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CHAPTER IX

SYNTHESIS OF COLLOIDAL SILVER NANOPARTICLE FOR PRINTED
ELECTRONIC

9.1 Abstract

C olloidal s ilver  particle w a s su ccessfu lly  prepared b y  w et chem ical synthesis. 
Pure sin g le  phase o f  silver w a s confirm ed by X -ray diffraction. T ransm ission  
electron  m icroscop e categorized that diam eter o f  particle w as 100  and 2 0  nm, 
depending on m olecu lar w eight o f  PVP stabilizer. Schem atic draw ing m od el w as 
used to predict the packing e ffic ien cy  o f  1:1 wt%  o f  tw o m ixtures. T he m ixture o f  
silver  solu tion  w as deposited  as th in  solid film  b y  desktop inkjet printer. Scanning  
electron m icroscop e show ed  that tw o different s iz e s  o f  s ilver  particle g iv e  higher 
d en se ly  packed structure than the film  o f  sin g le  particle size . W hen 0 -2 0 V  o f  voltage  
w as applied, the current density  w a s reached 0 .1 0  J/cm 2, su ggestin g  that s ilver  film  
has potential to be applied as cathode layer in organ ic light em itting d iod es (O L E D s) 
device.

9.2 Introduction

R ecently, w id e  attentions have b een  focused  on  the d evelop m en t o f  
co n ven ien ce  and lo w -co st p rocessin g  techniques to deposit conductive features on 
nan o-b io -com p osite  substrate [7 , 9, 144, 2 00 ] flex ib le  display. D irect-w rite  
techniques, one type o f  printable electronic [2 0 1 , 2 0 2 ] w ith  the feature o f  low  
con d u ctive  ink consum ption, have attracted interests o f  m any industrial applications  
such as printed circuit board and display d ev ice , b ecau se they prom ised  the 
sim p lification  o f  d ev ice  m anufacturing. A m on g  m ultip le direct-w rite tech n o lo g ies, a 
drop-on dem and inkjet printing tech n ology  [1 7 , 132, 141] is  currently used  as the 
high potential m ethod in the printing industry due to low  instrument cost and less  
processin g  steps com pared w ith  other patterning processes. In addition, m ark-less 
and non-contact patterning approaches are a lso  beneficia l. T h is technique has been
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applied to u se  w ith  a variety o f  n an o-sca le  m aterials including ceram ic, m etal, 
polym er as w ell as com posite.

C onductive ink solution  [142 , 2 0 3 , 204], a m ixture o f  m eta llic  and organic  
solution , had b een  suspended prior to load into inkjet cartridge in order to prevent 
agglom eration o f  particles. T he com m on  condition o f  their particle s iz e  m ust b e  less  
than 2 00  nm  and m onodispersed. T h e diam eter s iz e  o f  n ozzle  o f  inkjet cartridge is 
less than 2 0 0  nm , indicated b y  printer supplier. In particular, inkjet printer u ses w ater  
as m edia to suspend ink particle. It is  desirable that ink particle at the end product 
should be w e ll aligned and g iv e  high electrical conductiv ity  after heat treatment at a 
relatively  lo w  temperature. In the case  o f  m etal nano-particle, w hen  ink solu tion  w as  
deposited  onto the substrate, so lven t w as then evaporated with m oderate heating and 
obtained a thin so lid  film  o f  nano-particle. The thin so lid  film  w as further heated to a 
higher tem perature in order to rem ove organic m o lecu les and ensured that nano
particle sinter into a d en se m eta llic  film .

In general, nano-particles are based  on m onodispersed form . B ased on  the 
theoretical m axim um  density, the attainable packing fraction for dried film  should be  
74%  i f  considering  into a perfect face  centered cub ic lattice. H ow ever, the nano
particle can b e random ly packed; th is fraction is reduced to 62.5% . H igher  
dispersions and various different s iz e s  o f  ink nano-particles o ffer  larger packing  
ratios production. In addition, R asm ussen  et al [205] also found that i f  tw o different 
volu m es o f  m onodispersed particles w ere m ixed  and allow ed  random ly packed, the 
packing fraction increased and the d en se film  product can be then obtained.

In this research w ork, w e  w ish  to extend our research work on  b io 
n anocom posite substrate. Transparent and flex ib le  feature o f  n anocom posite  
substrate w as su ccessfu lly  carried out. A dditional inform ation o f  b io-n an ocom p osite  
substrate had been  d iscu ssed  e lsew h ere [9], The syn th esis o f  silver  nanoparticle for 
inkjet printer technique w as perform ed. S ilver nanoparticle w as prepared as both  
large and sm all s ize  b y  the reaction o f  po lyvinylp yrrolid one (M w  as 10000  and 
4 0 0 0 0  g /m ol), respectively . T he silver  precursor after synthetic step w as investigated  
as structural analysis by Fourier transform  infrared. X -ray diffraction and TEM  
im age w ere em ployed  to investigate the crystal phase structure and particle s iz e  o f  
silver. Schem atic draw ing m odel and SEM  im age w ere used to predict and
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investigate the packing e ffic ien cy  o f  silver  thin so lid  film  prepared b y  desktop inkjet 
printer. A fter that, the prelim inary experim ent o f  electrical con d u ctiv ity  w as 
perform ed. T his layer w as expected  to apply  as cathode layer in organic light 
em itting  d iod es (O L E D s) [146 ].

9.3 Materials, Instruments And Methods

9.3.1 M aterials
AgNC>3 (purity > 99 .9% ) w as purchased from S igm a A ldrich Canada and used  

as the starting m aterial. P olyv in ylp yrrolid on e (1 0 0 0 0  and 4 0 0 0 0  g /m o l) w as a lso  
purchased b y  S igm a A ldrich  Canada and used as stabilizer (purity > 99 .9% ). E thylene  
g ly co l and m ethanol w ere purchased from  B iosh op  Canada and used as solvent. A ll 
o f  these products w ere used as received .
9 .3 .2  Instruments

D esktop  inkjet printer
The D im atix  D M P -2 8 0 0  inkjet printer (F ujifilm  D im atix, Inc., Santa Clara, 

C A , U S A ) w as used  to d ep osit con d u ctive  solution  on  5 0 x 5 0  m m 2 substrate w ith  a 
disposab le p iezo  inkjet cartridge. T he cartridge reservoir contained 2 m l o f  
con d u ctive solution . The tem perature o f  vacuum  plate, w hich  secured the substrate in  
place, w as adjusted to 60  ๐c .  T he con d u ctive  solution  w as prepared as 1:1 b y  w eigh t  
o f  m ixture o f  both tw o precursor sources from  synthetic  step and adding 10 wt%  o f  
d eion ized  water. C onductive solution  w as filtered b y  n an o-size  filter (2 0 0  nm ) and  
b efore u sage in order to prevent agglom eration  am ong silver  particle.

- Fourier Transform  Infrared (FTIR )-A ttenuated Total R eflectan ce (A T R )
A T R -FT IR  w as perform ed on a Bruker V ector 22  m id-IR  spectroscopy  

(Bruker, G erm any), equipped w ith  an A T R  crystal (5 0  m m  X 10 m m  X 2 m m ) at 45°  
incident angle configuration. A ll FTIR absorption spectra w ere recorded over 4 5 0 0 -  
5 00  cm ' 1 w avenum bers reg ion  at a resolu tion  o f  8 cm "1 w ith 1024 scans u sin g  a 
deuterated tr ig lycine su lfate (D T G S ) detector. A  straight line betw een  tw o low est  
points in the respective spectra region w as ch osen  as a baseline, and the peak areas 
w ere integrated from 2 0 0 0  to 5 0 0  cm"1. T he position  peak o f  C-H and C - 0  stretching  
region w ill be com pared w ith  literature [2 0 6 ].
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T ransm ission  Electron M icroscope (T E M )
T he particle s ize  o f  s ilv er  w as investigated  by TEM , H itachi H -7000 . The  

s ilver  solu tion  w as suspended in m ethanol and dropped on a m olybdenum  grid. A fter  
that, the grid w as dried at 5 0 ° c  for m ethanol evaporation and kept into the TEM  
cham ber. The im age thus obtained w as p rocessed  with com puter for identification  o f  
the dom ains in w h ich  certain lattice fringes appear. For this propose, TEM  im age  
w as captured under 6 0 0 0 0 X  and 15 0 0 0 0 X  m agnification. T he acceleration vo ltage o f  
electron  beam  w as set at 100 keV .

X -ray D iffraction  (X R D )
A fter silver  particle w as printed on  the substrate, process o f  heat treatment 

w as conducted for so lven t rem oval; thin so lid  film  o f  silver can b e then obtained. 
T he silver  film  w a s identified  for crystal structure by X R D  (P hillips p.w. 1830  
difffactrom eter) u sin g  nickel-filtered  C uK a radiation. D iffraction patterns were  
recorded over a range o f  20 angles from 2 5 -8 0 ° . The consistent o f  result w as 
com pared w ith literature [206].

Scanning Electron M icroscop e (SE M )
T he thin so lid  film  o f  silver  w as investigated  by SEM  (a JOEL JS M -630 IF 

scan n in g  m icroscope). The m achine w as operated at an acceleration vo ltage  o f  20  
k eV , a w orking d istance o f  15 m m  and a m agnification o f  3 0 0 0 0 X  w as used to 
id en tify  the dense characteristic o f  thin so lid  film  o f  silver. B efore  investigation , the 
sam p le w as sputter-coated w ith  A u to enhance the electrical conductivity.

I-V Probe station
T he thin so lid  film  o f  silver  w as investigated the relationship o f  current 

d en sity  and applied vo ltage b y  I-V  probe station. The forward bias w as applied in the 
range o f  0 -20V . T he range o f  applied vo ltage  for O LEDs propose w as suggested  b y  
literature [146 , 2 0 0 ],
9 .3 .3  M ethods

Synthesis o f  s ilver  nanoparticle and characterization
C olloidal s ilver  particle w as synthesized  b y  p olyol process. T he large particle  

s ize  o f  silver co llo id  w as syn th esized  by d isso lv in g  1 g  o f  10000  m olecular w eight 
polyvin ylp yrrolid on e (P V P ) into 4  m l o f  e th y len e  g lyco l. Then, so lution  w as heated
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to 13 0 ° c  and w aited until pV P  has been  d isso lved . In parallel, 1 g  o f  AgNC>3 w as  
also  d isso lv ed  into 4 m l o f  e th y len e g ly co l and heated to 1 3 0 °c . PV P solution  w as  
then poured into A gN C >3 so lu tion . T h e com bined  solu tion  w as m aintained at 1 3 0 ° c  
for 4  hours b efore co o led  d ow n  to room  temperature. O nce the co llo id  w as  
syn th esized , 10 m l o f  m ethanol w as added and then the co llo id  w as centrifuged at 
5 00  rpm for 30  m in. T he so lven t w as rem oved and co llo id  w as kept in o ven  at 
1 5 0 °c .

For the sm all particle s iz e  o f  co llo id , the synthesis fo llo w ed  the sim ilar  
procedure as large particle s iz e  preparation. T he 4 0 0 0 0  m olecu lar w eight o f  
p olyvin ylp yrrolid on e (P V P ) w as used  instead o f  the 10000  m olecu lar w eight.
T o m ix  silver  particle o f  the tw o  different s iz e s , both post-reaction  o f  silver  
precursors w as m ixed  and stirred for 2 hours to obtain to h om ogen eou s product o f  
silver  precursor m ixture.

T hen, the s ilver  precursor w as characterized b y  FTIR for chem ical structure 
analysis. So lid  particle after centrifugation step w as then investigated  b y  m eans o f  
TEM  and X R D  for particle s ize  and crystal phase structure, respectively .

S ilver  nanoparticle thin fd m  preparation and characterization
T he expected  large and sm all o f  silver  particle s izes as w e ll as the m ixture o f  

both w ere d isso lved  in 3 m l o f  w ater and loaded into the cartridge reservoir o f  
desktop inkjet printer. Each o f  3 ink form ulations w as sonicated for 3 hours prior to 
printing in order to prevent the agglom eration  am on g ink particles. Then, the am ount 
o f  so lu tion  and plate tem perature w as controlled  at 3 ml and 5 0 ° c .  A fter that, 
d ep osited -silver  film  w as dried at 18 0 ° c  over night.

T he silver  thin film  w as characterized b y  SEM  for m orphological analysis o f  
surface. Then, prelim inary experim ent o f  electrical conductiv ity  m easurem ent w as  
conducted b y  I-V  probe station.

9.4 Results And Discussion

D issocia tion  o f  s ilver  nitrate
In this experim ent, s ilver  nanoparticles w ere su ccessfu lly  synthesized  b y  use  

o f  polym er in w et ch em ica l syn th etic  route. PV P w as used as the stabilizer for nano
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sca le  s iz e  o f  particle control. T he em bedding o f  such particles in PV P m atrix is also  
advantageous. T he form ation o f  silver  particle w as synthesized  from  silver  ion  using  
reducing agent. It can be trapped a lon g  w ith  PV P chain and the s iz e  o f  this particle 
can b e controlled  into nano-scale. It can b e explained  that PV P can prevent the 
agglom eration  and precipitation am ong each particle size . T he bulk particle o f  silver  
can b e avoided.

On the other hand, in com m on theory, it is rem arkably to note that silver  
nitrate has the h igh est lattice energy w hen  com paring to any other silver  salts and 
therefore, it can b e d isso lv ed  o n ly  b y  polar so lven ts. S ilver ion  is a pow erful oxidant 
and can be reduced to m etal silver, w h ich  can b e proved b y  the sim ilar result in the 
previous report [207 ]. In our case, silver  nitrate w as d isso lved  in ethylene g ly co l in 
order to syn th esize  silver  nanoparticle in the organic phase. T he chem ical reaction  
requires som e o f  organic m o lecu le  that can d issocia te  lattices o f  silver  nitrate and 
form  organic-so lub le com p lexes as show n in Figure 9 .1 . In this concern, 
p olyvinylp yrrolid one (P V P ), on e  type o f  organic m olecu le , w as used to d issocia te  
silver  ion. PV P acts as a protective agent and restricts the m ob ility  o f  silver  ions  
during the reaction; contro lling  m ost o f  the agglom eration. T he in situ produced A g + 
ions w ere bound to PV P through a chem ical bondin g w hich  later helps A g + ions to 
get converted into A g. A ccord in g  to related theory, it can b e explained  that 
coordinative interaction betw een  organic m o lecu le  and m etal is related to electron  
donation from  the organic m o lecu le  to the m etal atom  and electron reverse-donation  
from  the m etal atom  to the organic m o lecu le  [208],
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Figure 9.1 Illustration o f  direct ch em ical synthetic route o f  silver  nanoparticle from  
the reaction o f  silver  nitrate and PV P solution

FTIR spectroscopy w as used to investigate neat PVP so lu tion , thin so lid  film  
o f  silver and coordinative interaction b etw een  silver ions and PVP solution.

Figure 9 .2  FTIR spectra o f  pure silver , PV P solution, m ixture o f  pure silver  
nanoparticle and PV P solution

Figure 9 .2  exh ib its FTIR spectra o f  the adsorption bands ascribed to P V P  
m olecu les, i.e ., absorptions at w avenum bers o f  1663 and 1180 cm "1 due to c = c  
stretching, C -O  stretching vibration, respectively . In contrast, the spectra from  neat
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silver nanoparticle film  w as featureless over the identical w avenum bers exam ined . It 
can be interpreted that organic m o lecu le  from PV P solution  w as com p lete ly  
elim inated v ia  centrifugation after w et chem ical synthetic  step. T h e silver precursor  
w as poured on  glass s lid e  and consequently  annealed at 2 0 0 ° c  for com p letely  P V P  
solution  elim ination . In addition, it is  ob viou s that the intensity pattern o f  stabilizer- 
m ediated A g  nanoparticle w as sligh tly  decreased from  pure PVP so lu tion . N eat silver  
nanoparticle film  can not be adsorbed in this range o f  w avenum bers, im ply ing  that 
annealing at 2 0 0 ° c  can b e  com p letely  used for PVP solution  elim ination .

S ilver  nanoparticle form ation

Figure 9 .3  T ransm ission  electron m icroscop e o f  s ilver  nanoparticle (A ) silver  
nanoparticle prepared from  PVP (M w ~ 4 0 0 0 0 ) (B ) s ilver  nanoparticle prepared from  
PV P (M w ~  10000) at 6 0 0 0 0  X  m agnifications

T h e particle s iz e , m icrostructure and s iz e  distribution o f  synthetic  
nanoparticle w as characterized via  TEM . In F igure 9 .3 , it indicates that a 
h om ogen eou s distribution o f  the nanoparticles can be observed. T h e sm aller s iz e  o f  
nanoparticles w as prepared in PVP (M w  -4 0 0 0 0 )  w ith  a diam eter o f  roughly 20  nm , 
w h ile  the larger ones w ere  prepared in PV P (M w ~ 1 0 0 0 0 ) w ith a d iam eter o f  roughly  
100 nm. T h e results w ere  consistent w ith  X R D  observation. The s iz e  distribution o f  
both sm all and large s ilv er  nanoparticle w as quite uniform . In particular, a very large
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s ize  and non-spherical shape o f  a particle can be seen  at h igher m agn ification  in  
Figure 9 .4 . It is important to note that PVP solu tion  play an im portant role in 
stab iliz in g  su sp en sion  o f  silver  particle and prevention them  from agglom eration .

Figure 9.4 T ransm ission  electron m icroscop e o f  s ilver  nanoparticle prepared from  
PV P (M w ~ 4 0 0 0 0 ) at 150000X  m agnification
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Figure 9.5 X -ray diffraction o f  silver nanoparticle
X R D  w as used to investigate the crystalline structure o f  the m aterials. Figure

9.5 exh ib its the X R D  patterns o f  sp ecim en s deposited  w ith  different silver  particle  
sizes. N o  silver  diffraction peak w as detected for the m ixture o f  s ilver  nitrate and 
PV P solution . T he precursor solution  did not contain crystallite structure o f  silver.
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M ore diffraction  peaks appeared in  the case  o f  s ilver  thin film  dep osition  including  
large, sm all o f  silver particle s iz e  and the m ixture o f  those. T he peaks can be 
rem arkably observed  at 3 7 .5 ° , 4 3 .7 ° , 63 .9 °  and 76 .8° corresponding to the face- 
centered cu b ic  structure o f  silver  crystal p lanes ( 111), (2 0 0 ), (2 2 0 ) and (3 1 1 ) o f  silver  
m etal w h ich  are consistent w ith  th ose o f  bulk silver  [53 , 209 ], It can b e  determ ined  
that silver  is w ell crystallized . In F igure 9 .5 , it is evident that the in tensity  o f  the 
diffraction peak increased from  the sm all particle s ize  to large particle s iz e  and the 
m ixture o f  th ose  due to h igher d en se  thin film  m aterials. T his is con sisten t w ith  the 
previous report [8 8 , 210], In addition, the particle s izes o f  silver nanocrystals can be 
calcu lated  from  peak o f  X R D  spectra based on  the Scherrer ‘ร equation:

D =  kÀ/(Pcos0)
w here D  is the average particle s ize , k is a constant taken as 0 .9  for calcu lation , p is 
the full w idth  at h a lf m axim um  (F W IIM ) in radians, X is the w avelen gth  o f  the X - 
ray, and 0 is the diffraction angle. From the Scherrer ‘ร equation, the synthesized  
silver  has b een  calculated to b e  roughly  26  nm and 110  nm for the exp ected  sm all 
and large particle s ize  based on  the (111 ) peak, respectively . T his is  c lo se  to the 
va lu e d educed  from TEM  im age.

S ilver  thin film  preparation, packing e ffic ien cy  o f  silver  nanoparticle and 
electrical conductiv ity

B oth large and sm all s izes  o f  silver nanoparticle w ere su ccessfu lly  
syn th esized  from  w et chem ical synthetic route. T he m ixture o f  both large and sm all 
particle s iz e s  w as perform ed in order to enhance the electrical properties and to 
prevent crack [ 189] and p in h ole  [211] phenom ena, w h ile  thin solid  film  o f  silver  w as  
fabricated as electrode layer o f  electronic d evice . The crack and p inhole phenom ena  
can be occurred at the grain boundary o f  silver film  or free space am on g silver  
particle. T h e connection  b etw een  grains o f  silver  is ea sily  to crack due to higher  
residual stress w hen silver  film  is bended. T he free space am ong silver  particle 
exh ib its le ss  am ount o f  silver, so  w hen silver  film  is bended, the n on-connection  
b etw een  aligned  silver  occurred.

Figure 9 .6  represents the schem atic draw ing m odel. It w as used to predict the 
tw o d im ensional packing o f  silver  nanoparticle size . In order to prevent the 
occurrence o f  space am on g large particle s ize  o f  silver  co llo id , sm aller particle s ize
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can be fu lfilled  in this space. The com bination o f  both large and sm all particle s iz e  o f  
silver co llo id  w ere expected  to provide dense thin so lid  film  o f  silver.

Figure 9.6 Schem atic draw ing o f  ideal arrangement o f  sm all and large particles in 
printed silver  lines

L a rg e  pa rtic le S m all p a rtic le

Figure 9 .7  SEM  im age o f  silver nanoparticle
A fter the heating step, both o f  large and sm all particle s iz e s  o f  silver w ere  

w ell packed. T he free sp ace  am ong s ilver  particle in m ixture case  is  less than the 
individual one. In Figure 9 .7 , the dried silver o f  both  large and sm all particle s iz e  
provided the average diam eter as 100 and 20 nm , respectively . H ow ever, each  
procedure o f  both synthetic steps m ay o ffer  a sign ifican t amount o f  p o lyd isp ersity  in
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particle size . T h e size  o f  s ilv er  particle m ay  b e  higher or low er o f  100 and 20  nni. 
A fter silver particle w as heated to 2 0 0 ° c  for so lvent evaporation, the free space can  
b e  then observed . In case o f  sm all particle s iz e  (right top), the large sp ace  w as not 
w ell observed, w h ile  this is op p osite  for large particle s iz e  (left top). In case  o f  the 
large and sm all particle s iz e  m ixture, the dried silver film  exhibited denser packing  
than film  o f  o n ly  large or sm all particle s iz e . T he n eck in g  area am ong particles w as  
expected  to enhance i f  s ilver  dried film  w as heated w ith  higher tem perature [2 1 2 , 
2 1 3 ].

0.10

<£• 0 0 8Ï 0 0 6

I  0 0 4

°  0 .02

0

Figure 9.8  Current density (J /cm 2) vs A p p lied  vo ltage (V ) for syn th esis o f  silver  
thin film

O nce silv er  nanoparticle w as printed as a thin so lid  film , the relationship  o f  
current den sity  and applied vo ltage  w as m easured u sin g  I-V  probe station. From the 
m easurem ent in Figure 9 .8 , under forward bias v o ltage  from  0 -2 0 V , the current 
d en sity  exh ib ited  as o .l J/cm 2. T his constant current d en sity  and range o f  applied  
vo lta g e  are com m o n ly  utilized  for O L E D s d ev ice  [146 , 2 0 0 ]. A ll the m easurem ents  
w ere conducted at am bient atm osphere w ith  no encapsulation. The con sisten t result 
o f  our synthetic  silver offered  the identical data as the com m ercial silver  paint 
electrode. T h e prelim inary experim ent o f  electrical con d u ctiv ity  w a s su ccessfu lly  
perform ed for further d evelopm ent o f  cathode layer in O L E D s in the near future.

0  ....a..........  1 0  1 1'6 ■ 2•0
A p p lied  v o lta g e  (V)
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9.5 Conclusion

D ense thin so lid  film  o f  silver  w as su ccessfu lly  d evelop ed . From the ease o f  
syn th etic  route, both  large (1 0 0  nm ) and sm all (2 0  nm) particle s izes o f  silver  were 
su ccessfu lly  synthesized . T he m ixture o f  both large and sm all particle s iz e  o f  silver  
so lu tion  w as printed as thin so lid  film  o f  silver. The prelim inary experim ent o f  
electrica l conductiv ity  suggested  that it can b e  applied as cathode layer for O LED s 
d ev ice .
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