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•  Organic	
  Solar	
  Cells	
  (OPV)	
  
•  Solar	
  Fuels	
  (H2)	
  
•  Photodynamic	
  Therapy	
  (PDT)	
  

OPV	
   H2	
  

PDT	
  

5,10,15,20-­‐tetrakis(p-­‐R-­‐phenyl)porphyrin	
  



Mo0va0on?	
  

•  Society	
  needs:	
  Clean	
  energy	
  with	
  minimal	
  
environmental	
  impact	
  

•  Solar:	
  can	
  help	
  address	
  the	
  15	
  TW	
  needed	
  
•  Economics:	
  cheap	
  solar	
  energy	
  conversion!	
  



Porphyrins	
  in	
  DSSCs	
  /	
  OSCs	
  
•  Dye-­‐sensi0zed	
  TiO2	
  Solar	
  Cells	
  (12%)	
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•  Organic	
  Solar	
  Cell	
  (10%)	
  

	
  

	
  
converted to a highly insoluble, crystalline tetrabenzoporphyrin (BP)
donor (Figure 1a, and its crystal packing in Figure 1c),10,11 and a
new fullerene acceptor, bis(dimethylphenylsilylmethyl)[60]fullerenes
(SIMEF, Figure 1b), which undergoes thermal transition from
amorphous to crystal at 149 °C (Figure 1d,e).12 SIMEF has a
LUMO level (-3.74 eV) that is ca. 0.1 eV higher than that in the
commonly used PCBM (phenyl C61-butyric acid methyl ester)13

acceptor and a much lower crystallization temperature (Figure 1e).
The fabrication method of our solution-processed device is

illustrated in Figure 2, in which the CP-to-BP thermal conversion
after spin coating plays a crucial role in the creation of a defined
BHJ structure in the i-layer (VII). Note that BP crystals are virtually
insoluble in organic solvents and cannot be spin-coated. In addition,
BP is immiscible with SIMEF and PCBM.

A solution of the donor precursor CP (hatched red) in chloroform/
chlorobenzene is first spin-coated on the glass/ITO/PEDOT:PSS
electrode (I) to form II and is thermally converted to the donor BP
(red) at 180 °C to form a donor p-layer (III). In the second step, a
homogeneous mixture (a typical weight ratio of 3:7) of CP and an
acceptor SIMEF (blue) in chloroform/chlorobenzene14 is spin-coated
(IV), and CP is converted in situ to BP (red) at 180 °C to form an
interdigitated i-layer (V). The choice of 180 °C is crucial to the
swift conversion of CP to BP in the presence of SIMEF, which is

crystalline at this temperature. Subsequent spin coating of SIMEF
in toluene on V and heating at 65 or 180 °C (to crystallize SIMEF)
furnishes the p-i-n structure (VI). A buffer material (phenanthroline
derivatives: bathocuproine (BCP) or 2,9-bis(naphthalen-2-yl)-4,7-
diphenyl-1,10-phenanthroline (NBphen)) and an aluminum electrode
are coated in a vacuum to complete the device for testing (VII).
Removal of the acceptor by washing V or VI with toluene leaves
behind a column/canyon structure (VIII), which can be studied by
SEM.

To examine whether each layer was formed properly, we first
analyzed the structure corresponding to VI (fabricated on silicon;
Figure 3a) by time-of-flight secondary ion mass spectrometry (TOF-
SIMS). From the time data (x-axis) that are related to the depth
from the surface, we can determine an approximate relative
thicknesses of 1.5:5:1.5:2 for the n-, i-, p-, and PEDOT:PSS layers.

The SEM analysis (Figure 4) of structures VI and VIII gave us
visual evidence of the desired p-i-n structure and revealed a
columnar BP crystal formation in the i-layer. Thus, Figure 4a shows
a side view of VI, in which one can identify n-, i-, p-, and PEDOT:
PSS layers (total thickness ca. 110 nm). The depth profile agrees
with the TOF-SIMS depth data.

The desired interdigitated BHJ in the i-layer that is vaguely
visible in Figure 4a can be seen more clearly after removal of

Figure 4. SEM images of the p-i-n structure VI made from BP and SIMEF (glass/ITO/PEDOT:PSS/BP/BP:SIMEF/SIMEF), and its toluene-washed structure
VIII, as well as a corresponding device using PCBM (f, g) (glass/ITO/PEDOT:PSS/BP/BP:PCBM/PCBM. (a) Side view of the p-i-n structure (VI). (b) Side
view of the column/canyon region of the p-i structure in VIII. (c) Top view of the column/canyon region of VIII. (d) A wide-area image of the top view of
VIII. The dominant dark gray area (ca. 60%) is the column/canyon region, and the light gray area contains much larger BP crystals. (e) Side view of the
larger BP crystal area. (f) Side view of the toluene-washed BP:PCBM device VIII, where rectangular BP crystals grow irregularly. (g) Top view of Figure
4f that shows the growth of rectangular BP crystals, which is very different from that shown in Figure 4c. Larger images are provided in the Supporting
Information.

J. AM. CHEM. SOC. 9 VOL. 131, NO. 44, 2009 16049

C O M M U N I C A T I O N S



S

S

S

S

S

S

S n

5	
  
O

OCH3

donor	
  

acceptor	
  

e-­‐	
  

50	
  –	
  100	
  nm	
  

Organic	
  Photovoltaics	
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Bulk	
  Heterojunc0on	
  	
  
Energy	
  Level	
  Diagram	
  

1.	
  Exciton	
  forma0on	
  	
  	
  	
  	
  	
  	
  	
  
HOMOLUMO	
  
2.	
  Exciton	
  dissocia0on	
  
3.	
  Charge	
  transfer	
  from	
  
DONOR	
  to	
  ACCEPTOR	
  
material	
  
4.	
  Holes	
  migrate	
  toward	
  
cathode	
  and	
  electrons	
  
migrate	
  to	
  anode	
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Increasing	
  VOC	
  to	
  Increase	
  Efficiency	
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  in	
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e-­‐	
   h+	
  

“Ideal”	
  junc0on,	
  width	
  <	
  10	
  nm	
  
exciton	
  diffusion	
  length,	
  ~10	
  nm	
  

5,10,15,20-tetrakis(N-octyl-4-aminophenyl)porphyrin  
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Porphyrins	
  in	
  Solar	
  Cells	
  

TOAPP	
  

TCMPP	
  



Ques0ons:	
  
•  What	
  molecular	
  shape	
  helps	
  direct	
  
phase	
  ordering	
  of	
  the	
  porphyrin	
  
donor	
  material?	
  

•  What	
  is	
  the	
  op0mal	
  
nanomorphology	
  for	
  charge	
  
extrac0on?	
  Increase	
  domain	
  size?	
  

•  How	
  can	
  donor-­‐acceptor	
  
porphyrins	
  help	
  to	
  increase	
  rate	
  of	
  
free	
  charge	
  carrier	
  genera0on?	
  
Visible	
  light	
  responsiveness?	
  



Solar	
  Fuels	
  
•  Spliqng	
  H2O	
  into	
  H2	
  and	
  O2	
  with	
  light-­‐driven	
  
photocatalysts	
  =	
  store	
  solar	
  energy	
  in	
  chemical	
  bonds	
  



Solar	
  Fuels	
  
•  Spliqng	
  H2O	
  with	
  light-­‐driven	
  semiconductor	
  
photoelectrodes	
  



Measuring	
  H2	
  Semiconductor	
  PEC	
  



(PEC)	
  Power	
  Factor	
  



Organic	
  PV	
  for	
  H2	
  PEC	
  

•  Polymer	
  solar	
  cell	
  with	
  the	
  incorpora0on	
  of	
  a	
  hydrogen	
  
evolving	
  catalyst	
  
–  Easily	
  processed,	
  lightweight	
  photocathodes	
  for	
  hydrogen	
  evolu0on	
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OPV	
  H2	
  Photoelectrode	
  



Metal	
  catalyst	
  contact	
  

ITO	
   (H+/H2)	
  

h+	
  

e-­‐	
  

ITO	
   Pt	
  

h+	
  

e-­‐	
  

•  Both	
  OPV	
  and	
  PEC	
  have	
  liBle/no	
  observable	
  
photocurrent	
  with	
  Pt	
  contact	
  



Ideal	
  OPV	
  H2	
  PEC	
  
•  BHJ	
  photoelectrode	
  needs	
  to	
  contact	
  redox	
  couple	
  
•  Catalyst	
  par0cles	
  to	
  increases	
  photocurrent	
  



Ques0ons:	
  

•  What	
  is	
  the	
  pH	
  dependence	
  of	
  a	
  BHJ	
  in	
  
contact	
  with	
  aqueous	
  redox	
  poten0al?	
  

•  Do	
  catalyst	
  nanopar0cles	
  (or	
  islands)	
  need	
  to	
  
cover	
  both	
  phases	
  (or	
  just	
  one)?	
  

•  How	
  well	
  do	
  porphyrin	
  photoelectrodes	
  
perform	
  in	
  this	
  configura0on?	
  



Future….	
  
•  Printable,	
  water	
  spliqng	
  membranes?	
  

– Porphyrin	
  OPV	
  PECs	
  
– Molecular	
  catalysts	
  

OPV	
   H2	
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Outreach	
  –	
  “Juice	
  from	
  Juice”	
  
www.blackberrysolarcells.org,	
  www.juicefromjuice.org	
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Blackberry	
  DSSCs	
  (Solar	
  Cells)	
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  Students	
  of	
  all	
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  School,	
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  Graduate…..etc.)	
  	
  


