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Abstract: Surfaces coated with polythiophene-fullerene, palairly
poly(3-hexylthiophene)-Phenyl-C61-butyric acid mgthester (P3HT-
PCBM) emerged as a gold standard for fabricatiophaftovoltaic devices
of bulk heterojunction type. Since, photocatalydige degradation has a
similar initiation mechanism driven by electron-égbroduction under
sunlight, the surface was used as a reusable pitatgiic "chip" to
degrade polluting organic dyes. Detailed investiget were carried out on .
various factors affecting the efficacy.
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Polymer-immobilized surfaces have different appi@s ranging in both cases of photovoltaics and photocatalysighotovoltaics,
from sensors to photovoltaic devides. Particularly, different the current was generated by diffusion of free ghararriers to the
polymers along with other materials have been imilizell on electrodes while in the case of photocatalysishovit electrodes the
surfaces by spin coatifg,drop casting or self-assembled resulting electron and holes were diffused to thilgsts sites and
monolayer formatiohfor the application as bulk heterojunction solareacted directly with @ and HO molecules to generate various
cell devices. In this context, The most studiedolymeric radical species which can degrade the dye moledtiléésince
photovoltaic devices have been fabricated by imiimghion of photocatalysis involves the generation of charngepresence of
poly(3-hexylthiophene)-Phenylggbutyric  acid methyl ester sunlight but not the transportation of charges amlfew localized
(P3HT-PCBM) as a donor-acceptor system on buffetimgpdo an factors like morphology or concentration ratios cplay more
ITO surfacé*This was frequently used to optimize differenimportant role to improve efficacy compared to mivoitaic devices
parameters for best power conversion efficiencye Tancentration (ESI table S7). Although research efforts were utatten to
ratio of P3HT and PCBM is one of such important peters. In improve the efficacy of the polymeric solar celivies®® and/or
this context, two conflicting phenomenon plays imgnot role: as finding, a correlation with composition, morphologgd mobility of
PCBM concentration increases, the amplified excitissociation at electrons/holés 1+ *°to the best of our knowledge, this is the first
the bulk heterojunction leads to increased poldifetime, while, an attempt to study in detail the efficacy of P3HT-PCBbased
increased concentration can also lead to the kat#in of polarons reusable photocatalytic device in the form of gchi

significantly affecting the efficienc} It was found by several
researchers that although the concentration rétth%1 for P3HT- 3
PCBM systems provides one of the highest open-tireolitage
(Voc), power conversion efficiency increases manifoldew the
concentration ratio is increasttFor example Hassan and other!
observed that the best performance was observedn w'

photovoltaics A1 photocatalysis
(1:1 Ratio P3HT-PCBM blend is best) b (0.5:1 Ratio P3HT-PCBM blend is best)
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P3HT:PCBM ratio is 3:1° On the other hand, under slightly: b fehond HB\J SO femt  HO0+CO,
different conditions, best efficacy was observed iratio of 1:0.& HoMo b B Homo \/ 61
. . . d s
to 1.1*" ® The exact reason is still debatable, conclusiopsew ‘. “fo" M &3, B, Cafode, (Banon)  (Acceptor) ,'

drawn from microscopic studies that well definetkifaces between
regions help charge separatibhswhile SAXS studies indicated Figure 1. Schematic representation of (a) sunlight drivenegation
"instead this is a more complicated system incatiog regions of and transportation of electrons and holes in phaitaics (bulk
crystalline P3HT, PCBM, and intermixed regions of gshous heterojunction) and (b) sunlight driven generatafrelectrons and
P3HT and PCBM? In both the cases, improved efficiency in bulkoles followed by the production of active radicspecies in
heterojunction solar cell can be attributed to éffectiveness of photocatalysis.
transportation of charges to the respective eldespwhich can also
be facilitated by the presence of excess conduptigmers. The study of donor/acceptor surface interfacial pprtes and
surface morphology are very powerful tools for ustending the
It was recognized that semiconductor-based  polymgieration of system efficiencié$.Since, the fluorescent properties
photocatalysfs® have a similar mechanism of generation aff donor/acceptor components in solution as wellblnd form
electrons/holes under sunlight which promote theegation of indirectly provides information about efficiencycathe properties of
various free radicals leading to degradation ofnig dyes locally, heterojunctions such as intermolecular charge feansphase
without the involvement of transportation of chag&igure 1(a) separation, and aggregation behaviors to tune theerial
and 1(b) respectivelyf.?® Bahers et al and others reported t&t efficiency*" “2we focused our study in that direction. Additidgpal
the light absorption and exciton dissociation psses were similar
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AFM, SEM, and special fluorescent microscopic téghes were
used to understand the morphological behaviors ifferent
compositions and how it influenced the photocaialfficacy.
Special emphasis was given to understand why onbpexific
composition ratio caused a regular patterning oHRBCBM
aggregate, in turn affecting the photocatalytic icafhcy
significantly. Finally, a comparison of results photocatalytic
efficiency at different compositions, in light ofgregation-induced
enhancement of photovoltaic performahwaas briefly undertaken.

We prepared P3HT: PCBM films with different weighadtions of
P3HT polymer and PCBM (table S1) (weight percentemms of
PCBM contents) such as 1:0 (0%), 1:0.25 (20%), 1(B%3%),
1:0.75 (42.9%), 1:1 (50%), 0.75:1 (57.1%), 0.5:8.786) and 0.25:1
(80%) to evaluate their impact on surface morphplaand
photocatalytic efficiency. The P3HT-PCBM film phottelgsts
were subjected to photocatalytic degradation of Rhude B (RhB)

dye under different experimental conditions. Inesrtb understand

the spectroscopic and surface characteristics lyhpr composite
films effectively various characterization techréguusing UV-
Visible spectrophotometer, Fluorescence spectrapheter, XRD,

SEM, AFM, fluorescence microscope, and contact en( Pr

measurements were used.

Particularly, the fluorescence microscope is ussifiute one of the
components (P3HT) is fluorescence active while tother
component (PCBM) is not (ESI
respectively). The P3HT film alone shows bright rehission
without any specific surface features due to thkaxstion of
excitons which generates luminescence in the sibbion*> On
the other hand, PCBM film alone did not show any siais in the
same wavelength of excitation. For P3HT-PCBM blenfism
1:0.25 to 1:1 ratio film no significant change wabserved in
fluorescent surface morphology compared to P3HW ESI Figure
S1(b-d) and Figure 2(a). But interestingly, for PSPICBM films of
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Figure Sl1(a) and Si1(

ratio 0.75:1, 0.5:1, and 0.25:1, we observed redtemfluorescent
images with distinct surface morphology due to theying PCBM

contents (Figure 2(b), 2(c) and 2(d) respectively).the case of
0.75:1 and 0.5:1 ratio, the film with spherical eggates of sub-
micron size consisting of P3HT-PCBM was clearly oted with

several fibers wrapped around the aggregates. Hawfor the 0.5:1
ratio, the sizes of spherical features are high ragdlar, compared
to the 0.75:1 ratio suggesting that the aggregatioR3HT-PCBM

particles is more in this particular film. The filwith a 0.25:1
(Figure 2(d)) ratio shows distinguishable red emittdomains
without any spherical features due to low contaft®3HT. The

regular patterning for special compositions of @l7&nd 0.5:1 was
clearly visible in 3D movies (3-D view) of Z-stackénages (Figure
3, videos in ESI, movie S1a, movie S1b, and motie).S

Figure 2. Fluorescence microscopic images of P3HT-PCBM films

with different ratios (a) 1:1, (b) 0.75:1, (c) A.5:and (d) 0.25:1;
Inset: corresponding Z-stacked images
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Figure 3. Snapshots of movies (ESI) of 3-d view of P3HT-PCBIkt$ under fluorescence microscope (Z-stacked imégen different

angles a-i)



In a similar trend, in absorption and fluorescerspectroscopic
studies, (ESI Figure S3, S4 and S5) while the sitgnof the

emission decreased gradually by increasing the amouPCBM,

possibly because of intermolecular charge transferincrease with
respect to control experiment was observed forréti® of 0.5:1,

possibly due to increased aggregafibn*> The morphological
characteristics were also visible by SEM and AFM tfee specific
composition ratio of 0.5:1, although unlike fluczeace images,
regular patterning was not clearly visible. The SEhges of P3HT
films shows irregular shaped bright color domaimtipkes without

any features (ESI Figure S&)The film with a 1:1 ratio of P3HT-
PCBM exhibits the dispersion of polymer domains doethe

diffusion of PCBM in a polymer matrix (Figure 4(aBut in the case
of a ratio of 0.5: 1 for PSHT-PCBM film (Figure 4§bjt shows the
better spatial distribution of donor and acceptérP@HT-PCBM

domains attributed to the crystallization of P3Hlymers*®

Figure 4. SEM images of P3HT-PCBM films in a different ratep) (
1:1 and (b) 0.5:1; Corresponding zoomed images baea shown
below

The AFM topographic images of P3HT-PCBM films areidal in

Figure 5, which also provided information aboutface roughness.
The surface roughness property of photoactive faigean important
parameter for efficiency of photovoltaics as wellghotocatalysis.
In this case, it is clearly observed that the preisP3HT and P3HT-
PCBM film with a 1:1 ratio has smoother surfaceshwsurface
roughness (RMS) values of 2.98 nm and 2.08 nm ré&spbc

D.Yang et al and F.Zhang et al noted that supprgstie surface
roughness leads to the improvement of fill factod apen circuit
voltage values in photovoltaics devi¢és” Along the same line, for
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Figure 5. AFM micrographs of P3HT-PCBM films with ratio (a) 1:1
and (b) 0.5:1; (c) and (d) corresponding 3-D views

In order to understand the microstructure of P3Hilymers by
changing the PCBM loads in P3HT-PCBM blends, we peréarm
the X-ray diffraction analysis (Figure 6(a), Figu88 and ESI table
S2). The pristine P3HT polymer film shows two sefdiffraction
patterns due to the lamellar stacking of P3HT benkis (5.4° (100),
11.03° (200), 16.3° (300)) andr stacking of polythiophene (23.4°
(010))*® Chen et al, observed that the crystallinity of P3HT
P3HT-PCBM films was decreased by increasing the PCBM
concentratiort’ In our case also (1:1 ratio) similar observatinese
noticed with the reduction of peak intensity of A3peak at 10.57°
(200 plane). In the case of P3HT-PCBM film with.&:Q ratio, the
increment of peak intensity (1336) of P3HT peaklét53° (200
plane) was observed compared to 1:1 ratio (85%u(Ei 6(a) inset
picture) indicating the high crystallinity due tbet alignment of
P3HT polymers induced by PCBM molecules of particular
concentration.This property can influence the tanstion of
charges as well as catalytic efficiency.

The surface wettability of P3HT-PCBM films with diffent ratios
was studied by a water contact angle meter anésepted in Figure
6(b) and ESI Figure S9. It can be noted that p@dTP(1:0) and
PCBM (0:1) exhibit a contact angle of 106.4°and 83e8pectively.
These values indicated that PCBM has high surfaeeggrio exhibit
hydrophilic character resulting from the presendepolar ester
group whereas P3HT possesses hydrophobic naturetadube

presence of the alkyl chains and thiophene ringghis context, it
may be noted that J.Wang et al reported that haggydic efficiency
was achieved by reducing hydrophobicity (86.6°)etthance the
surface contact between dye molecules and catsitgs™® In the

same line, we observed that at a ratio of 0.5: HIPBCBM) film

photocatalysis, the high surface roughness cansexpdarge surface possessed greater hydrophilic property due to the bontents of
area to enhance the catalytic efficieficit was clearly observed PCBM to introduce better catalytic activity.

from 3D images (Figure 5 and ESI Figure S7) tha, film with

0.5:1 ratio (Figure 5(b) and 5(d)) appears to pessaore surface

roughness (34.8 nm) than the other films with Ztior(2.08 nm),
pristine P3HT (2.98 nm) and pristine PCBM (18.45 ({Riyure 5(a)
and 5(c)) to facilitate the enhanced catalyticoigficy of particular
P3HT-PCBM film.
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The photocatalytic degradation study of rhodaminey® (model
organic pollutant) was performed using differenighe fractions of
P3HT-PCBM film photocatalysts under natural sunligimder
different experimental conditions described in E8ble S3, S4 and
S5). Initially, we attempted with a 1:1 ratio of FB-PCBM film
because this particular ratio blend has been exegsexplored in
P3HT-PCBM based photovoltaic device fabricati®rigure 7(a)
indicates the percentage removal of dye in differémitial
concentration (1 to 6 ppm), Consequently for 1 pgmppm, and 6
ppm dye concentration 76%, 52%, and 30% degradatias
happened respectively after 2 hours of sunlighirilhation using
P3HT-PCBM film (1:1 ratio)photocatalyst. We also ¢edrout the
study of dye degradation without the usage of fdatalyst as a
control experiment to observe around 15% degradatiplicating
the self-degradation of RhB dye. Subsequently, weechout the
dye degradation studies using of P3HT-PCBM films vdifierent
weight fractions (1:0, 1:0.25, 1:0.5, 1:0.75, 10175:1, 0.5:1, and
0.25:1) with fixed dye concentration (2ppm) for @ubs irradiation.
Interestingly, as seen from Figure 7(b), minor demn in the
catalytic activities of P3HT-PCBM films generallysdrved with the
change in P3HT amount from the ratio of 1:0 to dafios (minor
decrease generally). However, from 0.75:1 ratio.8§%j, the
catalytic activity started to increase significgntlpto 0.5:1 ratio
(95.1%), plausibly due to more effective chargeasafons. Further,
for 0.25:1 ratio very low catalytic activity (36.3%vas observed
plausibly due to inefficiency in generation of oy at very low
concentration of donor molecules. The observatiowsre
corroborated from the photographic images of dyeitem after
exposures (Figure 7(b), inset picture a-h). Furtler studied the
degradation rate using P3HT-PCBM (1:1) films by diag
irradiation time (from O min to 180 min) with 2 ppooncentration
of dye solution as depicted in Figure 7(c). It oaded that the
removal of dye was increased gradually upto 76%r df80 minutes

of irradiation. Figure 7(d) indicates that theresveagradual decrease

in the UV-VIS absorbance of dye solution with iresed time of
irradiation. Besides, we obtained the high rate @ons/alues (0.007
minY) from kinetic study of dye degradation (ESI Figusao0).
Further, we studied the recyclability performandeP@HT-PCBM
(0.5:1 ratio) film upto three cycles (ESI Figure2Sfable S6) and we
observed the catalytic efficiency of,12" and & cycles were
95.1%, 93.8% and 79.8% respectively.

The high efficacy of dye degradation at a specifincentration ratio
may be attributed to similar mechanism of photaiok where
PCBM acts as an efficient acceptor molecule, andTP&¢is as a
donor molecule, to generate the electrons and helgish can
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facilitate to produce various active radical specitor dye
degradation Importantly, photocatalytic activitiesre best for the
ratio of 0.5:1, when regular patterning of P3HT-PCBWMs also
observed from various microscopic imadesle infra). This results
reveal that the light absorption and exciton digs@n processes for
P3HT-PCBM system is high in the case of 0.5:1 rdtican enhance
the charge transportation from donor to acceptorraduce charge
carrier recombination rate leading to generationnaire active

radical species.
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Figure 7. (@) percentage removal of dye in a different ihitia
concentration of dye using 1:1 ratio of P3HT-PCBMha films; (b)
percentage removal of dye with different ratio 8HT-PCBM films
(inset picture: dye solution after irradiation)) emoval of dye in-
terms of [G]/[C] ratio in a different time interval of irradiatioid)
UV-Visible spectra of dye solution after irradiation a different
time.

In conclusion, we have demonstrated that surfaciés R3HT-

PCBM, can be used very effectively as a reusablealmieee

photocatalytic “Chip” for the degradation of polhdi dyes in
aqueous phase. However, the best efficacy in dggadation is
achieved with the composition ratio of 0.5:1 P3HTBM, contrary

to the composition ratio of 1:1 which showed thsthefficiency in

the case of bulk heterojunction solar cell devidéss was attributed
to distinct morphology for the ratio of 0.5:1 asselved in

fluorescence microscopic images and the moviesnvéews. The

observation can also be useful in future to undacdsthe importance
of ratios of donor and acceptor molecules in bugtehojunction
solar cell devices although a more detailed stuglyeiquired to
establish whether photocatalytic dye degradatioanpmenon can
be used as a model to study photovoltaic devicl®peance.
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