G a f te r  th e  E2g m o d e  o f g ra p h ite  and
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is observed in o ther carbon m aterials th a t are rich in sp^ bonded atoms; th e re fo re  its 

intensity increases w ith  an increase of sp^ carbons. The peak at ""ISSO cm'^ is assigned 

to  an Aig m ode of arom atic rings observed in graphite w hen disorder and sym m etry  

breaking are introduced and is a characteristic signature of disordered carbon  

m aterials [11].

NaDCA
KDCA
LiDCA

1 8 00 1600 1 4 00  
Rel Shift (cm"')

1200 1000 8 0 0

Figure 3.3: Raman spectrum of microspheres (exc. 457 nm); the profile displays the D and G 

bands that are characteristic of amorphous carbons.

The spectrum  in figure 3.3 th ere fo re  confirm s th a t th e  precursor is pyrolized to  form  a 

highly graphitic m ateria l. How ever, it does not exclude the presence o f sp^ or 

hydrogenated regions in th e  particles w hich would be "silent" o r have much low er 

Raman cross-section [12].

The m orphology of the various CMs was investigated via SEM imaging. Figure 3.4a  

shows an SEM image o f a typical LiDCA CM  and figure 3.4b  shows th e  size distribution  

in percentage by num ber obtained fo r 1.5 M  LiDCA particles as m easured fro m  SEM
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images. The im age shows spherical microspheres are obtained fo r this solution w ith  

microspheres having an average size o f 92 0  nm w ith  a standard deviation o f 35%.
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Figure 3.4: a) Shows SEM image of a CM synthesized using LiDCA as a precursor solution; Scale 

bar = 200 nm, b) Size distribution obtained from  SEM images from  100+ particles for 1.5 M  

LiDCA precursor solution.

The image also dem onstrates th a t the CMs obtained have a mesoporous structure via 

the small pores visible on th e  CM  surface, each o f which has a d iffe ren t porous 

structure. Figures 3 .5a shows an SEM image o f a typical NADCA CM and Figure 3 .5b  

shows the size distribution obtained fo r 1.5 M  NaDCA particles as m easured fro m  SEM  

images. The im age shows spherical microspheres are obtained fo r this solution w ith  

microspheres having an average size o f 1760  nm w ith  a standard deviation of 30%.
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Figure 3.5: a) Shows SEM image of a CM synthesized using NaDCA as a precursor solution; 

Scale bar = 200 nm, b) Size distribution obtained from  SEM images from  100+ particles for 1.5 

M  NaDCA precursor solution.

N ot only does the size o f th e  NaDCA d iffe r to  the LiDCA CMs, th e  m orphology o f the  

NaDCA CM  is vastly d iffe ren t to  th a t of LiDCA CM as observed via SEM. The image 

dem onstrates th a t th e  NaDCA CMs obtained have a m ore open structure via th e  large 

200 nm openings visible on the CM surface. Figures 3.6a shows an SEM im age o f a 

typical KDCA CM and Figure 3.6b  shows th e  size distribution obta ined fo r 1.5 M  KDCA 

particles as m easured fro m  SEM images. The image shows spherical m icrospheres are 

obtained fo r this solution w ith  m icrospheres having an average size o f 1680 nm w ith  a 

standard deviation o f 32%.
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Figure 3.6; a) Shows SEIV! image of a CM synthesized using KDCA as a precursor solution; Scale 

bar = 200 nm, b) Size distribution obtained from SEM images from 100+ particles for 1.5 M  

KDCA precursor solution.

The image also dem onstrates th a t th e  CMs obtained have sim ilar structure to  th e  CMs 

synthesised utilising NaDA. H ow ever, w hilst sim ilar th e  tw o  CMs have slightly differing  

m orphologies as dem onstrated  by com paring the SEM images. Also of note, th e  

standard deviations obtained fo r th e  size distributions o f th e  various solutions are very  

similar, regardless o f significant size and m orphology differences. This indicates th a t  

th e  prim ary source of particle size deviation is th e  USP system itself, w here d roplet 

fo rm ation  by the piezo and subsequent drop coalescing on the carrier gas are likely to
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be responsible for the deviations from uniform particle size. Also of note, is that a log 

normal distribution is obtained for all three solutions, as observed via the SEM size 

distributions, further supporting the USP system as the source of size variation.

BET adsorption experiments where performed to determine the surface areas of the 

various CMs. Table 3.1 shows the results of BET surface area experiments.

Precursor solution Surface area (mVg) Pore Size diam eter (A)

LIDCA 1040 17A

NaDCA 544 163.4

KDCA 618 15.3

Table 3.1: Surface area and pore size results from BET analysis

The BET data fits well with observations in SEM. NaDCA and KDCA have similar but not 

identical surface areas, supporting qualitative observations about there morphologies 

based on SEM images. LiDCA appears to be vastly different to the other two carbon 

materials, with a very high specific surface area of 1040 mVg- This is most likely due to 

the mesoporous structures giving a larger surface area than the large pores observed 

for the NaDCA and KDCA, which can be seen on SEM images. Table 3.1 also shows pore 

sizes determined via the Barrett-Joyner-Halenda (BJH) [8] method using the 

desorption branch of adsorption isotherms. The values reported represent the mode 

of the pore size distribution. KDCA is shown to have a similar pore size diameter to  

LiDCA, with values of 15.3 A and 17.1 A obtained respectively. NaDCA is reported as 

having a significantly larger pore size of 163.4 A. By taking the Raman, SEM and BET 

data together, it is possible to conclude that by using USP we can synthesis spherical 

carbon particles in the microsphere range, with different morphologies, porosities and 

surface areas.
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3.3.2 Size control o f carbon microspheres

Size distributions w ere  also obtained using DLS fo r th e  1.5 M  LiDCA and NaDCA  

particles. Figure 3.7a and b show th e  typical size distributions obta ined fo r the LiDCA 

and NaDCA CMs respectively. At least five distributions like these w ere  taken and the  

num ber percentage m axim um  was averaged.

3

35 n

30-

25-
0}.o
E 20-
3
Z 15-
o '

10-

5 -

n -

I I I I I I I

4 5 6 7 8 9
1000 

Diameter (nm)

I I I I I I

5 6 7 8
1000 

Diameter (nm)

Figure 3.7: Typical DLS size distribution of carbon particles produced by USP of 1.5 M solutions 

of a) LiDCA and b) NaDCA.
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Number maximum was used fo r all subsequent data as opposed to  mean average size. 

An average number intensity maximum was calculated at 915 nm fo r LiDCA in good 

agreement w ith  the number maxima o f 850 nm obtained from  analysis o f SEM images. 

For figure 3.7b a particle number maxima is obtained at 955 nm which is in poor 

agreement w ith the number peak located at 1850 nm obtained via SEM images fo r 

NaDCA particles. These comparisons indicate tha t LiDCA particles are suitable fo r DLS 

measurements and give reasonable size data. However, NaDCA particles do not 

produce a reasonable size when using DLS. This is likely due to  the presence o f large 

openings in NaDCA microspheres which would likely require more complex modelling 

o f effective particle refractive index and, possibly, diffusion coefficients. Therefore, we 

concluded that DLS was not a suitable method fo r size determ ination in the case of 

these large and more morphologically complex carbon particles. Therefore subsequent 

size control experiments were performed using LiDCA particle fo r simplicity. Figure 3.8 

shows typical DLS results obtained fo r LiDCA particles synthesised at 0.125, 1.0 and 1.5 

M concentration respectively.
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Figure 3.8: DLS size distributions for 0.125, 1.000 and 1.500 M concentration LiDCA precursor 

solution.
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By averaging over 5 such distributions N um ber m axim a are obtained at 900, 733  and 

255 nm fo r th e  1.5, 1 .0  and 0 .1 25  M  concentrations respectively. These results indicate  

th a t it is possible to  leverage precursor concentration as a m ethod fo r controlling CM  

particle size, as w ould be expected fo r a USP system.
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Figure 3.9: Size distribution obtained from  SEM images from  100+ particles for 1.0 M  LiDCA 
precursor solution.

Figure 3 .9  shows a size distribution obta ined  via SEM images fo r 1.0 M  LiDCA in order 

to  confirm  size control and fu rth e r support DLS data. The graph has num ber m axim um  

at approxim ately 750  nm in good agreem ent w ith  the obtained DLS value o f 733  nm, 

fu rth er supporting th e  suitability o f LiDCA particles fo r characterisation via DLS. M o re  

im portantly , it confirms th a t control o f particle size can be achieved by leveraging  

precursor concentration due to  distributions d eterm ined  via SEM fo r 1.5 M LiDCA gave 

a num ber m axim um  o f 85 0  nm, supporting all the DLS data obtained in figure 3.5.

For the next series o f size data shown, th e  piezo used in order to  g enera te  the mist In 

th e  USP system was changed fro m  1.67 M H z to  2 .54  M Hz. Figure 3 .10  shows typical 

distributions obta ined via DLS fo r 0 .1 25  M , 0 .500  M  and 1.00 M  solutions o f LiDCA 

respectively using a 2 .54 M Hz piezo. The graph dem onstrates again th a t size control Is 

achievable by varying the concentration o f the precursor solution. How ever, by taking
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Figure 3.10: DLS size distributions obtained using 2 .54  M Hz Piezo electric disk for 0 .125 , 0 .500  

and 1.000 M  LiDCA,

an average of five such distributions it is possible to  d em onstra te  size change due to  

piezo frequency. The nunnber m axim um  occurs at 220  nm and 255nm  fo r th e  2 .54  M H z  

and 1.67 M Hz respectively at 0 .125  M precursor concentration. The num ber m axima  

fo r 1 M  concentration o f precursor was calculated at 63 0  nm and 733 nm fo r the 2.54  

M H z and 1.67 M H z piezo respectively. This result indicates th a t it is possible to  change 

CM size via changes to  the piezo frequency in th e  DSP system. These results are  

analysed in m ore detail in the discussion.

3.3.3 Surface charge and chemistry

Figure 3 .11a shows a representative infrared transmission spectrum  of m icrospheres 

used in our experim ents. The infrared spectrum  shows broad absorptions in th e  region 

1 7 0 0 -1 0 0 0  cm'^ characteristic o f disordered graphitic carbons such as soots and

62



carbon blacks. A prominent broad and intense contribution around 1600 cm'^ can be 

assigned to C-C stretching modes of polyaromatic systems and suggests that 

microparticles consist mainly of sp  ̂carbon [13,14]. This conclusion is supported by the  

presence of an aromatic C-H stretching peak at 3055 cm'^ [15].
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Figure 3.11: (a) Infrared transmission spectrum of carbon microspheres; (b) ^-potential of 

carbon microspheres in aqueous suspensions as a function of pH.
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The presence of aliphatic C-H stretching modes at 2854 and 2925 cm‘  ̂ and of methyl 

bending modes at 1382 cm'^ indicate tha t microspheres also contain residual sp^ 

carbon after therm al decomposition of the organic precursor [15], Finally, the infrared 

spectrum in Figure 3.11a shows a shoulder at 1715 cm'^ that can be assigned to  the 

C=0 stretching mode of carboxylic acid groups (-COOH) [13-15], FTIR results suggest 

tha t acid groups, which can impart a negative surface charge to  the microspheres, are 

likely present on the carbon surface after synthesis. The presence o f carboxylic groups 

was fu rthe r supported by ^-potential measurements o f pristine particles in aqueous 

suspensions, which yielded negative ^-potential values over the 2-10  pH range. Figure 

3,11b shows the ^-potential of microspheres as a function o f pH from  which an 

estimated isoelectric point o f pHiep = 0.2 and 1,0 fo r LiDCA and NaDCA particles, 

respectively, was determined. Values o f pHiep < 2 are frequently observed fo r black 

carbons after mild activation treatm ent [16] and confirm  that negatively charged 

groups are present on the particle surface under the pyrolysis conditions used fo r the 

synthesis.

A ttem pts to  modify surface chemistry o f tw o differing CM were made via grafting 

reactions of three diazonium salts. Figure 3.12a-c shows the FTIR spectrum obtained 

fo r the CMs modified w ith p-carboxybenzene diazonium, p-sulphonate diazonium and 

n,n-diethylaniline diazonium respectively. LiDCA CMs were used fo r the p- 

carboxybenzene diazonium, p-sulphonate diazonium and NaDCA CMs were used fo r 

the n,n-diethylaniline diazonium. For all graphs pristine carbon is the red line and 

functionalised is the blue line. In Figure 3.12a a peak is observed at 1690 - 1685 cm'^ in 

the functionalised carbon which is not observed in the pristine. This peak can be 

assigned to  the aryl-COOH stretching [15], supporting the presence o f COOH at the CM 

surface due to  grafting of p-carboxybenzene diazonium. In figure 3.12b peaks are 

observed at 1035, 1126 and 1188 cm'^ when compared to  the pristine carbon. The 

peak at 1035 cm’  ̂can be assigned to  the symmetric stretching o f 5=0 [17], The peaks 

at 1126 and 1188 cm'^ can be assigned to  stretching vibrations of the 5=0 [17,18].
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This indicates the presence o f th e  SO3 group in p-sulphonate diazonium  which could 

suggest grafting at the CM surface. In figure 3.12c a peak is observed at 2970  cm'^ in 

th e  functionalised which can be assigned to  th e  aliphatic -CH2 or -C H 3  stretching [15]. 

The peak at 1385 cm'^ due to  m ethyl bending modes increased significantly in the  

functionalised, fu rth e r supporting an increase o f -CH3 groups at th e  CM surface. This 

w ould be expected if grafting occurred at th e  carbon surface o f a m olecule containing  

diethyl groups. Im portantly , in all the FTIR spectrums, th ere  was no peak observed  

near 2280  cm'^ which is observed fo r N = N  stretching m ode. Coupling this w ith  the  

observed peaks and data suggests th a t covalent grafting has occurred at the carbon 

surface fo r all the diazonium  chemistries.

Zeta potential m easurem ents o f functionalised CMs are shown in Figure 3.13a-c. 

Figure 3 .13a show th a t th e  ^ -potentia l shifts to  m ore negative values fo r CM  

functionalised w ith  the p-carboxybenzene diazonium  chem istry. This result suggests 

th a t th ere  are m ore negatively charged surface term inus groups on th e  CM surface. 

This is supported by the FTIR data which indicated th a t th ere  w ere  m ore COOH groups 

present on th e  surface w hen com pared to  pristine carbon. Figure 3 .13b  show the zeta 

results fo r functionalisations w ith  the p-sulphonate diazonium  chem istry. The figure  

shows th a t the potentia l is m ore negative fo r the functionalised CMs com pared to  

pristine, across th e  pH range measured. Again, this indicates th e  presence o f m ore  

negatively charged surface term inus groups w hen com paring to  the pristine particles. 

This supports the FTIR data which indicated grafting at th e  CM surface. Figure 3.13c  

shows th e  zeta results fo r the n,n-d iethylaniline diazonium  chem istry. The figure shows 

th a t the potential is m ore positive fo r th e  functionalised CMs com pared to  the pristine, 

across th e  pH range m easured, indicating m ore positively charge surface term inus  

groups. This would be expected fo r m ore m ethyl groups at th e  surface, indicating  

functionalisation has occurred.
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In sum m ary, Coupling th e  FTIR and ^ -po ten tia l data to g e th er suggests th a t it is 

possible to  m odify both surface charge and functionality  o f CMs surface via 

spontaneous diazonium  grafting reactions

3.3 .4  Discussion and summary

CMs w ere successfully synthesised via USP techniques using th ree  d ifferen t types of 

precursor solutions. Raman m easurem ents confirm  th a t the microspheres produced  

consist of carbon m ateria l. SEM and BET characterisation dem onstrated  th a t the CMs 

produced from  the d iffe ren t precursors had vastly d iffering m orphologies and porous 

structures. Combinations of SEM size distributions and DLS showed DLS is a suitable 

technique fo r measuring particle size o f LiDCA particles but not NaDCA particles. 

Further DLS m easurem ents on various concentrations o f LiDCA produced particles 

dem onstra ted  th a t it is possible to  control CM size via use o f precursor concentration  

and piezo frequency. FTIR, Raman and Zeta potentia l show th a t th e  CM surface 

contains carboxyl term inating  groups as w ell as graphitic carbon. FTIR and Zeta 

potentia l m easurem ents indicate that it is possible to  graft various functional groups 

onto  th e  carbon surface via diazonium  salt chem istry. In this section, w e discuss these  

results, implications and suggest some fu rth e r experim ents th a t may need to  be 

perfo rm ed  to confirm  assertions.

3 .3 .4 .1  Carbon M icrosphere characterisation

Raman spectra dem onstra ted  peaks at 1350  and 1597  cm'^’ characteristic of D and G 

peaks in carbon materials. The l(D )/l(G ) height ratio  is a useful p aram eter fo r  

determ ining  the degree o f o rder in am orphous carbons [10] By using a raman  

excitation of 514 nm, l(D )/l(G ) fo r our particles was found to  have a value of 0 .61  ±
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0.09. Based on th e  m odel developed by Robertson and co-w orkers[10] fo r the  

in terpreta tion  o f Raman spectra o f carbons, a G peak position o f 1597 cm'^ and 

l(D )/l(G ) = 0 .61  suggest th a t th e  sp^ content In these carbon m icrospheres is >80%, 

indicating th a t CM  consist o f highly graphitic m ateria l.

SEM images d em onstra ted  spherical particles in th e  m icrom eter size range fo r all 

precursor solutions. CMs w ere  observed to  have differing m orphologies dependent on 

the alkali ion in th e  precursor solution, in agreem ent w ith  results obta ined  by others. 

LiDCA particles w ere  observed to  have a mesoporous structure which was drastically 

d iffe ren t fro m  th e  spheres obta ined  using th e  NaDCA and KDCA precursors. These CMs 

had very sim ilar but not identical m acro-porous structures. Size distributions obtained  

via SEM images showed th a t the LiDCA particles have an average d ia m e te r o f 920  nm  

w ith both NaDCA and KDCA having larger average particles sizes o f 1684  and 1760 nm  

respectively. As all precursor solutions had a concentration of 1.5 M , it can be said 

each CM should consist o f sim ilar num bers of carbon atom s assuming com plete  

pyrolysis occurs. LiCI, NaCI and KCI salts and taking the m olar mass of each salt it is 

possible to  estim ate a vo lum e d ifference betw een  th e  Inorganic salts a fte r pyrolysis 

has occurred in th e  USP apparatus. NaCI and KCI occupy 83 % and 32% m ore volum e, 

respectively, than  LiCI fo r equal m olar quantities. Considering the average particle size 

m entioned above, NaDCA and KDCA CMs occupy 600  % and 520  % m ore volum e than  

the LiDCA particles. This would indicate th a t th e  d ifference in density of the salts 

tem plating  th e  pore structures in the m icrospheres is not a significant fac tor in 

determ ining  particles size differences observed b etw een  LiDCA and the o th er CMs. 

W hen com paring th e  Vo lum e increase of NaCI com pared to  KCI and th e  vo lum e change 

of NaDCA com pared to  KDCA w e obtain figures o f 39%  and -12%  respectively. These 

results are closer to g e th e r and hence, it is possible th a t salt vo lum e could be a 

param eter influencing particle size. It is possible to  couple this volum e analysis and 

similar m orphologies observed via SEM to  conclude th a t NaDCA and KDCA fo llow  very  

similar but not identical pyrolysis kinetic processes in the furnace. It is equally possible 

by th e  sam e logic to  conclude th a t LiDCA fo rm ation  in th e  tube furnace must fo llow
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much different orders and rates of pyrolysis compared to  the other CMs. This is in 

agreement w ith  results and hypothesis made by Skrabalak which states tha t carbon 

network form ation fo r LiDCA occurs after the precursor melts whereas carbon network 

form ation fo r NaDCA and KDCA particles occurs as a solid state reaction in the furnace 

[1]. This could o ffer a possible explanation to  these observed size differences.

M ulti point BET analysis gives fu rthe r support fo r the assertions made above. 1040, 

545 and 614 m^ g  ̂are the surface areas obtained fo r LiDCA, NaDCA and KDCA carbons 

respectively. As the porous structure is formed by the pyrolysis of the precursor 

solution which occurs together w ith  phase segregation o f inorganic salt, d iffering 

orders and rates of decomposition could result in d ifferent porous structures. Again, 

NaDCA and KDCA have sim ilar properties w ith  surface area values which are close but 

not identical. However, LiDCA has a much larger surface area than e ither of the other 

conditions, consistent w ith  the SEM images and previous statements about particle 

morphology. The larger surface area Is likely due to  significant numbers o f mesoporous 

structures when compared to  the NaDCA and KDCA. However, pore size analysis does 

not completely support this w ith  KDCA and LiDCA having sim ilar pores sizes of 17.1 and 

15.3 A respectively using the BJH method. It is im portant to  consider that this method 

only gives the mode of the pore sizes. This could o ffe r a possible explanation as to  the 

similar sizes obtained. Pore size d istribution measurements could be performed in 

order to  weight accurately contributions from  differing size pores. This would confirm  

the above about pore size being responsible fo r the surface area difference observed 

in the three carbon materials. However, most im portant fo r fu rthe r applications o f the 

CMs, all observed surface areas are quite large which makes potential use and fu rthe r 

study o f CMs as transport vehicles w orthwhile. Assuming tha t all the carbon is 

graphitic in nature, all carbon atoms are surface atoms and all surfaces are planer, the 

maximum perm itted surface area is 2400 mVg- However, specific surface areas > 1000 

m^ g'^ are observed in the case o f activated carbons,[19] and carbon nanocages, so the 

results obtained above are comparable to  other forms of carbon. High specific surface 

area and small pore sizes, can in principle, allow the capture and delivery o f small
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molecules and nanoparticle for a variety of applications, from therapeutics, contrast 

agents and various environmental applications.

3.3.4.2 Size control of carbon microspheres

Size control w/as determined by measuring size distributions of various LiDCA produced 

CMs using DLS. Firstly, it was determined that DLS was a viable method for giving 

accurate size information for CMs diameters, by comparing size obtained via DLS to  

sizes obtained via SEM images. It was discovered that DLS is accurate for LiDCA CMs 

but not NaDCA CMs. This can be explained by considering the model used and 

assumptions made in our DLS experiments. DLS uses the Brownian motion of particles 

in a solution in order to estimate size; this estimation is done via the Stokes Einstein 

equation:[20]

where dt, is the hydrodynamic radius, k is Boltzmann's constant, n is the solvent 

viscosity, T is tem perature and D is the translational diffusion coefficient. A severe 

limitation of eqn 2 is that it assumes that particles are spherically shaped, so that the 

hydrodynamic radius is the radius of a sphere with the same translational diffusion 

coefficient as measured in the sample. Surface structures affect the diffusion 

coefficient by varying degrees depending on their orientation and properties. By 

looking at the SEM images obtained for the various CMs, it can be observed that 

microspheres produced by LiDCA are a much better approximation of a sphere than 

particles produced from NaDCA. In fact, NaDCA CMs have significant size surface 

structures relative to particle diameter which would shift these CMs drastically away 

from the model of a perfect sphere diffusing through a medium. This is the one 

possible explanation for the agreement between LiDCA CMs and not NaDCA CMs for 

DLS measurements and observed particle sizes via SEM. As our particles have sizes 

bigger than the wavelength of scattered light used, the effective refractive index of
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spheres can have an effect on the intensity o f scattered light and scattering cross 

section o f particles [21 ,22], H ow ever, in our m easurem ents w e m odelled the refractive  

index over a range o f 1 .5 -2 .5  [23 ,24], th e  range fo r various carbon m aterials in 

literature. W hilst this did change the num ber m axim um  o f the particles fo r NaDCA, a 

num ber m axim um  of 925 nm was the biggest achievable. This Is still not com parible to  

the figures obta ined  via SEM images, indicating th a t DLS is still unsuitable fo r obtaining  

an accurate num ber size m axim um  fo r NaDCA CMs.

Using DLS, size distributions fo r d iffe ren t starting concentrations o f LiDCA w ere  

obtained. It was observed th a t particle d iam eter was reduced w ith  reduce  

concentration fo r LiDCA, in agreem ent w ith  the theories and principles of USP 

generated using a piezo disk of fixed frequency. If the frequency is fixed, the d iam eter 

of the d roplet generated  should rem ain the sam e according to  eqn 3 [25].

W here  D is the d ro p le t d iam eter, T is th e  liquid surface tension, p is density o f the  

liquid and F is th e  Frequency. Therefore , w ith in  the furnace each individual droplet 

acts as a separate reaction vessel containing lim ited am ounts o f dissolved precursor. 

Hence, upon decom position, th e  resulting particle can only be o f a lim ited size. Using 

mass balance, a given particles d iam eter is given by the fo llow ing  equation  [25-27].

W here  M  is the m olecular mass, p is the expected density o f th e  solid, D is the  

diam eter o f the d ro p le t given by eqn 3 and Cs is th e  starting concentration o f the  

precursor solution. Eqns 3 and 4 indicate th a t control over m icrosphere size can be 

achieved in tw o  ways: by varying precursor concentration or by varying the frequency  

of the piezo disk in th e  nebuliser vessel in th e  USP system.

(4 )

72



,-21300x10

250

200

150

100

50

0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Concentration (M)

Figure 3.14: Plot of the particle diameter cubed, determined via DLS vs concentration of LiDCA 

solution.

Figure 3 .14  show/s a plot o f vs C w here  d is the particle d iam ete r and C is the  

precursor concentration, fo r solutions o f LiDCA using th e  2 .5 4  M H z piezo. The 

d iam ete r values are taken from  the peak o f size distributions by intensity as 

d eterm ined  by DLS. From th e  plot a linear relationship is observed, indicating th a t fo r  

th e  precursor solutions used in our experim ents, dp and C hold the relation described  

in eqn 4  fo r the concentration ranges tested. To phrase it in m ore simple term s, the  

linear relationship means th a t CM volum e is proportional to  th e  concentration used. 

These results confirm  th a t varying concentration is a facile m ethod fo r controlling  

particle size in CM synthesis.

Particle size m easurem ents also indicated th a t it was possible to  control particle size 

by changing the piezo frequency. Table 3.2 summarises DLS m easurem ents using the  

1.67 and 2 .54  M H z piezos fo r tw o  d iffe ren t precursor concentrations. By using eqn 3 

above w e can d eterm ine th a t by changing th e  frequency from  1.67 M H z to  2 .64 M Hz  

th ere  should be a 33%  increase in particle d iam eter w hen going fro m  th e  2 .64 M H z to
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the 1.67 M H z piezo. How ever, analysis of our results suggest th a t a value of half th a t 

was obtained. A possible explanation fo r this could be due to  an increase in droplet 

fo rm atio n  using the 2 .54 M H z piezo. It was observed th a t significantly m ore mist was

Concentration 2 .54 M H z 1.67 M H z % increase

1 .000  M  630  733 16.34

0 .125  M  220  255 15 .90

Table 3.2: Comparison of 2.54 and 1.67 MHZ using 1.000 and 0.125 M LiDCA

generated  w hen using the higher frequency piezo. Increased num ber o f droplets  

w ould correspond to  an increased num ber o f drops coalescing together. This in theory  

could cause the average particle size to  increase. Perform ing an SEM size distribution  

and analysing th e  standard deviation of the distribution could potentia lly  confirm  this. 

As dem onstra ted  fo r the 1.67 M H z piezo, the percentage deviation fro m  the mean  

particle size is the same across all the precursor solutions, indicating that it is a 

property o f th e  USP system itself. So if m ore coalasing is occurring w ith  th e  2 .54  M Hz  

piezo, it should be observable via a larger standard deviation in particle size 

distributions.

Figure 3 .15a and b show SEM images obtained fo r th e  0 .1 2 5  M  and 0 .8 5  M  LiDCA CM  

using the 2 .54  M H z piezo. Figure 3.15b  dem onstrates th a t spherical CMs are form ed  

using the 2 .54 M H z piezo, which have th e  same m orphology as those produced using 

the 1.67 M H z frequency. This was an im portan t control to  perform  in order to  verify  

that these particles would be suitable to  DLS as those synthesized using th e  1.67 M Hz  

piezo, and validates all size DLS data given fo r the 2 .5 4  M Hz piezo. The im age also 

supports DLS data which suggests a size reduction due to  piezo frequency. Figure 3.15a  

show particles which are in th e  10 0 -3 50  nm range and figure b shows particles which 

are in the 40 0  -  700  nm range. H ow ever, to  this date no size distributions have been 

perform ed using SEM images fo r particles produced using the 2 .5 4  M Hz piezo; this is 

now being carried out in the laboratory o f a co llaborator.
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Figure 3.15: SEM images of CMs synthesised from the 2.54 MHz piezo using a) 0.125 M and b) 

0.85 M LiDCA; Scale bar = 200 nm.

Interestingly, in figure 3.15a th e  0 .1 25  M  particles appear to  be less spherical than CM  

produced using th e  sam e precursor but at higher concentrations. This is likely due to  

the pore size becom ing increasingly significant re lative to  to ta l particle size, making the  

particles appear less spherical in this size range. This could indicate th a t the 0 .1 25  M  

solution is quite near to  a size lim it fo r obtaining spherical particles using this protocol. 

Experim ents utilising low er concentrations fo llow ed by SEM imaging would easily 

confirm  w hat the size lim it is fo r CMs produced using this protocol.

In o rder to  confirm  th a t size control was possible fo r CMs which had less spherical 

behaviour, sim ilar experim ents to  those perform ed above on th e  LiDCA w ere  

perform ed on NaDCA CMs. Figure 3 .1 6  shows size distribution data fo r 1 M  NaDCA  

determ ined  fro m  SEM images. This gave a mean particle size o f 1620  nm w hich is a 

decrease fro m  th e  1760  nm m ean size d eterm ined  earlier fo r 1.5 M  NaDCA, indicating  

th a t size control is also possible fo r the NaDCA precursor solution.

75



20 n

15 '

(U

I  10'

5 -

0 i I T 1 I'
3 4 5 6 7 8 9

n
1

3 4 5 6 7

Diameter (|am)

Figure 3.16: Size distribution via SEM of 60 CMs synthesised using 1.0 M NaDCA.

Figure 3,17a shows DLS size d is tribu tions  ob ta ined  fo r  4 concentra tions o f NaDCA 

p recursor so lu tion. The p lo t confirm s the  assertion made above th a t DLS does not give 

an accurate size d iam e te r fo r  NaDCA partic les. How/ever, the  DLS size d is tribu tions  do 

decrease w ith  decreasing concen tra tion , ind ica ting  th a t DLS m ight perhaps be able to  

give in fo rm a tion  abou t re la tive  partic le  size. In te resting ly , fo r  th e  0.125 M so lu tion  a 

w id e r d is trib u tio n  is observed. This is m ost like ly due to  the  m ore intense Raleigh 

sca tte ring  fro m  larger particles having a s ign ifican t a ffec t on th e  m easurem ent. Figure 

3.17b shows a p lo t o f d^ vs C w here  d was de te rm ined  by averaging at least 3 

concu rren t DLS m easurem ents fo r  NaDCA. The linear re la tion  observed suggests th a t 

DLS m ight give re la tive in fo rm a tion  on partic le  d iam e te r fo r  NaDCA. P otentia lly , 

o b ta in ing  SEM size d is tribu tion  and DLS fo r  4-5 NaDCA concentra tions over a w ide 

concen tra tion  range w ou ld  a llow  a ca lib ra tion  curve to  be made w hich could a llow  

accurate partic le  size de te rm ina tion  size fro m  DLS m easurem ents. H ow ever to  th is 

date  no t enough SEM d is tribu tions, over a w ide  enough range have been obta ined; 

th is  w o rk  is cu rren tly  being carried ou t in the  labo ra to ry  o f a co llabora tor.
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Figure 3.17: a) Typical DLS distributions obtained using NaDCA CMs b) Plot of the  particle 

d iam eter cubed vs concentration of the NaDCA solution.

In summary, we can control the size of CMs utilising both precursor concentration and 

piezo disk frequency in agreement with the USP literature and theory. However, 

results indicate that It is easier to achieve control by just altering the precursor 

concentration due to the linear behaviour demonstrated above.
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3.3.4.3 Surface chemistry and Functionalisation of carbon microspheres

FTIR spectra on CMs indicated the presence of both sp  ̂ and sp^ carbon materials, via 

aromatic carbon stretching modes, aromatic C-H stretching modes, aliphatic C-H 

stretching modes and methyl bending modes all being present. FTIR spectra also 

indicated the presence of C-0 stretching modes which can be assigned to COO' groups 

on the CM surface. Zeta potential data supported this, with negative potentials 

obtained at all pH values tested, thus indicating a negative surface charge. These 

results suggest that carbon materials do not undergo complete decarboxylation when 

they undergo pyrolysis in our USP system. This could be due to carboxylation occurring 

in the furnace due to the presence of steam at 700 °C. This could be confirmed by 

performing very short lived heat treatment experiments on the CMs in an inert 

atmosphere at 700 °C, followed by FTIR experiments. If a drastic reduction in C-0 

stretching is observed, it would support this hypothesis. If no change is observed, it 

would indicate that these groups are stable on the carbon surface.

Functionalisation experiments were performed on the CM surface utilising diazonium 

salt chemistry with three different terminal groups. FTIR data showed drastic changes 

to spectra obtained for the -SO3 and -CH 3 terminating groups. However, whilst an 

appropriate peak change was observed for the -COOH chemistry, it was challenging to 

attribute this to covalent grafting due to the presence of substantial peaks in this 

region on the bare sample. Correspondingly, a relative change of the particle Zeta 

potential was observed as summarised in table 3.3; the direction of the observed shifts 

in zeta potential upon functionalisation supports the FTIR results. More negative 

potentials after both -COO' and -SO3 ' functionalization is what would be expected for 

an increase in the density of Arrhenius acid surface groups. Importantly here, the 

relative difference of the SOs' chemistry is greater than that for the -COO'. This is 

expected if one is to consider that SO3 H is a much stronger acid than COOH and will 

dissociate more in an aqueous environmentv[28]. So it would be expected to 

contribute to a more negative charge on CM surface. Coupling the Zeta potential and
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FTIR data to gether, w e  can conclude th a t w e have successfully functionalised CM  

surfaces using diazonium  grafting reactions.

Term inus group Potential D ifference (m V), pH (3-9)

-COOH -2 .8  ± 0 .5  mV

-SO3H - 5 .9 1 0 .8  mV

- C H j +1.0 ± 0 .1 5  mV

Table 3.3: Average Zeta potential difference after surface functionalisation of CMs

These results are o f great significance w hen considering the role CMs might have in 

any application as a transport m odule fo r various molecules and particles. By varying  

the size, porosity and even the surface chem istry it is possible to  ta ilo r design CM  

transport m odules fo r use in very differing environm ents.

3.4 Conclusions

W e have successfully synthesized spherically shaped carbon particles using USP 

techniques. W e  have dem onstra ted  th a t by changing the precursor solution it is 

possible to  obtain CMs w ith  d iffe ren t morphologies, surface area and porosity. W e  

obtained CMs from  LiDCA which w ere  highly spherical, m esoporous m orphology and a 

surface area of 1040 mVg- W e  obtained CMs from  NaDCA and KDCA which w e re  both  

approxim ately spherical, m acroporous m orphology and w ith  surface areas o f 54 4  and 

618 m V g  respectively. O ur results showed th a t it is possible to  leverage precursor 

concentration and piezo disk frequency in o rder to  achieve particle size control over 

CMs. This was d em onstra ted  fo r both NaDCA and LiDCA produced particles. It has 

been dem onstra ted  th e  carbon centres making up th e  d iffe ren t CM consists o f both  

sp^ and sp^ carbon m ateria ls, w ith  COO' surface chem istry m oieties also being present. 

W e have also confirm ed via FTIR and Zeta potential m easurem ents th a t it is possible to  

functionalise and m odify th e  surface o f th e  CM  surface using Diazonium  salt chem istry.
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These results could have implications w/ith regard to  potentia l applications fo r CMs as 

transport vehicles in biochemistry fa r beyond what is discussed in this report [29].
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Chapter 4

Synthesis of Meta l/Carbon composites via 

Green Electroless Deposition

Composite m aterials are of interest because they can potentially com bine th e  

properties o f th e ir respective com ponents in a m anner th a t is useful fo r specific 

applications [1], Here, w e report on the use o f coffee as a low-cost, green reductant 

fo r the room  tem p e ra tu re  fo rm atio n  of catalytically active, supported m etal 

nanoparticles. This chapter describes th e  characterisation o f these composites using 

various techniques, fo llow ed by experim enta l results dem onstrating the catalytic  

activity of the com posite m aterials synthesized.
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4.1 Introduction

In this chapter w e report on the use of coffee as a low-cost, green reagent for 

electroless deposition at room  tem p era tu re . W e have leveraged the reduction  

potentia l of coffee in o rder to  grow  Pd and Ag nanoparticles at th e  surface of porous 

carbon microspheres (CM ) synthesized via ultraspray pyrolysis. W e have characterized  

th e  structure, m orphology and com position o f these palladium /carbon (P d /C M ) and 

silver/carbon (A g /C M ) com posite m icrospheres using a com bination o f Scanning 

Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), X-ray  

diffraction (XRD) and therm ogravim etric  analysis (TGA). Finally, in order to  

dem onstra te th a t the resulting electrolessly deposited Pd° and Ag° nanoparticles  

display typical surface chem istry fo r the corresponding m etal, w e show th a t the Pd/C M  

and A g/C M  composites are catalytically active in Suzuki coupling and reduction  

reactions, respectively. Our results show th a t coffee can be used as a green reducing  

agent in surface catalysed electroless deposition and th a t carbon supported  

nanoparticles obtained via this new m ethodology display good perform ance as 

heterogeneous catalysts fo r organic synthesis. On th e  light of our reactivity studies w e  

also discuss th e  potential consequences o f using natural extracts in th e  synthesis of 

m etallic  nanoparticles fo r catalytic applications.

4.1.1 Carbon support material

c m 's previously synthesised (See section 3 .2 .2 ) w ere  selected as the scaffold fo r a 

m etal nanopartic le /carbon com posite m ateria l. They have potential fo r use in an ED 

synthesis to  obtain nanopartic le fo r several reasons. FTIR spectra of the CMs indicated  

th e  presences o f-C O O H  groups on the surface. Following on from  the w ork o f M etz  et 

al and others [2-4 ], these groups should provide an excellent anchoring location fo r  

noble m etallic catalytic seed particle at a carbon surface. Furtherm ore, catalytic seed
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anch oring  can p o te n tia lly  be m an ag ed , if necessary by utilis ing  surface  ch e m is try  

con tro ls  p rev iou s ly  d e m o n s tra te d . A lso, th e  tu n e a b le  pore  sizes could  be le v era g e  as a 

te m p la te  fo r  c o n tro llin g  n a n o p a rtic le  g ro w th . As mass tra n s p o rt and  d iffus ion  play a 

ro le  in p a rtic le  grow/th k inetics, having C M 's  w/ith h igh-specific  surface areas  and  

porosities  cou ld  be an a d v a n ta g e  leverag ed  fo r  c re a tin g  d if fe re n t  n an o s tru c tu res . See  

section  1 .5 .3  fo r  a d e ta ile d  discussion on m e th o d s  fo r  o b ta in in g  n an o p a rtic les  v ia  ED.

4.1.2 Reduction of metal ions using coffee

R ecently , V a rm a  and  c o -w o rk e rs  [5 ,6 ] have sho w n  th a t  c o ffe e  so lu tions can be used to  

red u ce  M "* ions to  fo rm  n an o p artic les  in so lu tio n . T he  exact id e n tity  o f th e  ac tive  

reduc ing  a g e n t in th e  c o ffe e  rem a in s  u nc le a r, a lth o u g h  it has b een  h yp o th es ize d  th a t  

e ith e r  c a ffe in e  [5] o r  p o lyph eno ls  [6 ,7 ] cou ld  be responsib le  fo r  m e ta l re d u c tio n . In 

fa c t, p rev ious w o rk  has show n  th a t  o th e r  c o m p o n e n ts  o f c o ffe e  th a t  a re  u n re la te d  to  

c a ffe in e  have a re d u c tio n  p o te n tia l su ffic ie n tly  n eg a tiv e  to  sp o n ta n e o u s ly  red u ce  

PdCU^’ and  A g (N H 3 )2  ̂ ions in so lu tio n  [8 ], A lso, G e n try  e t  al has d e m o n s tra te d  th e  use 

o f h yd ro q u in o n e  as a red uc in g  a g e n t fo r  Ag ions on p re -e x is te n t Ag clusters [9].

T h e  m ain  a d v a n ta g e  o f n a n o p a rtic le  s y n th e tic  s tra teg ies  based on n a tu ra l e x trac ts  as 

re d u c ta n ts  is th e  e n v iro n m e n ta lly  b en ign  n a tu re  o f th e  reduc ing  agen ts . H o w e v e r, a 

p o te n tia l d ra w b a c k  o f such an ap p ro a c h  consists in th e  s im u ltan eo u s  p resence  o f  

severa l n a tu ra l c o m p o u n d s  in th e  re d u c ta n t m ix tu re ; in th e  case o f c o ffe e , so lu tions  

co n ta in  a c o m p le x  m ix  o f p ro te in s , lip ids, po lysaccharides , sm all o rgan ic  m o lecu les  and  

ino rg an ic  c o m p o u n d s  [10 ], M a n y  o f th e s e  m o lecu les  can s trong ly  physisorb  and  cap  

m e ta llic  n an o p a rtic les , thu s  b locking  surface  sites and  p o te n tia lly  lim itin g  th e ir  

a pp lication s  in areas  such as catalysis o r  sensing.
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4.2 Experimental

4.2.1 Materials and reagents

Tin chloride d ihydrate (96% , Fisher), palladium  chloride (Fisher), silver n itrate  (99%  

Sigma), sodium borohydride (98%  Sigma), sodium hydroxide (97%  Sigma), 

dichloroacetic acid (99%  Sigma), trifluoroacetic  acid (TFA, 99%  Sigma), am m onia (28%  

Romil), 4 -n itrophenol (95%  BDH), hydrochloric acid (37 .5%  Sigma), B rom otoluene (98%  

Aldrich), phenyiboronic acid (97.0%  Aldrich) sodium carbonate (99.5%  Fisher), 

m ethanol (99 .99%  Pharm co-Aaper), te trah yd ro furan  (THF, 99 .9%  Sigma), hexanes 

(99 .9% , Fisher), and decaffeinated coffee (Nescafe Original decaff) w/ere used as 

received.

4.2.2 Synthesis of carbon and metal/carbon microspheres

CMs w ere synthesized using ultrasonic spray pyrolysis as previously reported  in 

section(3 .2 .2) [11 ,12]. CMs w ere  generated  fro m  a 1.5 M  solution of NaDCA. The 

preparation of A g /C M  com posite particles consisted o f th ree  steps: (a) sensitization  

w ith  tin chloride, (b) nucleation of Ag° at the CM surface and (c) grow th of Ag° particles 

using coffee. CMs w ere added to  25 mL o f a 0 .0 5 0  M  SnC^ solution In 0 .0 7 0  M  

aqueous TFA, to  a final CM concentration o f 0 .2 4 0 0  g L t h e  CM suspension was 

briefly sonicated and left at room  tem p e ra tu re  fo r 30  min to  allow  fo r adsorption of 

Sn^  ̂ ions at the CM surface. The suspension was then  filte red  and washed w ith  w a te r  

and ethanol. CMs w ere  then  placed In 10 mL of a 0 .003  M  A g(N H 3 )2 * solution 

(am m oniacal silver n itrate or Tollens' reagent), sonicated fo r 5 s and left fo r 30  min to  

allow  fo r Ag° to  nucleate at the surface. A solution o f decaffeinated  coffee was 

prepared by adding 1.0 g o f coffee pow der to  200 mL o f w a te r and filte red  using 0 .45  

|j M  nylon m em branes; 40 mL of this coffee solution w ere  added to  the 10 mL CM  

suspension in Ag(NH 3 )2  ̂ solution at room  tem p e ra tu re  and left to  react fo r 5 min. The
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resulting A g /C M  com posite particles w ere then washed to rem ove silver salts and 

excess nanoparticles via centrifugation/w ashing cycles in M illipo re  w ater and ethanol. 

The preparation o f Pd /C M  composites was carried out as fo r Ag/CM  m icroparticles 

except fo r th e  use of an acidified 5 x 10'^ M  PdCb solution (pH 1) instead o f 

am m oniacal silver solution. Control experim ents th a t om itted  th e  Sn - sensitisation 

step w ere  carried out in identical m anner, except fo r im m ersion o f CM's into a SnCb 

solution.

4.2.3. Reactivity studies

4 .2 .3 .1  A g /C M  reactivity

N itroarom atic  reduction reactions w ere carried out inside a UV - Vis cuvette  at room  

tem p era tu re . A freshly prepared 0 .0 103  g L'̂  dispersion of A g /C M  in a 1.0 x 10'^ M  

aqueous NaBHa solution was placed in a cuvette. 4 -N itrop h en o l was added to  a final 

concentration of 1.0 x 10’  ̂ M  to  th e  cuvette, which was stirred vigorously and placed 

inside th e  UV-Vis spectrom eter. Spectra in the region 2 8 0 -5 0 0  nm w ere  taken  at 

regular tim e  intervals in order to  m on ito r changes in 4-n itropheno l concentration. 

Control experim ent containing pristine CMs w ere  ran to  ensure CMs had no effect on 

the m easurem ent.

4 .2 .3 .2  P d /C M  reactivity

Coupling reactions w ere  carried out by mixing 1.0 mg of P d /C M , 122.0  mg (1 m m ol) 

phenylboronic acid, 171 .0  mg (1 m m ol) 4 -b ro m o to lu en e, and 116.0  mg (2 m m ol) 

Na2C0 3  in 20 mL o f a 2:2:1 m ethanol:H20:THF solution in a sealed plastic vial. The  

reaction vial was agitated overnight on a mechanical shaker tab le  at room  

tem p era tu re . The Pd /C M  catalysts w ere  rem oved by centrifugation. The reaction
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products were extracted w ith  hexanes, dried w ith  magnesium sulphate, and then put 

on a rotary evaporator to  remove excess solvent. The dried solid product was dissolved 

in methanol and analyzed by Gas-Chromatography-Mass Spectrometry (GC-MS), as 

previously reported [13].

4.2.4. Characterization techniques

Scanning electron microscopy: SEM was performed at an accelerating voltage o f 10 

keV using a Zeiss Ultra microscope equipped w ith  an Energy Dispersive X-ray 

Spectroscopy (EDS) detector (Oxford Instruments INCA system w ith silicon d rift 

detector (SDD)). Samples were prepared by drop casting on Si wafers from  dispersions 

o f the composite powder. Elemental analysis was carried out using the commercial 

protocol provided w ith  the EDS detector at an accelerating voltage of 20 KeV. This 

approach has been shown to  provide sem iquantitative estimates w ith relative error < 

25% [14]. Thermal Gravimetric Analysis: TGA measurements were performed using a 

Perkin-Elmer Pyris 1 TGA using air as a carrier gas and a heat ramp o f 10 °C min'^. 

Thoroughly washed samples at least 1 mg in weight were used fo r TGA studies. 

Samples were held at 200 °C in order to  desorb physisorbed water prior to  initiating 

the measurement ramp; masses were normalised to  the weight of carbon particles at 

200 °C. X-ray diffraction: XRD was carried out on a Siemens D500 d iffractom eter w ith 

monochromated Cu Ka radiation; pattern analysis was carried out using commercial 

XRD software (EVA, Bruker). Samples were prepared by supporting Metal/CM 

composites on nylon membranes. UV-VIs: UV-VIS spectra of n itro  - aromatics were 

obtained on a Shimadzu UV-2401PC. Measurements were taken at a rate o f 120 nm 

per second at 0.2nm intervals and a slit w idth  o f In m . Gas Chromatography - Mass 

Spectrometry: GC- MS was performed using an Agilent model 6890 gas 

chromatograph coupled w ith  a model 5973 mass spectrom eter in order to  identify and 

quantify the Suzuki coupling reaction products. GC-MS samples were separated on a



HP-5M S colum n, using an injection tem p era tu re  of 50  °C, fo llow ed  by a 10 °C ram p per 

m inute to  250  °C w ith  a final 4  min hold.

4.3. Results

The results w ill be laid out in tw o  parts: i) Results fo r synthesis and characterisation of 

the m etal/com posites, ii) Results fo r the catalytic activity of th e  M eta l/C arb on  

composites m ateria ls. These sections will be fo llow ed  by a discussion section.

4.3.1. Synthesis and characterisation of m eta l/C M  composites

Characterisation of M e ta l/C M  composites w ill be discussed in this section. How the  

chem istry of each step in figure 4 .1  effects th e  resultant com posite m ateria l will be 

exam ined fo llow ed  by subsequent characterisation o f M eta l/C arb o n  composites 

obtained.

4 .3 .1 .1  Synthesis and characterisation o f activated CM

In o rd er to  obtain m eta l/carbo n  com posite microspheres, CMs u nderw ent a tw o  step 

sensitisation and activation protocol [15].

Tin Bath Silver Bath Coffee

AgNPSnO. SnO,

0̂ , O H  HO ̂  ,0  0̂  ̂ ,0H

Carbon SurfaceCarbon Surface Carbon Surface Carbon Surface

Figure 4.1: Process for synthesizing Ag nanoparticles supported onto a carbon microsphere 

surface.
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Figure 4 .1  show s a schem atic  re p re s e n ta tio n  o f w h a t  is h ap p e n in g  a t th e  surface . First, 

th e  ca rb o n  surface  w as sensitised  in a so lu tio n  o f Sn^* ions. T he  Sn^^ ion is kn o w n  to  

u n d e rg o  c o m p le x a tio n  and  io n -exch an g e  a t carb on  surfaces co n ta in in g  c a rb o x y la te  

groups [3 ]. T he  Sn^* ion acts as a p a th w a y  fo r  ach iev ing  anch oring  o f n o b le  m e ta llic  

c a ta ly tic  p artic le  seeds on th e  surface . A fte r  w ash in g  o f C M 's , a galvan ic  exchange  was  

c a rried  o u t w ith  PdCU^' o r A g (N H 3 )2  ̂ ions in so lu tio n  and  th e  Sn^^ ion loc a te d  on th e  

C M  surface . Equations 4 .1 , 4 .2  and  4 .3  in d ic a te  th a t  th is  exchang e  is 

th e rm o d y n a m ic a lly  fa v o u re d  d u e  to  PdCU^’ and  A g (N H 3 )2 * b o th  having a h ig her  

re d u c tio n  p o te n tia l th a n  th e  Sn^VSn^* re d o x  co u p le  [1 5 -1 7 ].

S n ^ * ^  Sn'’  ̂ + 2 e ‘ Eq = - 0 .1 5 1 V  (e q n 4 .1 )

[PdCI4]^ + 2 e  f = ^ P d ° + 4 C I  Eq = + 0 .5 9 1  V (eq n  4 .2 )

[A g (N H 3 )2 ] % e ' . ^ A g °  + N H 3 Eq = + 0 .3 8 V  (eq n  4 .3 )

This galvan ic  exchang e  results in th e  fo rm a tio n  o f ca ta ly tic  Pd° and  Ag° m e ta llic  centres  

on th e  C M 's  surface  and th e  p ro d u ctio n  o f Sn''* ions as sho w n  in f ig u re  1 [1 8 -2 0 ] .The  

m e ta llic  cen tres  w ill act as o u r ca ta ly tic  source fo r  fu r th e r  ED and  NP synthesis.

T hese  m e ta llic  cen tre s  can su b seq u en tly  serve  as sites fo r  fu r th e r  re d u c tio n  o f th e  

m e ta llic  salt in so lu tio n  by use o f a re d u c tio n  a g en t. In th is  w o rk , th e  red uc in g  ag en t  

w as c o m m e rc ia l d e c a ffe in a te d  c o ffee . F igure 4 .2 a  and  b show s th e  resu lt o f s ilver and  

p a lla d iu m  re d u c tio n  using c o ffe e  a t an a c tiv a ted  C M  surfaces. M e ta llic  partic les  and  

clusters  can be c learly  seen in th e  SEM  im ages. F igure 4 .2 a  show s m e ta llic  silver 

n a n o p a rtic le  aggregates  o b ta in e d  by th is  m e th o d , w h ich  w e re  fo u n d  to  h ave  sizes in 

th e  ran ge  1 0 0  - 2 0 0  nm  and consist o f  in d iv id u a l s m a lle r p artic les  a p p ro x im a te ly  3 0  nm  

in d ia m e te r . F igure 4 .2 b  show s sm all and  w e ll d isp ersed  Pd° n an o p a rtic les  w ith  

d ia m e te rs  o f a p p ro x im a te ly  2 5  nm  w ith  litt le  o r no o b s erved  ag g reg a tio n . H o w e v e r, 

SEM  im ages also sh o w e d  Pd and Ag partic les  w h ich  w e re  n ot an c h o re d  to  any carbon  

surfa c e , w h ich  in d ica ted  th a t  h o m o g en eo u s  re d u c tio n  occurs in th e  ED so lu tio n . This is

90



n o t u n e x p e c ted , as V a rm a  e t al used th is  p ro to c o l specifica lly  to  red uced  ions fro m  

s o lu tio n , in o rd e r to  fo rm  n an o p a rtic les  [5 ,6 ].

Figure 4.2: Typical SEM images of the Ag (a) and Pd (b) carbon microspheres obtained by using 

coffee as a reductant, 3 m m ol solution AgiNHsjj (a) and (b) 5 m m ol solution PdCl2; Scalebar = 

200 nm.

H o w e v e r, th e s e  u n a n c h o re d  partic les  cou ld  suggest th a t  m e ta llic  p artic les  seen in 

Figure 4 .2 a  and  4 .2 b  are  h o m o g en e o u s ly  p ro d u ced  and  s im p ly  s e ttle  on  th e  carbon  

p artic le  surface . As SEM  sam p le  w e re  p re p a re d  via d ro p  cast m e th o d , th is  m ech an ism  

and  in te rp re ta tio n  w as e n tire ly  possible. To  p ro ve  th a t  partic les  seen  on C M  surface  

w e re  p ro d u ced  via h e te ro g e n e o u s  catalysis. C o n tro l e x p e rim e n ts  th a t  o m it  th e  Sn 

sens itisa tion  s te p  d urin g  th e  synthesis  w e re  p e r fo rm e d . F igure 4 .3 a  show s A g /C  

p e rfo rm e d  w ith o u t s ens itisa tion , th is  led to  th e  fo rm a tio n  o f fe w  large Ag aggregates  

up to  8 0 0  nm  in d ia m e te r , m o st o f w h ich  w e re  fo u n d  to  be in suspension  instead  o f 

being  an c h o re d  o n to  th e  C M  surface . S im ilarly , fig u re  4 .3 b  show s th e  om iss ion  o f th e  

s ens itization  s te p  d uring  Pd d e p o s itio n . This led to  th e  fo rm a tio n  o f  u n s u p p o rte d  Pd 

n an o p a rtic les  2 0  - 4 0  nm  in d ia m e te r , w ith  ve ry  fe w  partic les  a p p e a rin g  on th e  CM  

surface. T hese  partic les  a re  in th e  sam e size range as u n s u p p o rte d  p artic les  observed  

w h ile  using sens itisa tion  tec h n iq u e s  fo r  co m p o s ite
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Figure 4.3: Control experim ents excluding Sn sensitisation step for A g/CM  (a) and Pd/CM  (b) 

com posite synthesis; scalebar = 500 nm.

production. These results coupled to ge ther indicate th a t both heterogeneous and 

hom ogeneous reductions are occurring sim ultaneously in the deposition solution. 

Control experim ents also indicate th a t Sn sensitization plays an im portan t role in 

controlling surface im m obilisation o f th e  m etal nanoparticles fo rm ed  at carbon  

microspheres interfaces.

To the best o f our knowledge, sensitisation and activation procedures have never been  

perform ed on CM's synthesized from  USP before. Further characterisation and 

investigation was perform ed on th e  sensitisation process, in o rder to  understand how  

it affects m etal NP size and distribution on th e  CM surface. Due to  th e  surface 

chem istry o f the CM's (See section 3 .3 .3 ), sensitisation and activation chem istries w ere  

not expected to  perform  identically to  previously reported experim ents on carbon  

fibres and carbon nanotubes. Therefore , Sn^^ sensitisation was perform ed at th ree  

concentrations fo r 30  min, fo llow ed by subsequent activation in a solution of 30  x 10'^ 

M  PdCl2 fo r 30  min. The PdC^ concentration was increased fo r these experim ents to  

elim inate any effects on the system due to  lim ited m etallic ion concentration. M eta llic
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ion exhaustion  d u e  to  increased  nucleation  a t  h igher Sn^^ is possible, resulting in bath  

failure and inaccura te  results. Also, com peti t ive  h o m o g e n e o u s  reductions could 

potentially co n su m e  m ore  m e ta l  ions, making this a valid concern  for  th e  experim ent.  

Figure 4.4a-c show/s SEM im ages d e m o n s tra t in g  th e  surface  of th e  CMs af te r  

undergoing  this p ro ce d u re  for  8, 50 and  100 m mol so lutions of Sn '̂  ̂ respectively. 

Firstly, figure 4.4 d e m o n s tr a te s  t h a t  CMs surfaces  can be modified by th e  sensitisation 

and  activation p rocesses .  G row th  of small spherical particles is clearly visible on th e  

CM surfaces  for  all th r e e  sensitisation  conditions. These particles a re  no t  visible on 

pristine CMs surfaces  imaged in section  3.3.1 indicating th a t  th e  g row th  is a direct 

result of th e  sensitisation  and  activation  s teps.  Secondly, th e  images d e m o n s t r a te  th a t  

Sn '̂  ̂ ion co ncen tra t ion  has an effect on th e  ex ten t  of catalytic se ed  nucleation  for th e  

given reaction  t im e  of 30 mins p e r fo rm ed  for  sensitisation  and  activation. From 

com paring  th e  8, 50 and 100 mmol sam p les  above, it is obse rved  th a t  increased 

su rface  modification occurs in th e  sam p le  with h igher Sn '̂  ̂ concen tra t ion .  Not many 

metallic nucleating  sites can be o b se rved  in 8 m m ol sam ple  w hen  com paring  to  SO and 

100 mmol, indicating th a t  initial Sn^* co ncen tra t ion  is an im por tan t  p a r a m e te r  for 

achieving a d e q u a te  and successful catalytic seed ing  on carbon  surfaces  p roduced  from 

USP. Also, su rface  modification ap p e a rs  g re a te r  in th e  lOOmmol sam ple  w hen  

co m p ared  to  th e  50 mmol, h ow ever  th e  d if fe rence is no t as clearly defined  as in 

sam ples  show n in figure 4.4a and  b. The resolution  limitations of th e  SEM m ake this 

assertion  difficult to  quantify w h en  looking at particles so small, particularly for 

sam ples  with significant modification like b and c. This m akes  th e  conclusions above 

sem i-quanti ta t ive .  However, from  m any CMs obse rved  via SEM th e  asser t ion  holds 

t ru e  and  im ages a re  rep re se n ta t iv e  of th e  ac t iv a te d / re d u ce d  sam ples  as a whole. See 

section  4.3 .3.1 fo r  discussion.

Sensitised and  ac tiva ted  sam ples  w e re  each  su b se q u en tly  red u ced  in a solution of 

coffee to  p roduce  th e  Pd/C co m p o s i te  m ateria l fo r  each  condition in Figure 4.4a-c.
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Figure 4.4:(a-c) Surface modification caused by sensitisation and activation using 8 m m ol (a), 

50 m m ol (b) and lOOmmol (c) Sn^* in the sensitisation step. Figure 4(d -f) Resulting electroless 

depositions from  activations observed In figure 4.4a-c, respectively. Scalebar = 100 nm, except 

b = 50 nm
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This was p e r fo rm ed  to  help  u n d e rs ta n d ,  th e  role th a t  th e  sensitisation  s te p  has on 

nucleation  of catalytic se ed  particles and  subsequen tly ,  th e  e ffec t this has on metallic 

particles post reduction.  Figure 4d-f d e m o n s tr a te s  th e  th r e e  conditions se e n  in figure 

4.4a-c undergoing  ED via reduc tion  by coffee. Com paring figure 4.4d and e, a 

significant d if fe rence in d ispers ion of th e  metallic particle on  th e  CM surface is 

obse rved  b e tw e e n  th e  tw o  sam ples .  In Figure 4.4d, particles a re  approxim ate ly  4- 

15nm in size, with particles located  relatively far  apa r t ,  d ispersed  and  no t aggregated .  

Figure 4 .4e  show s particles which are  again in th e  4 -15nm  particle size range. 

However, in this sam ple  catalytic s e e d  particles a re  m o re  co n c e n t ra te d  at th e  surface 

w hen  co m p ared  to  th e  8 m mol sam ples .  Also, depos it ion  occurs in such a 

co n c e n t ra te d  m a n n e r  th a t  m any clusters consisting of multiple nanopartic les  are  

obse rved  to  fo rm  on th e  CM surface . Each cluster  ap p e a rs  to  consist of nanoparticles 

in th e  10-20nm range. Figure 4.4f show s reduction  a f te r  th e  100 m m ol sensitisation 

with Sn^^. This sam p le  has similar p roper t ie s  to  th e  50 m m ol sam ple .  Particles are 

again observed  in th e  10-20nm  range, with m any  particles being g ro u p ed  to g e th e r  in 

th e  form  of nanopar tic le  aggregates .  Again, due  to  th e  qualita tive analysis perform ed, 

it is impossible to  say with ce r ta in ty  w h e th e r  nucleation  of h igher density  occurs on 

th e  100 m mol sam p le  as c o m p a re d  to  th e  50 mmol, how ever,  it is clearly ev iden t th a t  

g re a te r  d iffe rence is obse rved  b e tw e e n  sam ples  d and  e in th e  above  figures. These 

results indicate th a t  th e  sensitisation  s te p  influences th e  density  of g row th  for  metallic 

particles with g re a te r  co n c en tra t io n s  of Sn '̂" resulting in m o re  particles and  particle 

aggregates .  It w as also o b se rved  th a t  particle size ap p e a rs  to  no t  exceed  40  nm 

indicating th a t  a l though  Sn d oes  have a role in initial g row th  rates ,  it may no t be th e  

d e term in ing  fac to r  fo r  u lt im ate  particle size in ED chem is try  displayed here.

Images from  figures 4 .2b and  4 .4 e  show  sam ples  which had th e  s a m e  sensitisation 

s te p  bu t d iffered  in PdCb concen tra t ion .  This resu lted  in d iffe rent dispersions of Pd 

nanopar t ic les  at th e  CM surface , with sam p le  4 .2b having no visible clusters of NPs and 

m uch  less particle nuclea tion  w h en  c o m p a re d  to  4.4e. As bo th  sam ples  had th e  sam e
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in itia l Sn^* c o n c e n tra tio n , th is ind icates  th a t  m e ta llic  ion c o n c e n tra tio n  does have an  

e ffe c t on  th e  d ispers ion  o f m e ta llic  n an o p artic les  fo rm e d  a t th e  C M  surface.

F igure  4 .5 a  and 4 .5 b  sho w  co m p o s ite  synthesis  o f  A g /C  co m p o s ite  m a te ria l w ith  

ide n tic a l sensitisation  steps fo r  tw o  d if fe re n t  c o n c e n tra tio n s  o f 0 .3  and 3 0  m m o l 

A g (N H 3 )2 '̂  resp ective ly .

Figure 4 .5: Ag/CM  synthesized using 0.3 mm ol (a) and 30 mm ol (b) Ag(NH 3 )2 *;scalebar (a) = 100  

nm Scalebar (b) = 200nm

T hese figures  can be d ire c tly  c o m p a re d  to  fig u re  4 .2 a  w h e re  3 m m o l c o n c e n tra tio n  

w as used. Figure 4 .5 a -b  show  n u c le a te d  NPs a t th e  C M  surface  fo r  both  

c o n c e n tra tio n s , ind ica tin g  th a t  A g /C  synthesis  is possible  a t m u ltip le  c o n c e n tra tio n s  

o v e r th e s e  ranges. For bo th  figu res , partic les  a re  a p p ro x im a te ly  3 0  nm  in d ia m e te r  

w hich  is c o m p a ra b le  to  NPs synthes ized  using th e  3 m m o l c o n c e n tra tio n . H o w e v e r, 

c lu s te r size app ears  to  va ry  b e tw e e n  th e  sam ples . C lu s te r sizes o f sub 1 0 0  nm  fo r  th e  

0 .3  m m o l soln, 1 0 0  -  2 0 0  nm  fo r  th e  3 m m o l soln and  g re a te r  th a n  2 0 0  nm  fo r  th e  3 0  

m m o l soln are  o bserved . Im p o rta n tly , all th e s e  c lusters consist o f  NPs w h ich  have a 

d ia m e te r  o f a p p ro x im a te ly  3 0  nm , ind ica tin g  a lim it to  p artic le  g ro w th  and  size. Results 

a re  su m m a rise d  in ta b le  4 .1 .
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Metal conc (mmol) Particle size (nm) Cluster size ( nm) Cluster density (Rel)

0.3 30 > 100 Low

3 30 100 -  200 Med

30 30 <200 High

Table 4.1: Summary of the effect of metal ion concentration on particle growth at the CM surface

The table suggests that metal ion concentration is not the limiting parameter for 

particle size of Ag° over these concentration ranges. However, particle density over the 

CMs surface can be controlled and influenced by varying the metallic ion 

concentration. Also, Particle sizes in clusters for both Pd° and Ag° particles Indicate 

that some other limiting parameter Is responsible for restrictive NP particle growth, 

which is unrelated to metal ion or Sn̂ '̂  concentration.

Figure 4.6a, b shows typical XRD patterns obtained from Ag/CM and Pd/CM composite 

microspheres, respectively. Figure 4.6a shows reflections at 38.12°, 44.28° and 64.46°, 

respectively. These peaks can be matched with the (111), (200) and (220) reflections 

characteristic of fee silver, (JCPDS file no. 04- 0783) [21,22]. A small peak is observed at 

32.5° which can be assigned to the (111) peak of Ag20, indicating the presence of a 

surface oxide layer. Figure 4.6b shows reflections at 40.12°, 46.66° and 68.10° 

respectively. These peaks can be matched to the (111), (200) and (220) reflections 

characteristic of fee palladium, (JCPDS file no. 05-681). XRD measurements of bare CMs 

showed that the carbon scaffold only contributes a broad background to the pattern. 

No peaks associated to tin-contalning species could be detected in XRD patterns, thus 

suggesting that tin remaining after sensitization is mostly present in non-crystalline 

form. The distance d, between the Miller planes associated with each of these 

reflections can be calculated using Bragg's law (Eq 4.4)[23].

nX =  2dSin9  (eqn 4.4)

Here, \  Is the wavelength of the X-ray radiation source, 0 is the diffraction angle and n 

is an integer relating to the order of the reflection. The 20 value of the angle of the
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detector w ith  respect to  the incident direction o f radiation shown in the data above is 

used to  obtain 0 fo r the Bragg equation.
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Figure 4.6: XRD patterns obtained from the Ag/CM (a) and Pd/CM (b) samples.

Also, fo r the data above, n w ill be equal to  one. The value d can then be used to 

calculate the lattice constants fo r a tetragonal elementary cell using eqn 4.5 [23],
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Where, h, k and I are the miller indices of the peak, and the cell lattice constants are 

denoted by a and c. For cubic cells a = c, therefore, for the data above, eqn 4.5 can be 

reduced to eqn 4.6.

c = ^dHh^ +k^  + / ' )  (eqn 4.6)

W here c is the lattice constant of a cubic crystal cell. Utilising this, the three 

reflections from figure 4.6a yield an average lattice constant of 4.086 A for the Ag/C 

composite, matching the literature values for metallic fee silver. The reflections from  

fig. 4.6b yield an average lattice constant of 4.89 A for the Pd/C composite, matching 

the literature value of 3.8908 A for metallic fee palladium. In summary, XRD results 

indicate that the particles deposited at the CM surface via green electroless deposition 

protocols contain metallic Pd and Ag particles.

In order to determine the metal loading of m etal/CM  composites we carried out TGA 

and EDS measurement; Figure 4.7 shows TGA data for bare CMs, Ag/CMs and Pd/CMs 

obtained in air in the range 200-900 °C. The curve for bare CMs shows that mass loss 

due to oxidation occurs in the range 450-650 °C with the largest mass loss rate 

occurring at 624 °C. In this tem perature range the mass loss can be attributed to the 

combustion of the graphitic carbon scaffold. A residual mass of (3.0 ± 2.0)% at 900 °C is 

due to insoluble inorganic salts/oxides formed during NaDCA pyrolysis. TGA curves 

obtained from Ag/CM shows a maximum mass loss rate at 624 °C, in agreement to that 

observed in the case of bare CMs.
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Figure 4 .7: TGA curves obtained in air for pristine CMs, A g/C M  and Pd/CM  composites.

In the case of Pd/C M  samples, the m axim um  mass loss rate occurs at a significantly 

low er tem p era tu re  o f 483  °C. This is in agreem ent w ith  previous reports showing th a t 

Pd nanoparticles are catalytically active tow ards oxidation o f carbon fibers and 

particles [24], The residual mass obtained from  Ag/CM s and Pd/CM s a fte r oxidation at 

900 °C was (30 ± 2.0)%  and (36 ± 4)%, respectively. These values are larger than those 

obtained fro m  bare CM s, as expected o f particles having undergone sensitization, 

activation and nanopartic le deposition. Since tin rem ains as Sn'*  ̂ at th e  surface after  

sensitization steps [25], w e  can assume th a t the excess residual mass consists o f S n02  

[26 ,27] and Ag° or Pd° particles. Although both Ag and Pd m etal fo rm  oxides w hen  

heated in air, these oxides decom pose at tem pera tures  below  900  °C [28 -30 ], the end­

point tem p era tu re  in TGA curves reported in Fig. 8. Therefo re , w e can a ttrib u te  any 

residual mass rem aining to  (a) electrolessly deposited nanoparticles in th e  fo rm  of 

m etallic Ag° o r Pd° and (b) Sn02 species due to  rem ain ing Sn'’* a fte r the sensitisation  

step. EDS analysis o f th e  A g /C M  and Pd /C M  com posite m icrospheres shows th a t they  

contain tin; 70 .2%  and 245%  fo r Sn/Ag and Sn/Pd (a /a% ), respectively. This is due to  

the sensitization process, in agreem ent w ith  reported  studies of 

sensitization/activation mechanisms [25 ,31]. A fte r correction of th e  residual masses in
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Figure 8 fo r Sn content obtained fro m  EDS results (assuming it arises from  Sn02) and 

fo r inorganic compounds resulting fro m  carbon pyrolysis, the estim ated Ag/C and Pd/C  

mass ratios are (13 .5  ± 1.5)%  and (7 .4  ± 1.0)% w /w , respectively. Ag/C ratios are 

com parable to  loadings achieved previously by alternative m ethods on o ther carbon 

scaffolds [3 ,32 -34 ], Also, Pd/C loadings are in th e  range of those found in com m ercial 

Pd/C catalysts (5-30% ). Finally, A g /C M  and Pd /C M  samples show a small but noticeable  

mass loss in the region 28 5 -3 40  °C upon oxidation, th a t is absent in th e  case of bare 

CMs. This result indicates th a t a significant am ount o f organic compounds remain  

adsorbed at th e  m e ta l/C M  particle surface a fte r m etal reduction and m ultip le particle 

washes. Possible implications of th e  presence of adsorbed organics are discussed in 

m ore detail in section 4 .3 .3 .2 .

4.3.2 Catalytic activity of metal/carbon composite materials

In o rder to  dem onstra te  th a t nanoparticles synthesized via green electroless 

deposition using coffee display th e  characteristic interfacial chem istry o f m etallic  

nanoparticles, w e carried out catalytic studies on Ag/C M  and Pd/C M  composites using 

tw o  test heterogeneous reactions. Firstly, the catalytic reduction o f p-nitrophenol is 

used to  d em onstra te  th e  activity o f th e  Ag/C com posite. Pal e t al [35] and Esumi e t al 

[36] w ere  th e  first to  identify this as a suitable reaction fo r testing th e  catalytic activity  

of fre e  or supported nanoparticles. Secondly, to  dem onstra te th e  catalytic activity of 

the P d /C M  com posite m aterials synthesised using green strategies, w e em ployed the  

Suzuki coupling reaction [37]. Suzuki coupling has been o f particular interested fo r  

supported Pd catalysts and will th e re fo re  be ideal fo r our studies [38].
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4 .3 .2 .1 .  R eduction  o f 4 -n itro p h e n o l using A g /C M  com po s ites

W e  inv e s tig a ted  th e  ac tiv ity  o f A g /C M  com po s ites  in th e  ca ta ly tic  re d u c tio n  o f 4 -  

n itro p h e n o l to  4 -a m in o p h e n o l by sod ium  b o ro h y d rid e . T he  re d u c tio n  is 

th e rm o d y n a m ic a lly  fa v o u ra b le  (Eo fo r  4 -N P /4 -A P  = -  0 .7 6  V  and  H3BO 3/BH4 = - 1 .3 3  

versus NHE [3 5 ]) , h o w e v e r, th e  re d u c tio n  ra te  o f 4 -n itro p h e n o l is neg lig ib le  in aqu eou s  

so lu tions  o f N aB H 4 . K inetics a re  ca ta lysed  by th e  p resence  o f n o b le  m e ta l 

n an o p a rtic les  [3 9 -4 1 ]. F igure 4 .8  show/s t im e -d e p e n d e n t  U V  -  Vis spectra  o f  A g /C M  

aqu e o u s  suspensions co n ta in in g  1 .0  X 10'^ M  N aB H 4, a f te r  in je c tio n  o f 4 -n itro p h e n o l to  

1 .0  X 1 0 ’  ̂ M  c o n c e n tra tio n . U V  - Vis spectra  h ave  b ee n  c o rre c te d  d ue  to  s ca tte rin g  

c o n trib u tio n s  fro m  th e  carbon  m ic ro s p h e re  suspension  accord in g  to  pub lished  

m e th o d s  [42 ].
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Figure 4.8; Evolution of the UV-Vis absorption spectra of 4 -n itrophenol in the  presence of 1.0 x 

10'^ M  NaBHa and A g/C M  particles as a function of reaction tim e; all spectra were  corrected for 

scattering [42], The first spectrum was taken im m ediately  afterin jection of 4-n itrophenol, 

w hereas the last spectrum was taken a fter 27 min.
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The m axim um  at 40 0  nm is characteristic o f 4 -n itropheno la te  ions in solution [23,36]. 

The peak decreased rapidly a fte r injection into th e  A g/C M ;N aB H 4 suspension, 

indicating th a t th e  aryln itro  group is consumed over tim e. The graph also shows the  

appearance o f a peak at 290  nm, which is a ttrib u ted  to  the fo rm atio n  o f 4- 

am inophenol [23 ,3 6 ,39 ,41 ], thus confirm ing th a t th e  n itroarom atic com pound is 

reduced to  its corresponding arylam ine. Control experim ents confirm ed th a t no 

reduction takes place in the presence o f NaBH 4  or carbon microspheres alone, only 

w hen A g /C M  com posite particles w ere  used in suspension. These results indicate that 

the reduction is due to  th e  catalytic activity of supported Ag NPs and th a t th e  Ag NPs 

surface is accessible to  species in solution. As NaBH 4  is in excess w ith respect to  4- 

nitrophenol th en  its can be assumed th a t it has a constant concentration and the  

reaction rate becomes pseudo-first-order w ith  respect to  the 4 - nitrophenol 

[36 ,43 ,44 ],

Since the absorbance at 40 0  nm is proportional to  th e  concentration o f 4-n itropheno l 

in solution then  eqn 4 .8  can be used to  d eterm ine  the rate o f reduction in solution.

Figure 4 .9  shows a logarithm ic plot o f At/Ao w here At and Aq are the absorbances at 

40 0  nm at tim e  t and zero, respectively. An apparen t rate coefficient kapp was 

calculated near tim e  zero from  linear fits o f curves such as the one in Figure 10 yielding  

kapp = 0 .0 0 1 5  ± 0 .0 002  s' .̂ A fte r norm alization of kapp by th e  m olar concentration of 

silver in our suspensions (1.2 X 10'^ M ), w e obtain a specific rate coefficient k = 122 ± 

16 s'  ̂ M ' \  which is w ith in  the range o f values observed fo r polym er-stabilized Ag 

nanoparticles ( ~  25 nm) obta ined at sim ilar NaBH4 concentrations [45], a lbeit much 

low er than  values originally reported  by Pradhan et al. fo r bare Ag nanoparticles [39].

dc,

~di
(eqn 4 .7 )

(eqn 4 .8 )
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Figure 4.9: Logarithmic plot of the normalized absorbance change as a function of time. The 

linear fit near time zero was used to calculate the rate coefficient for the reduction reaction.

This suggests that, although we cannot exclude the presence o f a partially blocking 

adsorbed layer, metallic surface sites at the carbon-supported Ag aggregates are highly 

available to  catalyse heterogeneous reactions.

4.3.2.2 Suzuki coupling using Pd/CM composites.

Suzuki reaction experiments in order to  determ ine the catalytic activity of the Pd/C 

were carried out at Albion College (USA) by Lyndsay Taylor and Dr. Kevin Metz.

Pd/C particles were tested as catalysts using the Suzuki coupling reaction of 

phenylboronic acid w ith  bromotoluene. Specifically, we explored the coupling reaction 

between phenylboronic acid and bromotoluene, which yields methylbiphenyl as 

displayed in Figure 4.10. This reaction, performed in trip licate, resulted in a 40 ± 10% 

yield of the desired product.
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Figure 4.10: Suzuki reaction between 4-bromotoluene and phenylboronic acid, run for 18 h at 

room temperature. Yields of 40 + 10% were achieved, even upon the third use of the Pd/CM 

catalysts.

Furtherm ore, th e  sam e Pd/C M  particles used th ree  tim es sequentially displayed no 

loss in catalytic activity. Control experim ents using bare carbon m icrospheres yielded  

no product. O ur results are consistent w ith  th e  range o f previously reported  catalytic  

activities fo r supported palladium nanoparticles utilized fo r the Suzuki reaction. For 

exam ple, Kantam et al. reported yields betw een 10% and 90%  fo r the coupling 

reaction illustrated in Figure 4 .1 0  (room  tem p era tu re , varied solvents, 12 h) catalysed  

by nanopalladium  on a layered double hydroxide support (LDH-PdO) [46]. Yields in 

Suzuki reactions are known to  be sensitive to  th e  com bination o f solvents and base 

used [46], and also depend on th e  reaction tem p era tu re  and type o f aryl-halide used 

[37]. Therefore , differences betw een  our yields and reported  yields can be th e  result of 

variations in reaction conditions, the presence of adsorbed molecules at the Pd 

surface, or a com bination o f these tw o  factors. In sum m ary, these results suggest that 

our com posite system displays a perform ance com parable to  th a t o f previously  

reported  supported Pd nanopartic le systems.
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4.3.3 Discussion and summary

Silver and Palladium nanoparticle were successfully grown on CM surfaces via 

heterogeneous reduction using green electroless deposition. Competing homogeneous 

reduction occurs simultaneously leading to  unsupported NPs. Crucial to  the catalytic 

studies in this report it was possible to remove unsupported NPs via centrifugation as 

demonstrated in Figure 4.11. However, this does lead to  concern about the current 

efficiency of synthesizing NP/Composites using this particular approach but results are 

promising fo r firs t tim e green electroless deposition.

Figure 4.11: TGA curves for washed and unwashed Ag/C, Difference can be attributed to 

unsupported particles.

The sensitisation step was found to  influence the extent o f catalytic seed nucleation on 

the CM surface. M etallic ion concentration in solution was found to  influence the 

cluster size and dispersion of particles fo r both metal composites. Particle size was 

found to  be lim ited by some parameter other than those above. The crystalline and 

metallic nature o f the particles located at the carbon surface was confirmed via XRD.

100
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The loadings due to heterogeneous catalysis w ere  calculated to  be (13 .5  ± 1.5)%  and 

(7 .4 ± 1.0)%  w /w , fo r the Ag/C and Pd/C m aterials respectively. Both composites w ere  

shown to  be catalytically active. In this section, w e discuss these results, implications 

and suggest som e fu rth er experim ents th a t may need to  be perform ed to  confirm  

assertions.

4 .3 .3 .1  Effect o f Sensitisation step on composites

Firstly, it was d eterm ined  th a t sensitisation step is vital fo r surface im m obilisation of 

the m etal nanoparticles fo rm ed  at carbon microspheres. Also, initial increases in 

surface m odification and catalytic seed nucleation due to  Increased Sn^* concentration, 

indicates increased adsorbed Sn '̂̂  at th e  carbon surface, allows adsorption of m ore  

Pd^* species at the surface during activation. How ever, subsequent concentration  

increases caused only m inor m odifications, indicate th a t th e re  m ay be a lim it to  Sn and 

Pd adsorption at th e  carbon surface. This would suggest th a t th e re  are a lim ited  

num ber of sites on the CM surface to  which Sn̂ '̂  can complex. These results are  

consistent w ith  experim ents perform ed by Khoperia e t el at glass surfaces fo r similar 

sensitisation and activation protocols [47]. Perform ing TGA on carbon samples a fte r  

sensitisation/activation fo r the various Sn̂ '̂  concentrations w ould  quantitative ly  

confirm  all o f th e  above qualitative statem ents. Increased palladium  absorption via 

activation led to  an increase in th e  num ber o f particles and particle clusters th a t w ere  

synthesised at the CM surface via ED. TGA w ould again, be a facile m ethod fo r  

quantifying this qualitative observation.

For both Ag and Pd com posites, it was observed th a t m etallic ion concentration had an 

effect on the dispersion o f particles and particle clusters at the CM  surface. Increased 

concentration was linked w ith  an increase in the num ber and size of particle clusters. 

How ever, no particle size increase was observed. This can be explained by capping of 

the m etal particles w ith  oxidized polyphenols/caffeine hypothesized by M o u lton  e t al
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[6]. Capping of the particles could lim it transport to  the surface inhibiting fu rth e r  

catalytic reduction from  happening at th e  surface. TGA results shown in figure 4.7  

support this hypothesis via significant com bustion o f organic mass in th e  2 8 5 -3 40  °C 

regions. TGA results fo r Pd activated CMs have significantly less mass loss in this region 

than th e  Pd/C com posite, indicating organic compounds fro m  the coffee are  

responsible. SERS experim ents carried out by the Colavita group on the Ag/C support 

this hypothesis (data not shown). H ow ever, it cannot be confirm ed if th e  organic 

m aterials are in th e  form  o f a capping agent on the m etallic surface, adsorbed onto  th e  

highly porous carbon scaffold or both. Further control, TGA experim ents w ith  coffee, 

pristine carbon and activation carbon could o ffe r m ore insight into w hich surfaces the  

organic m aterials are adsorbed onto, offering insight into w h e th e r organic capping 

agents are responsible fo r particle size limits.

4 .3 .3 .2  Characterisation o f composites, loadings and hom ogeneous catalysis

XRD data supports the presence o f m etallic silver and palladium  in the com posite  

m ateria l. W en et al and o th er research groups dem onstrated the effectiveness of XRD 

fo r characterising Silver nanostructures [21 ,22]. Furtherm ore, EDS mappings shown in 

figure 4 .12, match highest Ag concentrations to  particles observed via SEM on th e  CM  

surface. This suggests th a t particles observed on the CM surface are directly  

responsible fo r peaks observed via XRD. EDS mappings also indicated Pd presence but 

sam ple instability and drift d idn 't allow  d eterm ination  of a location fo r highest Pd 

concentration.
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EDX mapping 
of Ag-carbon 
microspheres

Figure 4.12: EDX mapping placing highest concentrations of Ag to locations where particles are 

observed at the CM surface

How ever, XRD fu rth e r supports th a t nanoparticles are responsible fo r the observed 

peaks due to  peak broadening fo r both samples. Three main factors contribute to  peak 

broadening in d iffraction experim ents: defects, strain betw een grains and crystallite  

size. U nder th e  assumption th a t crystallite size is the dom inant broadening  

m echanism , th e  Scherrer equation can be used to  estim ate crystallite size as shown in 

equation 4.9;

(eqn 4 .9 )
pCosd

W here  K is the Scherrer constant (0 .87 -1 ), A is th e  X-ray w avelength , (3 is the line 

broadening at full w id th  half m axim um  (F W H M ) in radians, 6 is the Bragg angle and t  is 

the average dim ension o f the ordered  crystallite dom ain. Using th e  (111) peaks from  

figures 4.6a - b w e obtain crystalline sizes o f 31nm  and 17nm  fo r th e  Ag/C and Pd/C  

composites respectively. As particle size is lim ited to  approx 30 nm, crystalline sizes 

indicates th a t m etallic particles on th e  com posite m ateria l are highly crystalline. Eqn 

4.9  indicates increased broadening w ould  correspond to  decreasing crystallite size. As
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obtained crystallite sizes are near to  particle size limits, this indicates broadening here 

is mostly from  contributions in the crystallite domain size.

Under current reaction conditions, the estimated Ag/C and Pd/C mass ratios are (13.5 

± 1.5)% and (7.4 ± 1.0)% w /w . Showing TGA/EDS as a quick and effective method fo r 

obtain loading fo r particles nucleated on carbon supports via ED. However the results 

in section 4.3.1.1 above would suggest tha t it would be possible to  increase or 

decrease metallic loadings obtained on the carbon support. These results also indicate 

that there is a potential lim it to  particle loadings due to  lim its on the absorbance of Sn 

at the carbon surface and subsequent capping o f particle growth. TGA/EDS 

experiments coupled w ith  rigorous numbers o f composites produced from  varying 

reaction conditions would confirm  this. These experiments would indicate over what 

range the loadings can be strictly controlled and what the maximum potential particle 

loading would be fo r both composites materials.

Kinetic experiments confirmed that both composite materials are catalytically active. 

However, Ag/CM kinetic results yielded a kapp which was less than unsupported Ag-NPs 

o f similar size synthesis by Pal et el [39]. This d ifference can be explained by tw o 

possible mechanisms.

i)

The apparent rate constant kapp is found to  be proportional to  the to ta l surface area S 

available in the metal nanoparticles [48-50]. Using this, eqn 4.7 can be expanded to 

eqn 4.10.

^  = - K  Sc, (eqn 4.10)

Where S is the to ta l surface area normalised to  volume o f metallic particles. For 

Ag/CM, metallic particles were observed in the form  o f NP clusters. NP aggregation is 

known to  inhibit reaction rates fo r surface reaction due to  the loss o f accessible 

surface area fo r the same unit volume when comparing to  discrete particles. This
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hypothesis could be checked by perform ing catalytic experim ents at various silver 

loadings. It was observed th a t as loadings increase, th e  size and num ber of particle 

cluster increase. How ever, as particle size is capped, th e  ratio  o f particle volum e to  

theoretical surface area should rem ain relatively constant. Hence, linear relationships 

w ith  norm alised surface area and rate constant K observed by o th er researchers would  

be expected if th e  to ta l surface area was accessible [50]. If the norm alised rate  

constant decreased w ith  increasing m etal loadings, it w ould suggest increased 

clustering, confirm ing th e  hypothesis.

ii)

The second mechanism is a reduced rate o f electron transfer. Electron transfer occurs 

at th e  m etallic surface, Borohydride ions react w ith  the surface of th e  nanoparticles  

and transfer a surface hydrogen species [51 ,52]. Sim ultaneously, 4 - N itrophenol 

molecules are adsorbed on th e  surface o f the nanoparticles and undergo reduction by 

the surface hydrogen species. The rate o f electron transfer at the m etal surface can be 

influenced by tw o  steps: (a) diffusion o f 4-n itropheno l to  the m etal surfaces and 

diffusion o f 4 -am inophenol aw ay fro m  th e  surface and (b) interfacial electron transfer. 

In general, this means th e  rate constant Kapp can be split into tw o  term s as shown in 

eqn 4 .1 1 [41 ].

K r r = K : , + l ^ m C - '  (e n 4 .1 1 )

It has been dem onstra ted  th a t th e  use o f stabilising agents, surfactants and supports 

can influence the kinetics o f catalysis [36 ,45 ,53 ]. It has been proposed th a t these  

differences are linked to  part (b) o f th e  above eqn. Therefo re , th e  presence of any 

capping layer o r surface molecules w ould  low er kapp fo r the composites. This kinetic 

data coupled w ith  th e  TGA dem onstrating  the presence o f organic materials, adds 

w eight to  th e  hypothesis by Varm a et al th a t oxidized polyphenols/caffeine cap 

nanopartic le grow th [6].
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H o w e v e r, m an y  researchers  have re p o rte d  an in d u c tio n  t im e  to  catalysis, a ttr ib u te d  to  

d iffu s io n -c o n tro lle d  a d so rp tio n  o f species o n to  th e  m e ta llic  su rface  [5 4 -5 6 ], In o u r  

e x p e rim e n ts  no ind uction  t im e  w as o b served  fo r  th e  m eth o d s  used ind ica ting  

accessible ca ta ly tic  surfaces. S ignori e t  al suggest th a t  d iffu s io n  o f th e  BH4 to  th e  

surface  to  c re a te  th e  surface  h yd ro g en  species, is th e  in it ia tio n  step . In o ur  

ex p e rim e n ts , th e  A g /C  w as placed in th e  B o ro h y d rid e , fo llo w e d  by a d d itio n  o f th e  4  -  

NP, a llo w in g  th e  B o ro h yd rid e  to  In it ia te  on th e  surface  w h ils t th e  4 -n p  in je c tio n  was  

being  p re p a re d . R epea ting  o u r e x p e rim e n ts , w ith  th e  a d d itio n  o f B o ro h yd rid e  as th e  

last step  cou ld  give insight in to  S ignori's  hypoth es is  if a to t im e  is o bserved  fo r  this  

e x p e r im e n t.

It  is possible th a t  b o ro h yd rid e  reduces o xid ized  p o lyph eno ls , re m o v in g  th e  organ ic  

capp ing  layer, a llo w in g  re a c tio n  w ith o u t a to. As B o ro h yd rid e  has a g re a te r  re d u c tio n  

p o te n tia l th a n  ca ffe ic  acid, ch lo ro gen ic  acid. C a ffe in e  and  h y d ro q u in o n e  a t all pH 

values, th is  cou ld  in d ica te  w h y  ca ta ly tic  ac tiv ity  w as h in d e re d  in ED process lim iting  

p artic le  size b u t m e ta l surface  is read ily  ava ila b le  fo r  catalysis. Im m ers in g  th e  

c o m p o s ite  in b o ro h y d rid e , fo llo w e d  by w ash ings w o u ld  o p en  up  th e  m e ta llic  surfaces  

to  reac tio n . F u rth e r e x p e rim e n ts  by re -im m e rs io n  in a m e ta l s o lu tio n , fo llo w e d  by 

c o ffe e  w o u ld  co n firm  th e  ab o ve  th e o ry . If p artic les  on th e  C M  increase in size, 

b o ro h y d rid e  has in te ra c te d  w ith  so m e su rface  layer. If  th e y  rem a in  th e  sam e it 

disproves th e  th e o ry  show ing  b o ro h yd rid e  d o e s n 't re m o v e  any capp ing  layer.
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4 .4  Conclusions

W e have synthesized A g /C M  and P d /C M  com posite particles using porous carbon 

m icroparticles as scaffolds fo r electroless deposition and decaffeinated coffee as a 

reducing agent. O ur m ethodology shows th a t this mild and environm entally  benign 

reductant can be used fo r th e  synthesis of surface supported m etal nanoparticles, thus 

expanding its use beyond solution based nanopartic le synthesis [5 ,6]. W e also 

confirm ed th e  viability o f CM synthesized via USP fo r use as a support m ateria l. To our 

knowledge, this is th e  first tim e  sensitisation, activation and electroless deposition  

protocols have been perfo rm ed  on such CMs. W e  confirm ed th e  suitable o f these  

materials fo r catalytic seed nucleate and subsequent ED protocols which could have 

implications beyond th e  ED chem istries used in this report.

Both Ag/C and Pd/C  com posite m icrospheres w ere tested in order to  assess th e ir  

activity as heterogeneous catalysts fo r organic synthesis. W e found th a t in both cases 

suspensions o f our com posite m icroparticles displayed th e  characteristic chem istry of 

m etallic silver and palladium  nanoparticles thus indicating th at, a fte r deposition at the  

carbon scaffold, m etallic particles o ffe r available reactive surface sites. The reaction  

rates observed fo r Suzuki coupling and n itroarom atic reduction reactions, based on 

calculated m etal loadings, suggest th a t m e ta l/C M  composites reported  in this w ork  

o ffe r excellent perform ance com pared to  sim ilar Ag and Pd supported nanoparticle  

systems.
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Chapter 5

Synthesis of Fe/FexOy nanoparticles on porous 

carbon microspheres: Structure and surface 

reactivity

Com posite m aterials are o f interest because th ey  can potentia lly  com bine the  

properties of th e ir respective com ponents in a m anner th a t is useful fo r specific 

applications. Here, w e report on the use o f Sodium hypophosphite and D im ethylam ine  

borane as reductants fo r fo rm ation  of supported m etal nanoparticles. This chapter 

describes the characterisation of these composites using various techniques, fo llow ed  

by experim ental results th a t show potential applications o f the com posite m aterials  

synthesized.
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5.1 Introduction

There has been great interest in synthetic m ethods th a t yield supported iron and iron 

oxide nanoparticles in order to  prevent aggregation and im prove th e ir transport 

properties, handling and surface reactivity (See Section 1.3.2 fo r m ore detail). O ther  

research groups have supported unm odified  nanoparticles on solid m aterials, such as 

clays [1], carbon [2-4] and silica particles [5], so th a t th ey  can be readily  

h andled /de livered  w hile  preserving th e ir surface chem istry.

In this chapter w e report on th e  use o f tw o  electroless deposition (ED) m ethods fo r the  

synthesis o f carbon-supported iron /iron  oxide (Fe/FexOy) nanoparticles. W e have used 

carbon porous m icrospheres synthesized via ultraspray pyrolysis as carbon scaffolds 

fo r th e  nucleation and grow th o f iron nanoparticles (See Chapter 3). The best ED 

m ethod was d eterm ined  via Scanning Electron M icroscopy (SEM). Subsequently, we  

characterized th e  structure, m orphology and com position of Fe/FexOy com posite  

m icrospheres using a com bination o f Scanning Electron M icroscopy (SEM), 

therm ogravim etric  analysis (TGA), X-ray diffraction (XRD) and X-ray absorption  

spectroscopies (EXAFS and XANES). The ED approach resulted in a com posite  

Fe/FexOy/carbon m icrosphere of narrow ly dispersed size and little  to  no unsupported  

iron NPs. Finally, w e show th a t these Fe/FexOy/CM com posite particles display surface  

reactivity tow ards the rem ediation  o f Cr(VI), a toxic pollutant, suggesting th a t these  

are promising m aterials fo r th e  rem oval o f w a te r pollutants fro m  aqueous solution.

5.1.1 Electroless deposition of Iron

ED procedures fo r th e  depositions o f iron and iron alloy based film s have received  

relatively little  a tten tio n  in th e  scientific lite ra tu re  w hen com pared to  m etals such as
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Cu, Ni and Au. Most researchers have attributed this lack of attention to iron based 

films to the difficulty of ED Fe deposition when compared to other metals. The cause 

of this difficulty has been attributed to many factors. Fujita et al indicated that the 

challenges may stem from the low catalytic activity of Fe, hindering the autocatalysis 

needed for successful ED [6]. Other researchers have indicated that low stability due to 

oxidation in air may be another reason for ED researchers avoiding Fe in favour of 

other depositions [7]. Finally, the reduction potential of Fe^  ̂ is low and therefore it is 

hard to balance thermodynamic instability with kinetic stability in the plating bath. In 

this chapter we utilise tw o methods based on Fe ED baths by Drovosekov et al [7] and 

Nakanishi et al [8], hereby denoted as method A and method B respectively, as 

summarised in table 5.1.

Component Method A Method B

M etal Species Fe^^ Fe'^

Reducing agent Sodium Hypophosphite DMAB

Chelating agent Glycine , None 1

Buffering agent NH4CI None

Temperature 90 °C 1 SOT

pH ! 10.5 8 1
i

Table 5.1: Demonstrating the components of Methods A and B

These methods are vastly different, containing differing metal Ion sources and 

reducing agents. Method A utilises Fe^* whereas method B utilised Fe^*. Both metals 

have differing reduction potentials and will perform differently. Method A uses Sodium 

Hypophosphite whereas method b uses DMAB. However, both are different and could 

lead to differing Iron based deposits. The next largest difference is that Method A 

utilises Glycine as a chelating agent whereas method B does not use one at all. Glycine 

complexes with Fe ions as described in eqn 5.1 [9].

F e { H p ) l * + n G l y i  >F e ( H eqn 5.1
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W here  n = 1, 2, 3 and m = 2, 3. Com plexation w ith  Glycine stabilises solutions o f Fe 

ions by com peting w ith  th e  com plexation o f OH' ions, inhibiting precipitation of 

colloidal iron oxides and subsequent decom position o f solution. This indicates th a t use 

of a chelating agent such as Glycine is essential at higher pH ranges w hen using Fe ions 

in an ED bath. The next d ifference in baths is th a t M eth o d  A utilises am m onia solution 

to  adjust th e  bath pH to  10.5. Therefore , in m ethod A, NH4CI is utilised as a buffer 

agent as th e  N H /  am m onium  ion w ill be present as the conjugate acid as shown in eqn 

5.2.

N H 3 + H2 O 0 H “ + N H /  eqn 5.2

These d ifferences w ill be discussed later in section 5.4 w hen the perform ance of the  

tw o  m ethods in synthesising Fe/FexOy nanoparticles on porous CMs w ill be evaluated.

5.2 Experimental

5.2.1 Materials and reagents

Reagent grade tin chloride d ihydrate (96%; Fisher), palladium  chloride (Fisher), sodium  

hydroxide (97% , Sigma), dichloroacetic acid (DCA, 99% , Sigma Aldrich), sulphuric acid 

(95% ), hydrogen peroxide (30% , Sigma), sodium hypophosphite (97% , Sigma), 

am m onium  chloride (99% , Sigma), Glycine (97% , Sigma), am m onium  hydroxide  

solution (30% , fluka), iron (II) sulphate (97% , sigma), d im ethylam ine borane complex  

(DM AB, 97% , Sigma), trifluoroacetic  acid (TFA, 99% , Sigma), iron(lll) sulphate hydrate  

(97% , Sigma), sodium dichrom ate d ihydrate (99.5% , Sigma).

Am orphous carbon samples used fo r XPS and X-ray diffraction studies w ere  prepared  

via m agnetron sputtering deposition techniques, as previously described by Cullen et 

al [10]. Am orphous carbon thin film s w ere  subsequently im m ersed in piranha solution
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(3 : 1, H2SO4 to  H2O2) in order to  increase the number o f carboxylic acid moieties at 

the ir surface

5.2.2 Composite material synthesis

Activated Carbon microsphere (CMs) synthesis: CIVIs were synthesized using ultrasonic 

spray pyrolysis as previously reported in section 3.2.2 [11,12]. CMs were generated 

from  a 1.5 M solution of NaDCA. A solution o f 0.050 M SnCb in 0.070 M trifluoroacetic 

acid was prepared and CMs were added to  a final concentration of 0.2400 g and 

sonicated to  obtain a uniform  dispersion. CMs were left in the solution fo r 

approximately 30 min, subsequently filtered through 0.45 mM nylon membranes and 

washed w ith  water and ethanol. CMs were then dispersed via sonication in a 5.6 X 10'^ 

M solution of PdCl2 acidified to pH 1 via addition of HCI. A fter 30 min in this solution 

CMs were washed via m ultiple cycles o f centrifugation and gentle stirring in M lllipore 

water.

ED using Method A: W ater was heated up to  90 °C in a reflux apparatus prior to  adding 

iron (II) sulphate to  a concentration of 0.050 M, followed by addition of Glycine to  a 

concentration of 0.20 M and subsequent addition o f ammonium chloride to  a 

concentration of 2.0 M. Freshly sensitized and activated CMs were then added to  the 

hot solution to  a concentration o f approximately 0 .1 200  g L '\  to  which sodium 

hypophosphite was added to  a final concentration o f 0.10 M. The CM dispersion was 

left at 90 °C fo r 1.5 h under reflux, constant stirring and under an Ar flow. Aliquots 

were w ithdrawn at various tim e intervals and placed drop cast on silicon wafers fo r 

SEM measurements.

ED utilising Method B: W ater was heated up to  80 °C in a reflux apparatus prior to 

adding iron (III) sulphate to  a concentration o f 4.4 X 10'^ M; a typical batch size in our 

experiments was 50 mL. Freshly sensitized and activated CMs were then added to  the
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hot solution to  a concentration of approxim ately 0 .1 200  g L '\  to  which DM AB was 

added to  a final concentration o f 0 .0 70  M . The CM dispersion was left at 80  °C fo r 1.5 h 

under reflux, constant stirring and under an Ar flow . The iron-m odified  CMs filte red  

and washed w ith  abundant degassed w a te r and ethanol prior to  drying and fu rth e r  

characterization; samples w ere  kept under an Ar flow  at all tim es during filtering, 

washing and drying.

5.2.3 Characterization

Scanning Electron M icroscopy (SEM ): was perform ed at an accelerating voltage o f 10 

keV using a Zeiss U ltra microscope equipped w ith  an Energy Dispersive X-ray 

Spectroscopy (EDS) d etec tor (Oxford Instrum ents INCA system w ith  silicon drift 

d etec tor (SDD)). Samples w ere  prepared by drop casting on Si w afers from  dispersions 

of the com posite pow der. E lem ental analysis was perfo rm ed  using the EDS d etec tor  

w ith  an accelerating voltage o f 20 KeV. X -ra y  p ho toe lectron  spectroscopy (XPS): was 

perform ed under ultrahigh vacuum  on an O m icron system w ith  base pressure 1 x 10 '“  

bar, equipped w ith  a m onochrom atized Al Ka source and a m ultichannel detector. X- 

ra y  d iffractio n  (XRD): was carried out on a Siemens D 500 d iffrac to m eter w ith  

m onochrom ated Cu Ka radiation; pattern  analysis was carried out using com m ercial 

XRD softw are (EVA, Bruker). Samples w ere  prepared by supporting M e ta l/C M  

composites on nylon m em branes. T herm al G rav im etric  Analysis (TGA): m easurem ents  

w ere  perform ed using a Perkin-Elm er Pyris 1 TGA, using air as a carrier gas and a heat 

ram p o f 10 °C min'^ from  25 °C to  900  °C including tw o  5 min long isotherm al steps at 

100 °C and 200  °C. B ru n a u e r-E m m e tt-T e lle r (BET): analysis was perform ed using a 

Q uantachrom e Nova Station using a m ulti-po in t BET p lot [13]. The sample was 

pretreated  at 30  °C under vacuum  fo r 24  h prior to  analysis using N 2 as the adsorbing  

gas. UV-Vis: spectra of chrom ate anions w ere  obtained on a Shimadzu UV-2401PC. 

M easurem ents w ere  taken  at a rate of 120nm  per second at 0 .2nm  intervals and a slit 

w id th  o f In m . Extended X -ra y  Absorption  Fine S tructure (EXAFS): spectra w ere
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collected at the SAMBA beam line at SOLEIL synchrotron [14]. The beam line was 

operated  w ith  a Si (220) double-crystal sagittal focusing m onochrom ator. A pellet of 

pure Fe/CM  pow der was m easured in transmission at th e  Fe K-edge; the pelle t was 

checked fo r hom ogeneity w ith  X-rays to  estim ate possible thickness errors. Data w ere  

analyzed using Horae [15] and FEFF8.4 [16]. FEFF theoretical standards w ere  tested  

versus experim ental Fe203 and bcc-Fe standards. M aghem ite , hem atite  and m agnetite  

XANES standards w ere  recorded on B M 30 (ESRF) and calibrated on a Fe foil and a 

h em atite  standard to  m atch spectra recorded on SAMBA (SOLEIL). Cr(VI) re m o va l 

studies: A 12.9 mg L'̂  Cr(VI) solution was degassed via ultrasonic tre a tm e n t. Freshly 

prepared Fe/C M  particles w ere  added to  20 mL o f this Cr(VI) solution, in order to  

achieve a final com posite concentration o f 0 .165  g L '\  The suspension was then  kept 

under an argon atm osphere w ith  constant stirring fo r the duration of our studies; the  

solution rem ained at neutral pH over th e  course of adsorption reactions. Aliquot 

samples w ere  w ithdraw n  at various tim e  intervals. Subsequent quenching o f the  

reaction was perform ed via filtration  o f the solution through 0 .45  n M  nylon m em brane  

filters. The Cr(VI) concentration was m easured via UV-Vis spectroscopy by m onitoring  

the absorbance at 339 nm, according to  a m ethod developed by M cC reery and co­

w orkers [17]. Control adsorption experim ents w ere  carried out using 0 .0 7 0  g L’  ̂

suspensions o f pristine carbon microspheres; this concentration was found to  yield an 

equivalent particle num ber density to  th a t used in Fe/C M  adsorption experim ents, as 

determ ined  via TGA.

5.3 Results and discussion

The results section will consist o f th ree  parts. Part (i) Reports results on the  

characterisation o f the sensitisation and activation steps; Part (ii) Shows results of 

experim ents using m ethod A; Part (iii) Shows results of experim ents using m ethod B. 

Subsequent characterisation and adsorption experim ents fo r Fe/FexOy com posite
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materials will be shown. These sections will be followed by a discussion of the results, 

with suggestions for supplemental and follow-up experiments.

5.3.1 Characterisation o f activation steps

In order to  obtain iron nanoparticles supported on carbon microspheres, CMs 

underwent a two-step process of sensitization and activation prior to iron reduction at 

their surface via an electroless process. The proposed mechanism for the sensitization 

and activation steps are discussed in detail in section 4.3.1 [18]. Briefly, an exchange of 

Sn̂ '" ions at the carbon surface occurs, thanks to the presence of charged oxidized 

groups, such as carboxylates. Second, a reduction of Pd̂ '̂  to Pd° that takes place at the 

adsorbed Sn̂ '̂  sites, leading to the formation of small metallic Pd particles. These Pd° 

sites then serve as catalytic centers for the electroless deposition of metals.

Figure 5.1: SEM images of the surface of carbon microspheres as prepared (a), after 

sensitization in a Sn̂ * solution (b), and after activation in a Pd̂ " solution (c); scale bar =200 nm. 

After activation it is possible to observe the formation of small clusters decorating the surface 

of the carbon scaffold.

Figure 5 .1a-c  show the modifications observed at the surface of CMs after each of 

these steps for the concentrations of SnClz and PdCl2 utilised. After sensitization with 

Sn̂  ̂ we observe no morphological changes at the carbon surface, as shown by
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co m p a rin g  th e  b are  carb on  surface  in F igure 5 .1a  w ith  th e  im ag e  a fte r  sens itiza tion  in 

Figure 5 .1 b . A fte r  th e  a c tiv a tio n  by im m e rs io n  in th e  so lu tio n , fo rm a tio n  o f sm all 

clusters <5  nm  in size is o b served , as illu s tra te d  in Figure 5 .1c . T hese  results a re  also  

con s is ten t w ith  th e  hypoth es is  p ro po sed  in sectio n  4 .3 .3 , w h e re  it w as o b served  th a t  

less d ense clusters o f n uc le a tio n  sites fo rm  fo r  lo w e r SnCl2 c o n c e n tra tio n  and less 

n u c le a te d  sites d u e  to  lo w e r PdCb c o n c e n tra tio n . O b ta in in g  sm all partic les  like th o se  

observed  in fig u re  5 .1c  is con s is ten t w ith  th e  w o rks  o f Kind e t al fo r  s im ila r p a llad iu m  

system s w h e re  5 nm  islands o f Pd m e ta l w h e re  o bserved  to  fo rm  on a m in o th io la te  

la y e r on  an A u ( l l l )  surface  utilis ing  ED [1 9 ].

C hem ica l changes tak in g  p lace d urin g  th e  s e n s itiz a tio n /a c tiv a tio n  steps a t th e  surface , 

w e re  in ves tig a ted  via XPS m e a s u re m e n ts . F igure 5 .2  show s an XPS s p ec tru m  o b ta in e d  

on a g rap h itic  a m o rp h o u s  ca rb o n  surface  a fte r  th e  sam e s e n s itis a tio n / a c tiv a tio n  steps  

describ ed  abo ve . T h e  s p e c tru m  show s th e  ch ara c te ris tic  C Is  p eak  arising fro m  th e  

u n d erly in g  carb on  film  a t 2 8 4 .5  e V  [1 0 ]. T he  3d  d o u b le t o f  Pd is vis ib le  a t 3 4 0 .5  and  

3 3 5 .5  eV , co n firm in g  th e  p resence  o f m e ta llic  Pd a t th e  carb on  surface , p ro b a b ly  w ith  

sm all a m o u n ts  o f  adso rb ed  oxygen  [1 8 ,2 0 ,2 1 ]. T h e  Pd 3p  d o u b le t is also v isible a t  

5 3 2 /5 6 0  eV , b u t it o verlap s  w ith  th e  O Is  p eak  a t a p p ro x im a te ly  th e  s am e  b inding  

en e rg y  [22 ]. T h e  s p e c tru m  also show s a d o u b le t a t 4 8 6 .5 /4 9 5 .0  e V  th a t  w e  assign to  Sn 

3d aris ing fro m  o xid ized  tin  species [2 3 ,2 4 ]. O ur results a re  con s is ten t w ith  p revious  

XPS stud ies  o f th e  tw o -s te p  s e n s itiz a tio n /a c tiv a tio n  process on insu la ting  m ate ria ls , 

th a t  s h o w  th a t  oxid ized  tin  species re m a in  a t th e  surface  to g e th e r  w ith  m e ta llic  Pd 

[1 8 ]. XPS d ata  in F igure 5 .2  to g e th e r  w ith  SEM  c h a ra c te riza tio n  sho w n  in F igure 5 .1  

th e re fo re  suggest th a t  a tw o -s te p  s e n s itiz a tio n /a c tiv a tio n  process on C M s leads to  th e  

fo rm a tio n  o f Pd° ca ta ly tic  seeds a t carbon  surfaces.
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Figure 5.2; XP spectrum of carbon microspheres after undergoing the two step 

sensitization/activation process that nucleates Pd° nanoparticles at the carbon surface (a SEM 

image of these samples in shown in Figure 5.1c).

5.3.2. Iron deposition utilising method A

In this section the results o f ED on CM using m ethod  A w ill be exam ined. The effects of 

various bath param eters on hom ogeneous and heterogeneous processes will be 

exam ined

5 .3 .2 .1  Synthesis o f Fe/FexOy CMs using M eth o d  A

A fte r sensitization/activation, carbon microspheres w ere  im m ersed in a solution 

containing Fe^^ at 90 °C, to  which sodium hypophosphite was added in order to  reduce  

Fe '̂̂ . Figure 5.3a and b show the results o f using protocol A on activated CMs fo r 1 h.
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Figure 5.3: SEM image showing CM samples a fte r deposition in hypophosphite and Fe^* 

showing a) the heterogeneous reaction occurring on the CM surface and b) colloidal particles 

present which represent the bulk of the sample; Scale bar = 200 nm.

The image show m etallic nanoparticles o f approxim ately 100 nm in size growing from  

the CM surface. H ow ever, it does appear th a t these particles are semi coalesced into a 

layer, indicating th a t grow th has proceeded beyond the nanopartic le fo rm ation  range 

and into the uniform  film  deposition regim e on the CM surface under these conditions. 

M ost of the CMs found a fte r grow th using m ethod A fo r 1 h are com pletely covered by 

the m etallic layer. In addition to  th e  structures shown in Figure 5.3a w e also found an 

abundance o f unsupported particles th a t cluster around th e  m icrosphere scaffolds. 

This is shown in figure 5.3b  which provides an exam ple o f a m icrosphere w ith  a large 

quantity of unanchored excess particles at its surfaces. This indicates that 

hom ogeneous reactions are sim ultaneously occurring in th e  ED solution utilising 

m ethod A. By com paring figure 5.3a and b, the particles produced in hom ogeneous 

processes don 't appear to  have the same m orphology as those synthesized at the CM  

surface. H ow ever, care must be given w hen draw ing any conclusions o f m aterial 

difference based fro m  difference in SEM im agery as th e  surrounding environm ent can 

influence how  particles appear on SEM. D ifferen t rates o f charging o f sample due to  

the differing environm ents o f th e  particles could be responsible. Particles in figure 5.3a

128



are located on the CM surface which is in contact w ith  the silicon w hereas particles 

from  5.3b are in contact w ith  each o ther and the w a fe r directly. This could also justify  

the differing responses observed. This w ill be discussed fu rth e r in th e  discussion 

section.

Separation of heterogeneous and hom ogeneous m aterials is a serious challenge in 

fu rth er studies on the com posite using this protocol. Due to  the m agnetic properties of 

Fe and Fe oxides m aterials, rem oval o f excess particles via centrifugation (as achieved  

in chapter 4) was not be successful as CM and excess particle aggregates are simply 

extracted to g e th er from  the. In o rder to  understand w h eth er m ethod A could be 

adapted to  preferentia lly  yield supported nanoparticles, w e decided to  a lter bath 

param eters: iron concentration, reductant concentration, tem p e ra tu re  and pH. The 

result o f these changes was assessed qualitatively based on exam ination o f SEM 

images o f m odified m icroparticles and th e ir supernatant; quantitative  determ inations  

w ere  found to  be challenging due to  the tendency of iron deposits to  aggregate. Figure 

5.4 shows the Fe/C M  structures obta ined a fte r grow th using 0 .0 125  m M  iron solutions 

(all o ther param eters being equal). W e  found th a t a t low er iron concentration the  

grow th reduced is reduced at th e  CM surface. It was observed th a t ED grow th was 

restricted to  sm aller particu lar g row th  w ith  no m etallic layer fo rm ation  observed. This 

indicates th a t iron concentration can influence heterogeneous reductions and the  

exten t to  which they occur. How ever, whilst across the sample a reduction in 

hom ogeneous processes was observed, significant quantities o f unanchored excess 

iron rem ained. This indicated th a t the hom ogeneous process was also influenced by 

the iron concentration.
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Figure 5.4: SEM images showing CM surface after utilising method A with 0.0125 M Fe^* in 

solution. Scale bar = 200 nm.

Figure 5.5 shows the CM surface a fte r using m ethod A w ith  a reduced sodium  

hypophosphite concentration. By reducing sodium hypophosphite concentration in 

m ethod A to  0 .0 25  M , a reduction in particle grow th at th e  CM surface is observed, 

indicating th a t hypophosphite can influence the rate of heterogeneous reduction. 

How ever, across the sample it did not appear to  have had an im pact on th e  quantity of 

unanchored particles, indicating that hypophosphite may not have a role in the  

fo rm ation  of observed unanchored particles and this may not be a p aram eter to  

change in order to  achieve supported particles only.
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Figure 5.5: SEM images showing CM surface after utilising method A w ith 0.025 M sodium 

hypophosphite concentration in solution. Scale bar = 200 nm

Figure 5.6 shows m ethod  A perfo rm ed  at room  te m pe ra tu re . It was observed th a t 

excess unanchored partic les are still present in the  sam ple, ind ica ting  th a t 

tem pe ra tu re  over th is range is no t an im p o rta n t param ete r in th e  preven tion  o f 

hom ogenous processes occurring in the  ED bath.

Figure 5.6: SEM images showing CM surface after utilising method A at room temperature. 

Scale bar = 200 nm
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How ever, no m etallic particles bound onto  a CM surface w hich could not be attribu ted  

to  aggregation w ith  unanchored particles are observed, indicating th a t fo r the  

heterogeneous reduction to  occur, higher tem pera tures  are needed. Figure 5.7 shows 

m ethod A perform ed at pH 6, no heterogeneously reduced particles on the CM surface 

w ere  observed, indicating th a t pH value is im portan t fo r heterogeneous reduction. In 

fact, across this sample, no CM was observed w ith  clearly heterogeneous particle 

grow th occurring on th e  surface which could not be a ttrib u ted  to  th e  activation  

process and subsequent Pd° fo rm ation . Also observed in this sample was a significant 

reduction in the quantity  o f unanchored particles, although noticeable quantities still 

rem ained.

Figure 5.7: SEM images showing CM surface after utilising method A at pH value 6. Scale bar = 

300 nm

This indicating th a t pH may be used to  gain a m easure o f control over the  

hom ogeneous processes. H ow ever to  this date, a com posite m ateria l using a m odified  

version of m ethod A w ith o u t significant contam ination  fro m  hom ogeneously produced  

particles has not been obtained. Due to  potential in terference from  irrem ovable  

hom ogeneous Fe species, fu rth er characterisation of
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this com posite m ateria l was m ade impossible at this tim e. The results fro m  these  

samples are sum m arised in tab le  5 .4  and are discussed in m ore detail in section 5.3.4.

5.3.3 Iron deposition utilising method B

Characterisation o f M e ta l/C M  composites obtained using m ethod B w ill be discussed 

in this section. The nature o f the m etallic particles in th e  com posite will be exam ined, 

fo llow ed by experim ents dem onstrating the rem oval capacity o f the composite  

utilising Cr(VI).

5 .3 .3 .1  Synthesis and characterisation of Fe/FexOy CMs using m ethod B

A fte r sensitiza tion/activation, carbon microspheres w ere im m ersed in a solution 

containing Fê "̂  a t 80  °C, to  which D M A S was added in order to  lead to  th e  reduction of 

Fe '̂̂ . Figure 5.8a and b show the CM surface a fte r 0 .5  and 1.5 h, respectively, in the  

iron deposition solution. The images show the presence of nanoparticles uniform ly  

covering th e  CM  surface. Im portantly , samples have been observed w ith  little  or no 

unanchored particles in th e  sam ple. Indicating th a t hom ogeneous processes are not 

occurring at a significant ra te  in this ED solution over th e  reaction tim e.
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Figure 5.8; Typical SEM images of CMs obtained after deposition in DMAB/Fe^* solution after 

0.5 h (a) and a fter 1.5 h (b); scale bar = 200 nm. The size of prim ary particles increases with  

deposition tim e, (c) Size distribution of iron clusters obtained a fte r 1.5 h of deposition.

A fte r 0.5 h in th e  deposition bath th ere  is a large population of particles <5 nm in 

d iam eter th a t accounts fo r th e  m ajority o f particles th a t can be discerned in the  

images, as w ell as larger particles w ith  a d iam eter o f 13 ± 4 nm, as m easured from  

SEM images. A fter 1.5 h nanoparticles increase in size to  a d iam ete r o f 27 ± 8 nm w ith  

these prim ary particles often  form ing into aggregates th a t rem ain anchored at the  

carbon surface. Figure 5.9 shows the size distribution of particles obta ined a fte r 1.5 h 

in th e  DMAB/Fe^^ bath, determ ined  fro m  SEM images. The nanoparticles th a t decorate  

the porous carbon microspheres are not evident prior to  th e  iron deposition step, thus 

suggesting th a t particle grow th occurs due to electroless deposition o f an iron- 

containing species.
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Figure 5.9: Size distribution of iron particles obtained a fter 1.5 hr deposition.

T h e  c o m p o s itio n  o f m e ta l/c a rb o n  co m p o s ite  m ic ro sp h eres  w as in ves tig a ted  firs t via  

p o w d e r XRD m e a s u re m e n ts  on F e -d e c o ra te d  carb on  sam ples . F igure 5 .1 0  show s an  

XRD p a tte rn  o f co m p o s ite  F e /C M  p o w d e rs  o b ta in e d  a f te r  1 .5  h d ep o s itio n . The p a tte rn  

c learly  show s th e  presence  o f iron  oxides: th e  lines a t 3 0 .2 ° , 3 5 .5 ° , 4 3 .2 ° , 5 3 .6 °  and  

5 7 .1 °  m atch  th e  c h aracte ris tic  (2 2 0 ) , (3 1 1 ) , (4 0 0 ) , (4 2 2 )  and (5 1 1 )  re flec tio n s  o f  

m a g n e tite  (F e304 ; JCPDS file  no. 19 6 2 9 ) o r  m a g h e m ite  (y -F e203 ; JCPDS file  no. 2 5 -1 4 0 2 )  

[2 5 ,2 6 ] and  y ie ld e d  a la ttice  c o n s ta n t o f 8 .3 7  °A, a v a lu e  th a t  falls  b e tw e e n  th o se  o f 

m a g h e m ite  and  m a g n e tite  [2 7 ]. B oth  o f th e s e  oxides h ave  spinel s tru c tu re  and y ie ld  

s im ila r XRD p a tte rn s  w h ich  c a n n o t be easily  d is ting u ish ed  [2 8 ]. A d d itio n a l b road  lines  

suggest th a t  o th e r  oxide  phases w ith  p o o r c rys ta llin lty  c o n tr ib u te  to  th e  XRD p a tte rn .
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Figure 5.10: XRD pattern  obtained a fter sensitization/activation and deposition in DMAB/Fe^* 

solutions for 1.5 h on activated CIVl powders

XAS m easurem ents and EXAFS analysis w ere  carried out a t the Synchrotron SOLEIL, 

Orday, France by our co llaborator Dr. Emiliano Fonda.

In order to  b e tte r understand com position and structure o f Fe/C M  particles, w e  

carried out X-ray absorption spectroscopy (XAS) m easurem ents. In contrast w ith  XRD, 

XAS can provide structural and com position in form ation  independently fro m  the  

presence of long range o rd er and is th e re fo re  b e tte r suited fo r characterizing  

disordered iron and iron oxide phases. Furtherm ore, XAS is sensitive to  m etal oxidation  

state and can be used to  distinguish oxide phases w ith  sim ilar lattice structures as is 

th e  case w ith  m aghem ite and m agnetite [29]. W e m easured the XAS spectrum  o f

Fe/C M  and of iron oxide standards; Fe/C M  samples w e re  prepared under th e  same

conditions, dried and kept in air fo r several weeks prior to  XAS m easurem ents. The 

absorption edge jum p  was used to  estim ate an iron conten t o f 14 ± 1% by w eight, the  

pellet was checked fo r hom ogeneity w ith  X-rays to  estim ate possible thickness errors. 

Figure 5 .11  shows th e  Fe K-edge absorption threshold obta ined  fro m  our sample 

com pared to  standards.
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Figure 5.11: Fe K-edge absorption threshold obtained from (a) a-Fe, (b) hematite, (c)magnetite 

and (d) maghemite standards compared to that of (e) Fe/CM. The linear combination (LC) fit 

with the parameters reported in Table 1 and the residual are drawn in the bottom traces.

A linear com bination fit o f the norm alized XANES spectrum  including all com binations  

of m etallic iron, hem atite , m aghem ite and m agnetite  was perfo rm ed  and th e  results 

are shown in Table 5.2. U nder all models, th e  m agnetite  is excluded, w hile  hem atite  

and m aghem ite have sim ilar weights w ith  a non negligible fraction o f a-Fe. These 

results indicate th a t Fe is present m ainly in tw o  form s Fê '̂  and Fe°.

Com ponents Fraction

a  - Fe 0 .18  (0.5)

H em atite  ( F e203) 0 .3 8 (0 .5 )

M ag h em ite  (v -F e203) 0 .4 4 (0 .5 )

M ag n etite  (F e30 4 ) 0 .0 0 (0 .5 )

Table 5.2: Results of a linear combination fit on XANES data of Fe/CM sample. Error bar is 

reported in brackets.
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EXAFS data analysis was perfo rm ed  in R-space includ ing single scattering con tribu tions  

o f FeiOa and a-Fe up to  0.35 nm. Figure 5.12 shows a com parison o f m odel and data in 

k-space (Figure 5.12a) and R-space (Figure 5.12b). Again, it is possible to  d istinguish the  

presence o f a-Fe mixed w ith  one o r m ore Fe '̂  ̂ oxides. Several param eters w here 

constra ined as fa r as physically m eaningfu l. The a-Fe frac tion  was le ft free  as w e ll as 

th e  la ttice  param eter, th is means th a t coo rd ina tion  num bers and distances fo r  F e l and 

Fe2 in Table 5.3 are linked by a factor. A s im ila r approach has been used fo r  the  oxide 

phase, bu t since its signal is stronger, distances o f separate shells are le ft independent 

in the  re finem ent. It is un like ly to  d e fin ite ly  distinguish betw een m aghem ite  [30] and 

hem atite  on the  basis o f th is f it ,  bu t it is te m p tin g  to  com pare distances repo rted  in 

Table 5.3 w ith  those reported  fo r  m icro o r nano m aghem ite  partic les by Corrias et al 

[31]: F e -0 1  at 0.192 nm, F e -F e l at 0.299 nm, Fe-Fe2 0.344 nm, w h ile  the  same 

authors found  fo r  hem atite : F e -0 1  at 0.194 nm, F e -0 2  at 0.210 nm, F e -F e l at 0.289 

nm, Fe-Fe2 at 0.297 nm, Fe-Fe3 at 0.336 nm, Fe-Fe4 at 0.370 nm and Fe-Fe5 at 0.398 

nm. The correspondence o f the  EXAFS data o f the  oxide fra c tio n  w ith  m icro  o r nano 

m aghem ite  is strik ing.

Path C.N. R (nm) s2 (10'^ nm^)

0 1  (oxide) 4.6(9) 0.195(2) 13(3)

F e l (a-Fe) 0.7(2) 0.251(2) 7(1)

Fe2 (a-Fe) C .N .(Fe l)/8  X6 0.290(3)

Fe3 (oxide) 2.6(5) 0.299(2)

Fe4 (oxide) C.N.(Fe3) 0.343(2)

Table 5.3: Summary of scattering paths obtained from a best f it  of the EXAFS spectrum of 

Fe/CM powders
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Figure 5.12: k3-weighted EXAFS data o f Fe/CM compared to the fitting curve in k-space (a) and 

R-space (b). The model did not include distances larger than 0.35 nm.
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Assignment of the oxide phase to  m aghem ite is also in ag reem ent w ith  XRD patterns  

w hich did not show th e  presence o f h em atite  in electrolessly deposited Fe/CM  

samples. Finally, results confirm  the presence of at least 12 ± 3% o f Fe° which is in 

good agreem ent w ith  th e  fraction  reported  in Table 5 .2  obtained from  XANES data. 

Taking into account a 14% (w /w ) iron content, this result suggests th a t th e  Fe° content 

o f th e  com posite is approxim ately 1.7% by w eight; this value is below  typical limits of 

detection  fo r XRD o f crystalline phases in am orphous m atrices (>2%) [32] and it could 

explains our inability to  resolve Fe° lines in XRD patterns of Fe/C M  particles (Figure 

5.10).

5 .3 .3 .2  Removal of Cr(VI)

Following th e  structural characterisation o f Fe/C M  microspheres w e investigated th e ir  

properties fo r the rem oval o f pollutants. The rem oval o f Cr(VI) species, in particular, is 

o f utm ost im portance in w a te r  tre a tm e n t processes due to  the toxic properties o f this 

high-valent m etal species; carbon particles, iron and iron oxides have all been used in 

o rd er to  rem ediate  Cr(VI) contam inated w aters. T herefo re , w e decided to  investigate  

w h e th e r our com posite particles, which contain these th re e  types of m aterials, could 

rem o ve Cr(VI) from  aqueous solutions. The rem oval curves shown in Figure 5 .13 show  

th a t w hen Fe/C M  com posite m icrospheres are added to  an aqueous solution o f Cr{VI), 

th e  concentration o f this pollutant decreases as a function of tim e  in the aqueous 

phase. In o rd er to  com pare the rem oval capacity o f Fe/C M  particles to  th a t o f bare  

carbon microspheres, w e carried out control adsorption experim ents using pristine 

CMs. The concentration o f carbon particles used in th e  controls was chosen in order to  

m atch the num ber density o f Fe/C M  used in Cr(VI) adsorption experim ents. Figure 5.13  

shows the result o f a control experim ent using pristine carbon m icrosphere  

suspensions. The adsorption curve indicates th a t th e  m axim um  rem oval capacity of an 

equ ivalen t quantity  o f carbon m icrospheres is low er than  th a t o f Fe/C M  particles, 

indicating th a t the Fe/FexOy phase on th e  com posite m ateria l is active in Cr(VI) removal 

and increases overall perform ance.
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Figure 5.13: Cr(VI) rem oval from  solution as a function of tim e for pristine CM and Fe/CM  

particles

An interpolation  o f adsorption curves using exponentials yielded m axim um  adsorption  

capacities fo r carbon m icrospheres and Fe/C M  particles under our experim ental 

conditions of (22 ± 1) mg g‘  ̂ and (20  ± 2) mg g ' \  respectively. The adsorption capacity  

of pristine carbon m icrospheres is w ith in  th e  range o f carbon adsorbents [33] and 

com parable to  th a t o f activated carbon particles [34 ,35]. This result suggests th a t  

carbon particles prepared via USP fro m  NaDCA precursors are promising  

reactive/adsorbing scaffold m aterials fo r Cr(VI) rem oval. See section 5 .3 .4 .2  fo r m ore  

in depth analysis and discussion o f Cr(VI) rem oval
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5.3.4 Discussion and summary

Fe/FexOy nanoparticles w ere  successfully grown on CM surfaces via heterogeneous  

reduction using tw o  d iffe ren t ED methods. H ow ever, m ethod A was not characterised  

fu rth e r due to  com peting hom ogeneous reactions occurring sim ultaneously in 

solution. Various conditions in this ED bath w ere  varied in o rd er to  determ ine  the  

source of the hom ogeneous reactions. M eth o d  B proved m ore suitable fo r fu rth er  

characterisation due to  a lack of unsupported particles. Subsequently, the size and 

m orphology o f nanoparticles grown via ED m ethod B could be studied. It was found  

th a t increased duration in th e  plating solution influenced particle size. The crystalline 

and m etallic nature of th e  particles located at the carbon surface was confirm ed via 

XRD and EXAFS m easurem ents. The loadings due to  heterogeneous catalysis w ere  

calculated to  be (13 .5  ± 1.5)%  w /w , fo r th e  Fe/FexOy/C materials. The com posite was 

shown to  be active in th e  rem oval of Cr(VI) fro m  aqueous solutions. In this section, w e  

discuss these results, implications and suggest some fu rth er experim ents th a t may 

need to  be perform ed to  confirm  assertions.

5 .3 .4 .1  M eth o d  A

Firstly, it was d eterm ined  th a t it is possible to  produce com posite m aterials via ED 

techniques using m ethod A. How ever, hom ogeneous reactions lim it the  

experim entation , characterisation and applications of this com posite. SEM images 

indicated th a t heterogeneous and hom ogeneous processes could fo llow  d ifferen t 

pathways. Table 5 .4  supports this s ta tem en t by th e  various changes m ade to  the  

com ponents in th e  ED solution, affecting th e  tw o  processes in d iffe ren t m anners. Table  

5 .4  indicates th a t heterogeneous deposition is affected  by tem p era tu re , pH, m etal ion 

concentration and reducing agent concentration, in agreem ent w ith  th e  litera tu re fo r  

heterogeneous reductions using hypophosphite. M any researchers have reported  that 

changes in the concentration of hypophosphite or Fe ion concentration results in a 

change in deposition rate onto  fla t surfaces [7 ,36 ,37].
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Condition Effect on Heterogeneous Effect on Hom ogeneous

process process

Standard m ethod lOOnm partic les/layer significant quantities

Reduced Fe ion Cone Reduced particle size Reduced quantities

Reduced H2PO3 Cone Reduced particle size Norm al

pH varied to  6 No particles Vastly reduced quantities

Room tem p e ra tu re No particles Norm al

Table 5.4: Summary of ED conditions for method A

It has also been shown th a t fo r Fe baths, hypophosphite does not becom e active as a 

reducing agent on catalytic surfaces until th e  tem p e ra tu re  increases above 50 °C, 

supporting our observation o f no heterogeneous activity at room  tem pera ture . This 

result is in stark contrast to  hom ogeneous processes which are observed to  occur at 

room  tem p era tu re . Coupling this w ith  hypophosphite concentration not affecting the  

am ount o f unsupported particles produce indicates th a t the hom ogeneous process is 

independent o f th e  reducing agent, supporting th e  hypothesis th a t the hom ogeneous  

and heterogeneous processes fo llo w  d iffe ren t pathways. A proposed pathw ay fo r  

hom ogeneous deposition is discussed below.

The tab le  shows th a t th e  increased concentration o f OH' ions and Fe^^ ions increased 

the rate o f hom ogeneous reactions in th e  ED bath. Using this observation, eqn 5.3  

dem onstrates th e  w ell docum ented process o f Fe ions undergo precipitation reactions 

in basic solutions [38]. Such precipitate reactions occur at room  tem p e ra tu re  and 

w ould  explain all o f th e  properties fo r hom ogeneous particles observed above. 

H ow ever, in m ethod A th e  Glycine is present as a chelating agent

Fe^"aq + 2 0 H  a q ^ F e ( 0 H)2s eqn 5.3
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in order to  increase th e  solubility and stability o f Fe ions, in an e ffo rt to  m inim ise and 

prevent such precipitation reactions represented in eqn 5.3. H ow ever, control 

experim ents perform ed w ith  no Glycine present confirm ed its activity as a stabilising 

agent due to  rapid ED bath decom posed occurring, w ith  visible solution tu rb id ity  and 

precipitation of a dark solid. Figure 5 .14  shows on SEM image o f a sample taken  from  

th e  bath a fte r 5 min w here particles w ith  very sim ilar m orphology to  colloid particles in 

figure 5.3b  are observed to  be form ing in m icrom eter sized aggregates.

Figure 5.14: Shows the resulting decomposition of Bath A absent glycine; Scale bar = 4

These results dem onstra te  th a t th e  presence o f Glycine does not prevent bath 

decom position; it m erely improves the bath life tim e by slowing the kinetics of 

decom position by chelating to  the Fê '̂  ion. This is effective technique fo r deposition on 

fla t surfaces due to  th e  ease o f rem oval of unw anted  colloid particles via washings and 

th e  ease o f separating th e  plated surface from  th e  bath. H ow ever, even at low  rates of 

bath decom position, these particles represent a serious challenge in fu rth er  

experim entation  on Fe/FexOy composites using CM due to  th e  lack of an effective  

separation technique fo r the ED bath. Control experim ent using pristine CMs in a bath 

absent hypophosite ions could confirm  th e  above hypothesis fo r the source of
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unsupported particles. This w ould rule out heterogenous processes at th e  Pd° surface  

and confirm  th a t the process can occur spontaneously at high pH w ith o u t the presence  

of a reducing agent. Subsequent XRD m easurem ents on the control and M eth o d  A 

sample could possible confirm  if th e  same Iron oxide phase is present, confirm ing the  

theory.

5 .3 .4 .2  M eth o d  B

Using th e  deposition m ethods of Nakanishi et al it was possible to  successfully 

synthesis a Fe/FeO  com posite m ateria l. This m ethod did not have th e  sam e problem s  

as m ethod A, obtaining CMs fre e  fro m  unsupported NPs. H ow ever, Fe^^ has been  

shown to  precipitate into iron oxide /hydroxide phases as w ell as Fe '̂* and considering  

this ED m ethod doesn't have a chelating agent it is surprising to  find a m in im um  of 

unsupported particles. Tw o explanations fo r this are the Fê '̂  ion concentration in 

solution and th e  pH o f th e  solution. M eth o d  B has an Fe^^ ion concentration o f 1 m M  

w here as M e th o d  A had a Fe^^ ion concentration of 0 .05  M . A concentration o f iron 50  

tim es g rea ter is not insignificant. How ever, even at this relative low concentration  

excess particles should be observable if any hom ogeneous reactions are taking place. 

This indicates th e  most likely reason fo r the lack o f unsupported particles is th e  pH. 

M eth o d  B proceeds at a pH of 8 as m easured in our laboratory, facilitating a vast 

reduction in th e  num ber o f OH’ ions in solution w hen com pared to  m ethod A which  

proceeds at pH 10.5. This reduction in concentration likely facilitates a decrease in the  

kinetic rate o f the Fe precipitation reaction allow ing heterogeneous deposition to  

dom inate in th e  short te rm  kinetics.

For m ethod B it was observed th a t particle size increases w ith  longer duration in the  

ED solution. This is in agreem ent w ith  expected behaviour o f ED systems. This result is 

supported quantitative ly  by figure 5 .15 which shows TGA o f com posite samples a fte r  

undergoing deposition fo r 0 .5  hr and 1.5 hr w ith  residual masses of 48 .6%  and 60.6%  

being obta ined respectively.
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Figure 5.15: TGA showing the residual masses left for CMs a fter undergoing deposition for 

various ED times

G reater mass present in the sample w ith  increased deposition tim e  is likely due to  

continued deposition on sm aller particles. H ow ever, upon trying to  obtain even larger 

particles it was noted th a t particle size d idn 't appear to  get any larger w ith  plating  

tim es longer than 90 min, indicating th a t th ere  Is a lim iting fac tor in this particular 

system. Figure 5 .16  shows a CM a fte r undergoing deposition fo r a period o f 2 .5  hr w ith  

particles observed in th e  15 - 40nm  size range, indicating th a t grow th slows w ith  

increased particle size. Fujita e t al observed sim ilar behaviour fo r th in  iron films 

electrolessly deposited using sodium Borohydride as a reducing agent [6]. They  

hypothesised th a t the reduction in grow th a fte r a short tim e  period was due to  th e  low  

catalytic activity o f Iron.
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Figure 5.16: SEM showing NPs at the CM surface a fte r 2.5 hr deposition utilising m ethod B

As b o ro h yd rid e  is th e o ris e d  to  h ave  s im ila r re a c tio n  m echanics  as D M A B , lim ite d  

ca ta ly tic  a c tiv ity  could  be resp on s ib le  fo r  th e  results  o b s erved  abo ve . H ow /ever, care  

m ust be tak in g  in d ra w in g  conclusions o f th is ty p e , as w h ile  th e  m ech an ism s fo r  th e  

tw o  reduc ing  agen ts  a re  s im ila r, it has b een  s ta te d  th e y  a re  n o t th e  sam e fo r  ca ta ly tic  

surfaces such as Au and  Pt [3 9 ]. F u rth e r TG A  e x p e rim e n ts  fo r  lo n g er d e p o s itio n  tim e s  

cou ld  co n firm  th e  e x te n t o f g ro w th  d ecrease  and also s h o w  if a lim it to  p artic le  size 

using m e th o d  B exists.

XRD results In d ic a te d  th e  p resence  o f e ith e r  a M a g h e m ite  o r a m a g n e tite  Iron  oxide  

phase. H o w e v e r , XANES d ata  exc lu d ed  th e  p resence  o f Fe304 , ind ica ting  th a t  th e  o x id e  

la y e r in th e  XRD p a tte rn  is m a g h e m ite  - Fe203 . H o w e v e r, th e  p resence  o f  a Fe (bcc) 

phase cou ld  n o t be d e te c te d  in any  o f th e  p o w d e r sam ples , as In d ic a te d  by th e  

absence  o f a (1 1 0 ) line  a t 4 4 ° . F igure 5 .1 7  show s th e  sam e e lectro less  d ep o s itio n  

process used to  d ep o s it a f ilm  on a f la t  carb on  sub stra te .
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Figure 5.17: XRD of m ethod B perform ed on a flat carbon surface

This p a tte rn  show s a p eak  a t 4 4 .5  ind ica tin g  a (1 1 0 ) a -F e  re fle c tio n , in a g re e m e n t w ith  

results by N akan ish i e t  al [8 ], ind ica tin g  th a t  Fe m e ta l is p re s e n t in th e  co m p o s ite  

m a te ria l. T h e  (3 1 1 ) re fle c tio n  fo r  Fe203  is also o bserved  a t 3 5 .5 °  ind ica tin g  th e  

presence  o f iron  o x id e . XRD results on  m ic ro s p h e re  sam ples  th e re fo re  suggest 3 

possibilities, I) m e ta llic  iron Is n o t fo rm e d  using C M s, ii) it is p re s e n t b e lo w  th e  lim it o f  

d e te c tio n  w h e n  C M s a re  used as scaffo lds fo r  e lectro less  d ep o s itio n  o r ill) XRD results  

ind ica tin g  th e  presence  o f iron  oxides a t th e  carb on  surface , cou ld  o rig in a te  fro m  a ir  

expo sure  a fte r  d ep o s itio n  and  iso la tion  o f  F e /C M  m ic rosp heres  [40 ] o r even  resu lt 

fro m  m e ta l h yd ro x ide  fo rm a tio n  d urin g  D M A B  e lectro less  d ep o s itio n  [8 ,4 1 ,4 2 ]. XANES  

results cou p led  w ith  F igure 5 .1 7  exc lu d e  possib ility  i) v ia  th e  d e te c tio n  o f an Fe° phase. 

C onsidering  th a t  N akash im a  e t al d e te c te d  no oxide  phase using th e  sam e p ro to c o l and  

th a t  XANES C M  sam ples  exposed  to  a ir fo r  severa l days still had a s ign ificant a m o u n t o f  

Fe° p re s e n t. It Is like ly  th a t ii) and ill) a re  b o th  o ccurring  fo r  th e  XRD m e a s u re m e n ts . 

F u rth e rm o re , f ig u re  5 .1 7  show s an o x id e  p ea k  a t 3 5 .5 °  w h ich  N akash im a  e t al d o n 't  

o b serve , ind ica tin g  th a t  post ED o x id a tio n  is likely  to  be o ccurring  in o u r sam ples.
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fu rthe r supporting iii). An experiment w ith  the XRD measurement being run on a 

sample that is enclosed in an inert atmosphere could confirm  the above statements 

unequivocally if a peak at 44° becomes resolved w ith no oxide peaks fo r a fla t surface. 

However, to  this date this measurement has proved d ifficu lt to  perform.

EDS line mappings shown are Figure 5.18. Ideally a long tim e 2d mapping would have 

been performed here. However, sample d rift did not allow fo r long tim e 

measurements so quick line scan measurements were taken.

Figure 5.18: EDX linescan performed on composite material with the red scan representing 

counts for iron and purple representing oxygen

The count number is very low, however there is just enough to  discern a match of 

highest Fe and 0  concentrations w ith  particles observed via SEM on the CM surface. 

This suggests tha t particles observed on the CM surface are directly responsible fo r 

peaks observed via XRD. XRD fu rthe r supports that nanoparticles are responsible fo r 

the observed peaks due to  peak broadening which indicates small crystalline domain 

size, not indicative o f layers or th in  films. Coupling EDS/XRD/XANES and EXAFS, it is 

possible to  conclude tha t Fe/FexOy particles have been grown via ED at the CM surface.
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Experim ents w ere  perform ed on the com posite m ateria l which indicated th a t the  

com posite m ateria l has increased rem oval capacity per CM fo r Cr(VI) com paring to  

pristine CMs. Norm alization by the specific surface area o f NaDCA particles yielded a 

m axim um  surface density value fo r adsorbed Cr at the pristine carbon surface o f (46 ± 

2) ng m'^. The BET area o f Fe/C M  particles was found to  be 335 m^ g '^ thus yielding a 

m axim um  surface density of adsorbed Cr of (60  ± 6) ng m'^. This result indicates that 

th e  surface of Fe/C M  com posite particles is ~ 3 0 %  m ore effective on average than that 

o f carbon alone at capturing Cr(VI) fro m  solution under the sam e conditions. Both 

m etallic Fe° and iron oxides can contribute to  th e  rem oval of Cr(VI) fro m  solution albeit 

via d iffe ren t mechanisms. M eta llic  iron can reduce Cr(VI) to  less m obile Cr(lll) species, 

as shown by the w ork of num erous groups on the use o f iron nanoparticles in w ater  

rem ediation  [43-46], The reductive properties o f iron nanoparticles can also be 

enhanced via Pd-doping o f iron nanoparticles [45], how ever, it is not possible to  

establish w h e th er Pd present in our particles enhances the rem oval capacity o f Fe/CM  

com posites, based on the present results alone. Iron oxides can rem ove m etal 

contam inants via a process of surface com plexation and ion exchange [47-49]; 

hydrated iron oxide surfaces are, in fact, excellent at com plexing and sequestering  

both Cr(VI) and Cr(lll) species from  solution and have been extensively used in the  

tre a tm e n t of w aste w aters contam inated w ith  chrom ate [28]. Assuming th a t the  

enhanced adsorption observed in Figure 5 .13 arises entirely from  the presence of 

Fe203, and using % w eight contents determ ined  via XANES, w e can estim ate th a t the  

rem oval capacity o f Fe203 oxides in Fe/C M  particles is approxim ately 46  mg g \  This 

value is extrem ely high com pared to  typical Cr(VI) rem oval capacities: Zhong et al [49] 

fo r instance, reported  values o f 3 .86  mg g‘  ̂ and 4 .75  mg g'^ fo r pure m aghem ite and 

h em atite  nanostructures, w hereas Hu et al [50] achieved m axim um  removals of 20 mg 

g'^ fo r synthesized m aghem ite nanoparticles. This suggests th a t higher surface 

availability due to  anchoring at the carbon scaffold an d /o r a sim ultaneous reductive  

rem oval mechanism might contribute to  the high adsorption capacities observed fo r  

our supported Fe/FCxOy particles. Experiments using a contam inant which reacts to  the
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reductive perform ance of Fe° alone and not iron oxide would give m ore insight into  

which iron phases are responsible fo r the various degrees o f Cr(VI) rem oval. The  

rem oval o f n itrate  by Fe° is w ell docum ented and rem oval o f n itrate by iron (III) oxide  

phases does not readily occur [51 -54 ], Hence, this w ould  be an ideal reaction for 

fu rth er experim entation  and study of the com posite m ateria l.

5.4 Conclusions

W e have confirm ed the m etallic nature o f the Pd islands observed on th e  CM surface 

via XPS experim ents. W e have shown th a t ED m ethods can be used to  deposit iron 

nanoparticles at th e  activated surface o f porous carbon microspheres. W e  have 

dem onstrated  th a t m ethods used by Drovosekov e t al are currently unviable on CM  

surfaces due to  significant am ounts o f inseparable unsupported NPs. How ever, the  

m ethods proposed by Nakashim a et al did not have this problem  and w ere  suitable fo r  

fu rth er characterisation. W e have used a com bination o f electron microscopy. X-ray  

photoelectron spectroscopy, X-ray diffraction and X-ray absorption techniques in o rder  

to  d eterm ine  m orphology and com position o f the resulting inorganic nanoparticles. 

W e showed th a t th e  nanostructured deposits obta ined via ED consist o f mixed m etallic  

and oxide phases. Analysis o f X-ray absorption edge and fine structure (XANES and 

EXAFS) w ere  essential in order to  both detect th e  presence o f m etallic iron and to  

d eterm ine th a t th e  m ajority  o f th e  oxide phase consisted of m aghem ite as supported  

by XRD data. Adsorption experim ents indicate th a t Fe/C M  particles prepared via ED 

are highly effective at rem oving chrom ate fro m  aqueous solutions. Fe/C M  particles 

w ere  shown to  perform  b ette r than  the carbon scaffold alone. The Cr(VI) rem oval 

mechanism  is expected to  result fro m  th e  com bination o f reductive and adsorptive  

processes, given th a t Fe°, m aghem ite and carbon are all present and potentia lly  active 

tow ards chrom ate capture from  solution. These mixed m ateria l microspheres appear 

to  be promising fo r th e  design o f new  adsorp tive /reactive agents in environm ental 

rem ediation. Furtherm ore, w e envision th a t th e  ability to  anchor Fe/FeO x
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nanopart ic les  a t  carbon  microparticle surfaces could be adv a n ta g eo u s  in o rd e r  to  

im prove handling, aggregation  and t r a n sp o r t  p roper t ie s  of nanosized iron-based 

materials.
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Chapter 6

Conclusions and future work

Herein all the main conclusions from  this report w ill be stated. Further w ork  and 

experim ents w ill also be suggested in order to  im prove the w ork enclosed in this 

report fo r the fu ture .
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6.1 Conclusions

In this w ork, w e can conclude th a t carbon m icroparticles synthesized utilising USP are  

suitable as a solid support m ateria l fo r nanoparticles. Hence CMs can potentially be 

used as a transpo rt/d e livery  vehicle fo r NPs. Firstly, it was shown th a t CM synthesized  

using USP can be synthesised w ith  varying m orphologies and surface areas. Secondly, 

w e dem onstrated  th a t leveraging the properties o f th e  USP technique, it is possible to  

control the size o f CMs. Finally, using diazonium  chem istries, it was shown th a t CMs 

have a surface which has changable surface m oieties and surface charge.

Next w e can conclude th a t using electroless deposition procedures it is possible to  

synthesis m eta l/carbo n  composites on these CMs. It was confirm ed th a t Ag and Pd 

nanoparticles w ere  anchored onto  th e  carbon surface using "green" electroless 

deposition procedures which utilised coffee as a reducing agent a t room  tem p era tu re . 

It was confirm ed th a t the sensitisation and activation procedures are crucial in 

achieving surface im m obilisation of the m etal nanoparticles. The m etal surfaces in 

these com posite m aterials w ere  shown to  be still catalytically active. Pd/C was active  

in the Suzuki coupling and Ag/C was active in the reduction o f 4-n itropheno l.

Next, it was shown th a t electroless deposition of Fe/FexOy nanoparticles was possible 

utilising DMAB as a reducing agent and Fe^^ as an iron source. The morphology of 

particles synthesized using this protocol w ere  confirm ed to  contain both Fe° and Fe^  ̂

oxidation states o f iron. The carbon surface of th e  com posite and the Fe^^ w here  

shown to  be active tow ards Cr(VI) rem oval fro m  an aqueous solution.
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6.2 Future work

CM transport studies in columns o f porous m atrices would be o f benefit in showing the  

potential o f th e  CMs fo r applications involving th em  as a delivery vehicle. Studies on 

the pristine CMs w ould be perform ed w ith  rigour comparisons in perform ance to  CMs 

w ith  surface charge m odification and size m odifications. Eventually, experim ents  

involving CMs w ith  iron NPs on th e  surface would be perform ed.

Further w ork Is needed to  d eterm ine th e  effect the concentration o f sensitisation and 

activation solutions have on the nucleation o f m etallic particles at th e  carbon surface. 

Q ualitative observes via SEM gave a reasonable trend  as discuss in chapter 4. H ow ever, 

TGA experim ents on carbon particles a fte r the various steps o f th e  sensitisation, 

activation and ED should quantify these qualitative observations. This experim ent 

could also be used to  find th e  m axim um  m etal particle loading fo r  the composites 

using the protocols in this report.

Future w ork could be perform ed on the Ag/C m ateria l in o rd er to  d eterm ine  if th e re  is 

a capping agent present on the nanopartic le surface and the nature of any possible 

capping agent present. SERS experim ents could potentially show th e  presence o f any 

organic capping layer on the AgNP. In fact prelim inary results in our group have 

indicated the presence o f organic m aterials on the AgNPs in SERS experim ents. Further 

w ork also needs to  be done on w hy the activity o f the AgNPs in our com posite is less 

than unsupported NPs. Tw o possibilities w ere  identified , reduced surface area access 

due to  particles clustering and reduced access to  the surface due to  a capping layer. 

The first could be confirm ed by running kinetic experim ents a t various m etallic  

loadings. As all th e  particles are the approxim ately th e  sam e size and the reaction is a 

surface reaction, increased loading should have linear relationship w ith  th e  norm alised  

rate constant fo r th e  reaction, if clustering is not having an influence. W ork needs to  

be done on to  determ ine  w h e th er sodium borohydride reduces th e  oxidised

159



polyphenols, rem oving the capping layer in th e  n itrophenol reduction reactions. 

Im m ersing the com posite in borohydride, fo llow ed by washings should open up the  

particle surface if this is the case. Further experim ents by re-im m ersion in a metal 

solution, fo llow ed by coffee would confirm  this if particle grow th occurred. If 

borohydride does indeed clean th e  NP surface, it w ould  allow  th e  Ag/C surface to  be 

cleared fo r Subsequent kinetic experim ents. This w ould give insight into w h e th er the  

capping layer is affecting th e  rate constant o f the n itrophenol reduction reaction, 

explaining th e  reduced perform ance w hen com pared to  th e  unsupported NPs.

Further w ork could be done on proving the stated hypothesis on th e  source o f the  

hom ogenous particles observed in M eth o d  A synthesis of th e  Fe/FexOy/C com posite. 

By running a control experim ent w ith  no hypophosphite present, it could potentially  

be shown that hom ogenous processes are readily occurring separate to  

heterogeneous processes which require a reducing agent. Running th e  ED bath at a pH 

o f 9.5 instead of 10.5 could potentially lim it the hom ogeneous processes, assuming 

precipitation of Fe^* in a basic m edium  Is the cause o f excess particles. This could also 

support the hypothesis previously stated. If th e  hom ogeneous processes can be 

reduced enough, characterisation and activity experim ents can be perform ed on the  

resultant com posite to  determ ine  its potential as a reductive rem ediant.

Further w ork can be done on the characterisation o f th e  Fe/FexOy/C synthesised using 

m ethod B. An XRD m easurem ent needs to  be done on th e  com posite m ateria l w ith  the  

m ateria l rem aining in an inert atm osphere at all tim es. This w ill allow  us to  m ore  

accurately d eterm ine th e  com position o f th e  m etal/carbon  m ateria l, supporting the  

XANES results which confirm ed the presence o f Fe°.

Im p ortan t fu tu re  w ork needs to  be done on th e  activ ity o f th e  Fe/FexOy NPs. The 

experim ents perform ed in this w ork w ere  inconclusive on w h e th e r Fe° had a role in 

th e  rem oval of Cr(VI). Removal experim ents perform ed on N itra te  as a contam inant 

w ould provide m ore insight into this as n itrate  is rem oved m ore effic iently  by Fe° than
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Iron oxide phases. Figure 6.1 below  shows prelim inary results fo r n itrate  rem oval using 

the Fe/FexOy/C m ateria l and pristine CMs.
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Figure 6.1: Removal of nitrate from aqueous solutions by Pe/Fe„OJC and pristine CMs

The figure shows promising results. Sim ilar to  the Cr(VI), the carbon surface adsorps 

some of th e  contam inant m ateria l as can be seen in the figure by the black dot series. 

The CMs rem oved 2.5 - 3 mg/L in th e  experim ents above. H ow ever the com posite  

m aterial rem oved 5 - 5.5 m g/L a fte r 4 .5  h, 2.5 m g/l m ore than the pristine CMs. 

H ow ever, much m ore w ork needs to  be perform ed to  verify  these results and obtain  

m ore accurate data. The results o f these kinetic experim ents coupled w ith  XRD 

experim ent m entioned above could have great implications fo r th e  potential 

applications o f th e  com posite m ateria l. The num ber o f d iffe ren t contam inant species 

which can be potentia lly  tre a te d  by this com posite is greatly dependant on w h e th e r a 

significant am ou n t o f Fe° is present in th e  m ateria l. Therefore , these experim ents are  

of particular im portance moving into th e  fu tu re  fo r any w ork done on the Fe/FexOy 

com posite m ateria l.
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