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Summary  Development  of  highly  efficient  dye-sensitized  solar  cells  (DSSCs)  with  good  pho-
tovoltaic parameters  is  an  active  research  area  of  current  global  interest.  Recently,  one  dimen-
sional nanomaterial,  such  as  nanorods  and  nanotubes  has  replaced  the  nanoparticles  used  in
DSSCs anode  because  of  their  ability  to  improve  the  electron  transport  leading  to  enhanced  elec-
tron collection  efficiency.  In  the  present  work,  rapid  synthesis  of  silver  nanowires  (AgNWs)  was
done. The  XRD  characterization  was  performed  to  confirm  the  formation  and  size  of  synthesized
AgNWs.  It  was  observed  that  FWHM  of  the  diffraction  peaks  was  increased  with  AgNWs  concen-
tration in  TiO2.  The  synthesized  TiO2AgNWs  nanocomposite  was  used  as  the  photo  anode  of  Dye
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sensitized solar  cell.  The  I—V  characteristics  of  the  solar  cell  were  drawn  using  standard  condi-
tions. It  was  observed  that  TiO2AgNWs  based  solar  cells  have  significantly  increased  photocur-
rent density  resulting  in  improved  conversion  efficiency  as  compared  to  pure  TiO2 based  DSSC.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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Introduction

In  the  global  requirement  towards  harvesting  solar  energy

Dye-sensitized  solar  cells  (DSSCs)  development  by  simple
methods  offer  enormous  potential.  A  DSSC  consists  of  anode,
cathode,  dye  and  electrolyte.  There  are  numerous  ways

� This article belongs to the special issue on Engineering and Mate-
rial Sciences.
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f  designing  DSSC  which  may  be  done  by  changing  anode
aterial,  cathode  materials,  natural  and  synthetic  dye  of
ifferent  types  and  changing  the  electrolyte.  For  the  DSSC
node  preparation,  nanomaterials  of  varying  dimensions  are
sed,  such  as  nanoparticles,  nanorods,  nanotubes,  nanofi-
res,  and  quantum  dots,  one  dimensional  materials  show
mproved  performance  since  they  are  able  to  enhance  the
lectron  transport  thus  help  in  enhancing  DSSCs  efficiency

Jeong  and  Kim,  2011;  Regan  and  Gratzel,  1991;  Yang  et  al.,
015;  Umar,  2009;  Lee  et  al.,  2009;  Jin  et  al.,  2010).  The  per-
ormance  enhancement  was  also  observed  by  using  doped
etal  nanoparticle  or  nanocomposites  causing  improved  dye
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respectively  due  to  presence  of  silver  metal.  The  decrease
in  FWHM  along  with  increase  in  peak  intensity  suggests  that
incorporation  of  Ag  into  the  TiO2 lattice  results  in  increase
in  grain  size  of  nanoparticles.
78  

bsorption  by  localized  surface  plasmons.  Researchers  have
orked  on  Ag  islands  on  top  of  thin  film  of  TiO2 prepared
y  thermal  evaporation  which  resulted  in  enhancement  of
he  optical  absorption  of  the  dyes  and  increased  photocur-
ent  (Wen  et  al.,  2000).  TiO2/Au  and  TiO2/Ag  nanocomposite
articles  were  as  a  photo  anode  of  DSSC  and  showed  the
erformance  enhancement  as  compared  to  of  the  conven-
ional  DSSC  because  of  Schottky  barriers  (Chou  et  al.,  2009).
he  plasmon-enhanced  properties  in  due  to  thickness  of
iO2 layer  in  the  photo  anode  DSSCs  were  also  examined
Standridge  et  al.,  2009).

In  the  present  work  TiO2AgNWs  nanocomposite
as  synthesized  and  used  for  the  photo  anode.  The
onfigurations  FTO/TiO2/dye/electrolyte/pt/FTO  and,
TO/TiO2AgNWs/dye/electrolyte/pt/FTO  were  compared.
t  was  demonstrated  that  the  addition  of  silver  enhanced
ptical  absorption  of  the  dye  by  localized  surface  plasmons
hich  has  contributed  to  increased  photocurrent  and  an

mproved  efficiency.

xperimental

aterials

itanium  (IV)  isopropoxide,  polyvinylpyrrolidone  (PVP,
w  =  55,000  g/mol),  silver  nitrate,  silver  chloride,  ethanol
nd  nitric  acid  were  purchased  from  Sigma—Aldrich  and  used
s  received.

ynthesis  of  silver  nanowires

apid  synthesis  of  silver  nanowires  (AgNWs)  with  high  qual-
ty  is  performed  this  procedure,  190  ml  of  glycerol  solution
ontaining  6  g  of  PVP  was  mixed  and  gently  heated  to  80 ◦C
ntil  all  PVP  was  dissolved,  and  cooled  to  room  tempera-
ure,  then  added  into  a  round-bottom  flask.  AgNO3 powder
1.58  g)  was  then  added  to  the  solution  with  vigorous  stirring
ntil  the  powder  was  fully  dissolved.  Subsequently,  58.5  mg
f  NaCl  (5  mmol/l  in  total  solution)  was  dissolved  in  0.5  ml
2O  and  added  into  10  ml  of  glycerol.  The  latter  was  added

nto  the  flask  and  the  reaction  temperature  of  the  mixture
as  rapidly  raised  to  210 ◦C  within  20  min,  roughly  8 ◦C/min,
eeping  the  magnetic  stirrer  at  50  r/min  in  the  aerobic  con-
ition.  When  the  reaction  was  stopped  and  the  flask  cooled
own  to  room  temperature,  the  deionized  water  was  added
nto  the  flask  by  a  1:1  volume  ratio,  and  then  the  mixture
as  centrifuged  at  8000  r/min  until  all  visible  products  were
ollected.  The  transparent  supernatant  was  discarded  and
he  as-obtained  AgNWs  were  washed  with  DI  water  three
imes  to  remove  the  PVP  residue.  During  the  reaction  pro-
ess,  the  colour  of  the  solution  changed  from  pale  white  to
ight  brown,  red,  dark  grey,  and  eventually  grey  green  (at
bout  200 ◦C)  (Yang  et  al.,  2015).

SSC fabrication
iO2 nanoparticles  were  synthesized  using  sol—gel  method
nd  10  wt%  AgNWs  were  added  to  TiO2 to  form  the  nanocom-
osite.  Dye  sensitized  solar  cells  were  prepared  using
iO2AgNWs  nanocomposite  deposited  FTO  coated  glass  as
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p
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orking  electrode  for  1  cm2 area,  natural  dye,  Beet  root
Beta  vulgaris),  and  synthetic  dye  (methyl  orange)  as  photo
ensitizers,  the  Iodide  electrolyte  and  the  Platinum  sput-
ered  FTO  glass  was  used  as  counter  electrode.

The  photo  anode  of  DSSC  was  prepared  using  the
iO2AgNWs  nanocomposite.  For  the  TiO2AgNWs  nanocompos-
te  paste  preparation  the  nanocomposite  powder  (500  mg)
rinded  in  a  mortar-pestle  while  adding  solvent  (about  5  ml
cetic  acid)  drop  wise,  in  ambient  conditions  followed  by
dding  10  ml  ethanol.  The  paste  was  grinded  for  about
0  min  and  sonicated  for  15  min  to  homogenize  TiO2AgNWs
anocomposite.  Few  drops  of  PEG  (polyethylene  glycol)  and
riton  X-100  were  added  and  the  mixture  was  again  grinded
o  form  a  thick  and  shiny  paste.  Before  pasting  the  nanocom-
osite  the  FTO  glass  were  cleaned  using  ethanol,  propanol
nd  DI  water  sonicated  for  30  min  and  air  dried.

The  paste  was  deposited  on  the  above  FTO  glass  by  doctor
lade  method  with  the  help  of  a glass  rod.  The  developed
nodes  were  dried  for  10  min  at  room  temperature.  The
amples  were  sintered  at  450 ◦C  for  30  min  in  ambient  air,
nd  then  cooled  down  to  room  temperature.  The  prepared
hoto  anodes  were  immersed  in  both  dye  solutions  in  sepa-
ate  beakers  for  24  h  rinsed  with  distilled  water  air  dried  and
sed  for  DSSC,  the  same  procedure  was  used  to  fabricate  the
eference  cell  of  TiO2 anode.

esults and discussion

he  XRD  patterns  suggested  that  metallic  AgNWs  with  FCC
tructure  was  successfully  produced  through  the  reaction.
he  peaks  at  36.5◦, 42.3◦,  63.7◦ and  76.6◦ are  assigned  to
he  diffraction  from  the  (111),  (200)  (220)  and  (311)  planes
f  Ag,  respectively  which  is  consistent  with  the  literature
JCPDS  card  number  87-0717).

Fig.  1  shows  the  XRD  patterns  of  pure  TiO2 nanoparti-
les.  The  diffraction  peaks  at  2�  values  of  24.48◦,  36.99◦,
7.30◦,  53.14◦,  54.34◦ and  61.99◦,  68.1◦,  74.3◦ correspond
o  the  crystal  planes  of  (101),  (004),  (111),  (105),  (211)
204),  (116)  and  (220)  respectively,  indicating  formation  of
natase  phase  of  TiO2 and  for  TiO2AgNWs  nanocomposite  a
imilar  pattern  is  observed  except  that  some  extra  diffrac-
ion  peaks  at  2�  values  of  values  of  43.56◦,  63.94◦ and  76.89◦,
orresponding  to  the  crystal  planes  of  (200),  (220)  and  (311),
igure  1  XRD  patterns  of  TiO2,  Ag  and  TiO2AgNWs  nanocom-
osite.
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Table  1  Comparative  DSSC  parameters.

Dye  Anode  material  Voc (mV)  Jsc (mA/cm2)  Vm (mV)  Im (mA/cm2)  Efficiency,  �  (%)  Fill  factor

Methyl  orange  TiO2 0.544  4.21  0.42  3.76  1.57  0.68
Methyl orange  TiO2AgNWs  0.532  6.77  0.40  5.61  2.44  0.67

n
a
n
w
1
f
f
H

Beet root  TiO2 0.56  2.16  

Beet root  TiO2AgNWs  0.56  3.6  

The  UV—visible  absorption  spectra  of  pure  TiO2 AgNWs
andTiO2AgNWs  nanocomposites  were  observed  in  Fig.  2. The
absorption  spectrum  of  pure  TiO2 shows  absorption  peak
at  302  nm  and  for  the  TiO2Ag  nanocomposite;  the  absorp-
tion  peak  is  at  323  nm.  The  absorption  peak  of  pure  TiO2 is
at  lower  wavelength  than  absorption  peak  of  TiO2 AgNWs
thus  showing  red  shift.  The  absorption  spectrum  of  silver
nanowires  has  peak  at  438  nm.
I—V characteristics  of  the  solar  cell  were  calculated  using
a  100  mW/cm2, Oriel  solar  simulator  at  25 ◦C.  Figs.  3  and  4
shows  J—V  curves  of  DSSC  using  pure  TiO2 and  TiO2AgNW

Figure  2  UV—vis  spectrum  of  TiO2,  Ag  and  TiO2AgNWs
nanocomposite.

Figure  3  J—V  curves  of  DSSC  using  pure  TiO2 and  TiO2AgNWs
for beet  root  dye.

Figure  4  J—V  curves  of  DSSC  using  pure  TiO2 and  TiO2AgNWs
for methyl  orange  dye.
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anocomposite.  It  was  observed  that  the  open  circuit  volt-
ge  was  same  for  the  DSSC  using  pure  TiO2 and  TiO2AgNWs
anocomposite  anode.  The  conversion  efficiency  of  solar  cell
as  enhanced  in  DSSC  using  TiO2AgNWs  nanocomposite  from
.57%  to  2.44%  for  methyl  orange  dye  and  0.45%  to  0.76%
or  beet  root  dye  (shown  in  inset)  giving  35%  improvement
or  methyl  orange  and  40%  improvement  in  beet  root  dye.
owever,  there  is  no  change  in  fill  factor.  A higher  light
arvesting  efficiency  of  nanocomposite  anode  based  DSSC
s  compared  to  pure  TiO2 anode,  was  obtained.  Which  was
eflected  in  a  higher  photocurrent,  open-circuit  voltage  and

 higher  efficiency  of  the  nanocomposite  based  photovoltaic
ell.  As  shown  in  Table  1.

onclusions

ye  sensitized  solar  cell  with  a  photo  anode  of  TiO2AgNWs
anocomposite  was  fabricated  and  characterized.  Com-
ared  with  the  pure  TiO2 based  DSSC,  the  efficiency  of  the
iO2AgNWs  nanocomposite  based  DSSC  was  improved  by  40%
s  compared  to  conventional  DSSC  using  only  TiO2 anode.
he  addition  of  AgNWs  was  found  to  be  determining  factors
or  the  performance  of  the  dye-sensitized  solar  cell.
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