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- C.Muthamizhchelvan*, Praveen C. Ramamurthy?, Chhavi Sharma®, Dinesh K. Aswal’,
. Yasuhiro Hayakawa’ & B. Neppolian®

. Anew class of pyridyl benzimdazole based Ru complex decorated polyaniline assembly (PANI-Ru)

. was covalently grafted onto reduced graphene oxide sheets (rGO) via covalent functionalization

. approach. The covalent attachment of PANI-Ru with rGO was confirmed from XPS analysis and Raman
spectroscopy. The chemical bonding between PANI-Ru and rGO induced the electron transfer from
Ru complex to rGO via backbone of the conjugated PANI chain. The resultant hybrid metallopolymer
assembly was successfully demonstrated as an electron donor in bulk heterojunction polymer solar cells
(PSCs). A PSC device fabricated with rGO/PANI-Ru showed an utmost ~6 fold and 2 fold enhancement
in open circuit potential (V,.) and short circuit current density (J,) with respect to the standard device
made with PANI-Ru (i.e., without rGO) under the illumination of AM 1.5 G. The excellent electronic
properties of rGO significantly improved the electron injection from PANI-Ru to PCBM and in turn the
overall performance of the PSC device was enhanced. The ultrafast excited state charge separation and
electron transfer role of rGO sheet in hybrid metallopolymer was confirmed from ultrafast spectroscopy
measurements. This covalent modification of rGO with metallopolymer assembly may open a new
strategy for the development of new hybrid nanomaterials for light harvesting applications.

. Ruthenium (Ru) complexes have gained significant interest in energy conversion applications owing to its attrac-
: tive opto-electronic properties such as good photostability, excellent light harvesting capability and efficient

charge transport behaviour!-. Especially, the Ru complexes with benzimidazole ligands have been attracted as

a photosensitizer in dye sensitized solar cells*. The highly conjugated aromatic rings of benzimidazole complex
- could efficiently absorb light and thereby promotes the electron to the metal centers®. Several strategies have been
. proposed recently to develop different types of benzimidazole based hybrid metallopolymer assemblies for energy
. conversion process®’. The incorporation of benzimidazole based complexes with conjugated polymers not only
: provides a long range of w electron network but also facilitates the electron transfer through the conjugated poly-

mer chain as the backbone®. It has also been extensively studied that the linkage existing between the d= orbitals

of metal centers and w or ©* orbitals of the conjugated polymer induces the electron transfer in metallopolymer
. systems®. Moreover, the functionalization of metal complex with polymer offers high optical absorption, relatively
. long lived metal to ligand charge transfer (MLCT) and better photo stability®. However, the possibility of back
- flow of charge carriers from the conjugated polymer to metal center greatly affects the implementation of metal-
. lopolymer in solar energy conversion applications®. Thus, the further attachment of photoactive metallopolymer
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Figure 1. Synthesis procedure of rGO/PANI-Ru hybrid nanocomposite.

assembly with highly conductive two-dimensional graphene support not only prevent the back flow of the car-
riers but also enhance the carrier separation, electron mobility and thereby considered as a superior material for
light harvesting applications'®!.

Graphene is a rising-star of two dimensional material made up of single sheet of hexagonally packed carbon
atoms with attractive properties such as large surface area, high intrinsic mobility, better optical transparency
and thermal stability'?"'7, which further turn it as an impressive candidate for variety of applications includ-
ing ultracapacitors, sensors, photocatalysis, actuators, fuel cells and solar cells etc.!8-24. The large surface area
and active edges associated with the two dimensional reduced graphene oxide (rGO) sheets offer several advan-
tages to incorporate various organic or inorganic moieties to develop hybrid nanocomposites for optoelectronic
applications®?. In particular, the covalent functionalization of rGO or graphene sheet have attracted numerous
attentions in polymer solar cells (PSCs) technology?”?. For instance, the edge functionalization of graphene
oxide (GO) with Cs metal effectively tuned the work function of GO, which further matched with the work
function of lowest unoccupied molecular orbital (LUMO) level of PCBM for the effective separation of elec-
trons®. The covalently grafted Cq, fullerene with graphene sheet possessed an improved electron transport in
P3HT based PSC and hence the overall power conversion efficiency (PCE) of device was enhanced®. Similarly,
P3HT polymer was functionalized with the carboxylic acid groups of GO through esterification reaction and the
covalent linkage achieved between P3HT and GO significantly improved the PCE?*!. However, most of the work
reported earlier contains the modification of existing electron donor and acceptor polymers (P3HT and PCBM)
for PSC. The covalent functionalization of graphene with light harvesting metallopolymer assembly can combine
the interesting photophysical properties of metallopolymers with the excellent electronic properties of graphene.
Therefore, the strategy to design graphene-metallopolymer nanocomposite open up the potential platform for
the development of new hybrid nanomaterials as an electron donor/acceptor for PSCs. In addition, the loading
of graphene can enhance the mechanical stability of the metallopolymer moiety which is an additional benefit of
using graphene as a supporting material®2.

Our interest is to develop hybrid graphene-metallopolymer assembly as an electron donor for PSC and inves-
tigate the carrier separation and electron transport properties of graphene along with metallopolymer. Herein,
pyridyl benzimidazole liganded Ru complex was bonded with polyaniline (PANI) and this metallopolymer
(PANI-Ru) assembly was further covalently grafted on rGO sheets through simple chemical approach. This is the
first report of using {2-(2-pyridyl)benzimidazole}RuCl, based metallopolymer functionalized rGO sheets as a
new class of hybrid light harvester (electron donor) for PSC. The interfacial electron transport and charge separa-
tion properties of rGO at the metallopolymer (PANI-Ru) donor/PCBM acceptor interfaces significantly improved
both short circuit current density (J,.) and open circuit potential (V,,. ) of the PSC device.

Results and Discussion
The synthesis procedure of rGO/PANI-Ru hybrid nanocomposite is illustrated in Fig. 1 (synthesis procedure was
described detail in the experimental methods). Initially, graphene oxide (GO) was synthesized from graphite pow-
der using modified Hummer’s method. Then, GO was reduced into rGO using NaBH, as a reducing agent. The
PANT is covalently grafted on rGO sheet in the presence of aniline monomer, conc.H,SO, and ~-Fe,Os. Finally,
the functionalization of {2-(2-pyridyl)benzimidazole}RuCl; complex on PANI is achieved under reflux condition.
The linkage between metallopolymer (PANI-Ru) and rGO was confirmed through FTIR and Raman spectra
(Fig. 2). The FTIR spectra of GO, rGO, rGO-PANI and rGO/PANI-Ru are displayed in Fig. 2a. The GO exhibits a
broad absorption band at ~3440 cm ™! is assigned to the stretching vibration of hydroxyl groups®*. The absorption
peaks located at 1631 and 1384 cm ™ are associated with stretching vibration of aromatic C=C bond and bending
vibration of O-H groups, respectively*%. The additional absorption peaks at 1733 and 1118 cm™! are related to
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Figure 2. (a) FT-IR spectra of GO, rGO, rGO/PANI and rGO/PANI-Ru and (b) Raman spectra of GO, rGO
and rGO/PANIL.

the stretching vibrations of C-O and C=0 groups, respectively®. In case of rGO, the peak intensities of oxygen
rich functional groups and hydroxyl groups are significantly reduced compared to that of GO, which further
confirmed the reduction of GO to rGO. Similar FTIR spectra were also reported in the literatures for rGO*-3,
The rGO/PANI nanocomposite exhibits several absorption peaks other than rGO. More importantly, three peaks
observed at 1637, 1444 and 1290 cm ! are assigned to the stretching vibrations of C=N, C=C and C-N bonds,
respectively®. An additional peak occurred at 3228 cm™! corresponds to the N-H stretching vibration of PANT
in rGO/PANL. Besides, two more peaks appeared at 1566 and 1493 cm ™! are attributed to the bending vibration
of C-H groups in quinonoid ring and stretching vibration of C=C bonds in benzonoid rings, respectively®. It
is worth mention to note that a peak identified at 1130 cm™! corresponds to stretching vibration of N-Q-N-Q
bonds from the quinonoid rings, which further suggesting the covalent grafting of PANI on rGO sheets. For
rGO/PANI-Ru, the disappearance of N-H peak clearly indicates the successful bond formation between Ru com-
plex and PANI. Furthermore, the rGO/PANI-Ru hybrids exhibit few more new absorption bands compare to
rGO/PANI, which might be due to the presence of {2-(2-pyridyl) benzimidazole}RuCl; complex in the resultant
nanocomposites. Several absorption bands observed for pure PANI and Ru complex were represented in Fig. S1
(Supplementary Information).

The reduction of GO and the covalent grafting of PANI on rGO sheets were further confirmed through Raman
spectra. As shown in Fig. 2b, the Raman spectra of GO displays two characteristic Raman bands centered at 1342
at 1581 cm™! are assigned to the well known D and G bands, respectively. In general, the D band is known as
defective band that usually arises from the first order scattering of sp* hybridized carbon atoms, while the G band
is mainly reflected from the stretching vibration of sp? hybridized C=C bonds*’. During the reduction of GO to
rGO, the defects on the surface of the rGO increases which relatively increase the D band intensity compare to
that of GO, as shown in Fig. 2b. The calculated I;,/I; ratio value of GO and rGO are 0.95 and 1.06, respectively.
Thus, the increase in Ip/I value of rGO clearly attributes the formation of disordered new graphitic domains
during the reduction process*. When PANI was grafted with rGO, a notable shift in G band is observed towards
lower wavenumber region from 1591 cm ™! of rGO to 1577 cm ™! indicates the chemical bond formation between
rGO sheet and PANI chain*%. More interestingly, the I,/I; value of rtGO/PANI is decreased to 0.79, which is less
than the calculated I;y/I; value of rGO. This clearly reveals that the grafting of PANI was occurred on the defective
sites of the rGO, which further repaired the defects and restored the basal plane conjugation with minimal defects
on the surface of rGO*.

X-ray photoelectron spectroscopy (XPS) analysis was performed to understand the composition, chemical
oxidation state of metal (Ru) and also to know the chemical environment of the elements present in the rGO/
PANI-Ru composite sample, as depicted in Fig. 3. As can be seen from Fig. 3a, the Ru3d, C1s, N1s, Ru3p and Ols
peaks are observed from the wide angle spectrum of rGO/PANI-Ru catalyst. The peaks centered at 285¢eV, 534 eV
and 401 eV correspond to the elemental composition of Cls, Ols and N1s*#°, Besides, the Ru3d and Ru3p bands
are identified at 280.9-282.1eV and 453.7-485.4¢eV, respectively“.

The binding energy values of Ru3d and Cls are fairly close and hence the bands are observed with the binding
energy difference of ~3 eV, as evident from the high resolution C1s and Ru3d spectrum given in Fig. 3b*". Two
Ru3d species observed at 281.0eV and 282.0eV correspond to Ru3ds;, and Ru3ds),, respectively. As shown in
Fig. 3b, the high resolution Cls spectrum is deconvoluted into five different components i.e., C-C, C-N, C-O,
C=0 and ~-COOH?. The three functional groups such as C-O, C=0 and ~-COOH are emerges from the rGO.
The peak located at 284.1 eV is arise from the combination of graphitic C-C bond of rGO along with the aromatic
C-C bond from the PANI and the organic ligand of the Ru complex. Likewise, the C-N bond peak appeared at
284.7 eV is might be due to the carbon-nitrogen bond present in PANI and also in Ru complex*¥-°,

As displayed in Fig. 3¢, deconvolution of O1s spectrum consists of four different chemical components namely
C=0, -COOH, -C-OH and -C-O-C-. The respective binding energy values are noticed at 531.7, 532.9, 533.6,
537.6€V for the four different oxygen functionalities®. These are the residual oxygen functional groups present
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Figure 3. XPS spectra of rtGO/PANI-Ru hybrid nanocomposite (a) wide angle, (b) high resolution C 1s and Ru
3d, (c) high resolution O 1s, (d) high resolution N 1 s and (e) high resolution Ru 3p spectra.

in rGO after the reduction of GO using NaBH,. However these functional group remains present on rGO induces
the chemical bond formation with PANI and increased the m—m interaction between PANI and rGO to facilitate
the electron transfer®?.

The C-N peak observed at the high resolution N1s XPS spectrum resulted from the carbon-nitrogen bond
present in the 2-(2-pyridyl) benzimidazole ligand of the Ru complex and also present in the PANI. As can be seen
from Fig. 3d, the adjacent deconvoluted peak centered at 401.2 eV is evolved from the -C=N bond of the organic
ligand in the Ru complex. Very importantly, the peak at 406.6 eV corresponds to the N-O bond. This clearly
evident the formation of nitrogen-oxygen bond between PANI and rGO noticeably sustained the formation of
chemical interaction that connecting PANI with rGO support in some places®. In addition, Ru-N peak observed
at 398.1¢eV strongly evident the complexation of RuCl; with the 2-(2-pyridyl)benzimidazole ligand.

Alike Ru3p peaks are identified around 460 to 492 eV region. Two distinct peaks noted at 463.7 and 485.4eV
correspond to the Ru3ds;, and Ru3d,,, respectively (Fig. 3e). In addition, two more peaks centered at 453.7 and
485.4 eV are might be owing to the Ru-N bond of the Ru complex®. This significantly proven the formation of
Ru complex which is obtained from the reaction between the N,N’-bidonor ligand [2-(2-pyridyl)benzimidazole]
and RuCl;-3H,0.

XRD patterns of Graphite, GO, rGO, PANI-Ru and rGO/PANI-Ru composites are illustrated in Fig. 4. It can
be seen that the prepared GO exhibits a sharp and intense diffraction peak at 20 = 10.3° which is related to the
(002) crystalline plane®. In the case of rGO, a sharp peak at 10.3° is completely disappeared and a new broad peak
appears at 20 = 28.4° clearly suggests that the oxygen rich functionalities were significantly reduced and thereby
rGO was formed. The characteristic diffraction peaks of PANI from PANI-Ru and rGO/PANI-Ru nanocompos-
ites are observed at 20 =19.4°, 20.9° and 25.4° corresponds to (011), (020) and (110) crystal planes, respectively,
which further ascribed the well crystalline nature of PANI*+>2, A small peak centered at 28.4° of resultant hybrids
confirmed the existence of rGO. Moreover, a small diffraction peak noted at 26 = 6.5° of both PANI-Ru and rGO/
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Figure 4. XRD patterns of graphite, GO, rGO, PANI-Ru and rGO/PANI-Ru.

PANI-Ru nanocomposite indicates that the functionalization of Ru complex with PANT broadened the interlayer
spacing of the PANT*% In addition to this, few more less intense diffraction peaks occurred at low angle region of
rGO/PANI-Ru hybrids clearly implies that the interlayer distance of the resultant nanocomposite was increased,
which might be due to the grafting and intercalation of PANI-Ru with rGO sheet. Thus, the observed XRD results
are in good agreement with FTIR and Raman results.

Fig. 5a shows the UV-vis absorption spectra of {2-(2-pyridyl)benzimidazole}RuCl; complex, PANI-Ru, rGO/
PANI-Ru and rGO dispersed in DMF solution. For prepared PANI, the characteristic absorption peaks noted
at 365nm and 587 nm are emerges from the excitonic transitions of ® and * polarons-benzoid to quinoide,
respectively®. The pure Ru complex exhibits a strong absorption band at 334 nm which corresponds to m-m*
transition of 2(2-pyridyl)benzimidazole ligand*®. A wide absorption band observed between 460 to 650 nm for Ru
complex, PANI-Ru and rGO/PANI-Ru are mainly attributed to a metal to ligand charge transfer (MLCT) between
Ru metal and 2(2-pyridyl)benzimidazole ligand*. Moreover, a significant blue shift in absorption is noted, when
Ru complex is functionalized with PANTI. This clearly reveals that the electronic interaction between Ru com-
plex and PANT is the origin for the blue-shift in the absorption compare to that of pure PANI. Furthermore,
PANI-Ru grafted with rGO sheet shows an additional broad absorption band from 700 to 900 nm compared
to PANI-Ru alone. This is possibly due to charge transfer between rGO sheets and PANI-Ru. As evident from
earlier reports, PANI and Ru complexes are fairly good electron donor materials, where as rGO sheet is a good
electron acceptor®. During the reflux process aniline could interact with graphene sheet which can easily form
graphene-polyaniline composite®. Therefore, the observed blue-shift for rtGO/PANI-Ru indicates the successful
grafting of PANI-Ru over rGO sheet. Moreover, no absorption is noted for rGO dispersed in DME Fig. 5b shows
the absorption spectra for PANI-Ru and rGO/PANI-Ru films. Both PANI-Ru and rGO/PANI-Ru films exhibit
the same characteristic absorption peak at 327 nm and shoulder peaks at 582 and 682 nm. Interestingly, the rtGO/
PANI-Ru film shows slightly enhanced absorption in the entire solar spectrum compare to that of PANI-Ru
alone. The relative absorption increase for rGO/PANI-Ru with respect to that of the PANI-Ru was calculated
to be 12.2%. The photograph images of GO, rGO, PANI-Ru and rGO/PANI-Ru dispersed in DMF solution are
displayed in Fig. 5c.

To investigate the photo-excited electron transfer in PANI-Ru and rGO/PANI-Ru composites, the photolumi-
nescence spectra (PL) were recorded. Fig. 5d represents the PL emission spectra of PANI-Ru and rGO/PANI-Ru
hybrids dispersed in DMF solution excited at 330 nm under room temperature. It can be seen that the PANI-Ru
and rGO/PANI-Ru exhibit PL emission bands centered at 427 nm and 440 nm, respectively, which arise from the
MLCT Excited state emission. But more interestingly, rtGO/PANI-Ru composite shows notable quenching in PL
intensity which clearly inferred that rGO in the hybrid composite act as a charge trapping centre for the excited
sate MLCT and prevents the charge carrier recombination*. In addition, transient photocurrent measurement
was also performed to study the charge transfer and recombination process of the excited charge carriers in the
hybrid nanocomposites (Fig. 5e). It is interesting to note that the rGO/PANI-Ru shows enhanced and stable
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Figure 5. (a) UV-visible absorption spectra of Ru, PANIL, rGO, PANI-Ru, rGO/PANI-Ru dispersed in DMF
solvent, (b) Absorption spectra of PANI-Ru and rGO/PANI-Ru films and (c) Photograph images of GO,

rGO, Ru, PANI, PANI-Ru and rGO/PANI-Ru dispersed in DME, (d) Photoluminescence emission spectra of
PANI-Ru and rGO/PANI-Ru nanocomposites and (e) Transient photocurrent measurements of PANI-Ru and
rGO/PANI-Ru nanocomposites.

photocurrent response in several ON-OFF cycles, whereas negligible photocurrent is obtained for PANI-Ru com-
posites suggesting the potential role of rGO in charge separation.

The morphology of the nanocomposites were analyzed through FE-SEM and TEM analysis. Fig. 6a shows the
typical FE-SEM image of synthesized GO, which exhibits the well exfoliated layered 2D morphology with the size
of few pm. Similarly, the rGO shows typical 2D sheet like nanostructure with wrinkled surface or edges (Fig. 6b).
As shown in Fig. 6¢, PANI-Ru exhibits the agglomerated nanostructure. However, the rtGO/PANI-Ru shows the
3D nanostructured morphologies due to intercalation and grafting of PANI-Ru onto rGO sheets (Fig. 6d). The
EDX spectra clearly confirmed the presence of expected elements such as C, O, N and Ru in rGO/PANI-Ru (Suppl
ementary Information Fig. S2). The FE-SEM image of pure PANT and PANI grafted rGO were displayed in Fig. S3.
It was clearly seen that PANT were grafted and intercalated onto the rGO sheet. The grafting of PANI-Ru on rGO
was further confirmed through TEM images. Fig. 6e and f displays the typical TEM images of rGO/PANI-Ru with
different magnifications. It can be seen that wire nanostructured PANI-Ru is intercalated as well as grafted on
the rGO sheets. The TEM image of pristine rGO sheet was represented in Fig. S4 (Supplementary Information).

Polymer solar cell (PSC) device performance (ITO/PEDOT:PSS/PANI-Ru or rGO/PANI-Ru:PCBM/AI).
To evaluate the photovoltaic behavior of metallopolymer grafted rGO hybrid nanocomposites, bulk heterojunc-
tion PSC devices were fabricated with the device configuration of [[TO/PEDOT:PSS/PANI-Ru (rGO/PANI-Ru)
PCBM/AI]. The light harvesting PANI-Ru and rGO/PANI-Ru nanocomposites were used as an electron donor
(p-type) along with fullerene acceptor (PCBM as n-type material) as a photoactive layer. Fig. 7a, shows a sche-
matic diagram of PSC device using rGO/PANI-Ru:PCBM as a photoactive layer. The energy level diagram of
rGO/PANI-Ru hybrid based PSC is displayed in Fig. 7b. The exact highest occupied molecular orbital (HOMO)
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www.nature.com/scientificreports/

Figure 6. FE-SEM image of (a) GO, (b) rGO, (c) PANI-Ru, (d) rGO/PANI-Ru and (e and f) TEM image of
rGO/PANI-Ru nanocomposite with different magnification.

and lowest unoccupied molecular orbital (LUMO) energy value of hybrid rGO/PANI-Ru nanocomposite was
estimated from cyclic voltammetry (CV) studies. The CV curve for rGO/PANI-Ru was presented in Fig. S5
(Supplementary Information). The HOMO and LUMO value of rGO/PANI-Ru was calculated using the follow-
ing equation®’.

Egomo = —(4.8 —E s+ E )eV
Elumo = —(4.8 — E.f + Ered)ev

Eef = Eox + Ered/2

Where E,, and E,4 are the onset oxidation and onset reduction potential, respectively.

The calculated HOMO and LUMO level of rGO/PANI-Ru are —4.8 eV and —3.67 eV, respectively. Thus, the
electrons can easily transfer from rGO/PANI-Ru to PCBM. In addition, the electron transfer from rGO to Al
cathode via PCBM acceptor is energetically favourable due to exact matches in the LUMO energy levels between
rGO and PCBM*2. Likewise, the HOMO level work function of rGO/PANI-Ru is close to the work function
of PEDOT:PSS for efficient transfer of photogenerated holes. Fig. 7c represents the J-V characteristic curves
of PANI-Ru or rGO/PANI-Ru based PSC devices. As can be seen from Fig. 7c, no short circuit current den-
sity (J,.) is observed for both PANI-Ru or rGO/PANI-Ru based PSC devices under dark condition. However, J,.
and open circuit potential (V,,) of 0.03mA/cm? and 0.19V are achieved for rGO/PANI-Ru based PSC device
under the illumination of AM 1.5G. In contrast, the reference device made with PANI-Ru i.e., without rGO
shows less J,. and V,. of 0.014 mA/cm? and 0.03 V under identical condition. In the absence of rGO, the charge
carriers excited in PANI-Ru nanocomposite undergoes oxidative recombination process and thereby affects the
transfer of electrons to PCBM. The achieved V. and J,. of rGO/PANI-Ru used PSC device is 6 fold and 2 fold
higher than the device made without rGO (i.e., PANI-Ru alone) under identical experimental conditions. This
observation clearly resembled that the rGO in the hybrid nanocomposite not only provides an external electron
transfer pathway but also enhances the carrier separation and transportation process to improve the photovoltaic
property of hybrid PSC device. Table 2 illustrates the photovoltaic parameters of the PSC device fabricated with
PANI-Ru and rGO/PANI-Ru. It is clearly seen that the device made using rGO/PANI-Ru nanocomposite shows
~14.5-fold enhancement in power conversion efficiency (PCE) compared to that of the device fabricated with
PANI-Ru. This remarkable improvement in PCE is mainly attributed to the effective separation of charge carri-
ers and ultrafast transportation of electrons in the presence of rGO sheet. Besides, the observed low PCE of the
devices might be due to not so well band edge matching of the various layers in the device architecture, limited
optical absorption and formation of relatively thin active layer because of the less solubility of rGO/PANI-Ru
in ortho-dichlorobenzene solvent as reported earlier*?. Fig. 7d and e shows the AFM images of photoactive film
made of PANI-Ru:PCBM and rGO/PANI-Ru:PCBM nanocomposites. The bright spots observed in the AFM
images indicate the non-continuous formation of PANI-Ru with aggregated nanostructure*?.
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Figure 7. (a) Schematic diagram of PSC device fabricated using rtGO/PANI-Ru as an electron donor,

(b) Energy level diagram of rGO/PANI-Ru in PSC, (¢) current density-voltage (J-V) characteristics of PSC
device using PANI-Ru and rGO/PANI-Ru nanocomposites as an electron donor and (d and e) Tapping mode
AFM image of PANI-Ru:PCBM and rGO/PANI-Ru:PCBM films.

560 0.765 0.561 0.11 11.7 0.0558 473
PANI-Ru:PCBM

690 0.712 0.775 0.144 14.4 0.0565 274

560 0.711 0.87 0.147 13.9 0.0561 283
rGO/PANI-Ru:PCBM

690 0.836 0.319 0.0864 5.92 0.0442 125

Table 1. Decay kinetics of transient absorption for PANI-Ru:PCBM and rGO/PANI-Ru:PCBM at 560 and
690 nm probe wavelengths.

PANI-Ru 0.014 0.03 0.23 0.10 (0.09)
rGO/PANI-Ru 0.030 0.18 0.27 1.45 (1.39)

Table 2. Photovoltaic parameters such as J, V,, FF and 1) of the PSC device fabricated with PANI-Ru
and rGO/PANI-Ru as an electron donor. Average 1 was calculated based on the data of PSC devices (4 Nos)
fabricated under same experimental conditions.

Charge Transfer Mechanism. Based on the observation, a detailed electron transfer mechanism involved
in rGO/PANI-Ru nanocomposite is illustrated in Fig. 8. In general, Ru-based complexes with aromatic moieties
exhibit high light absorbing power®®. In the present scheme the Ru complex formed with N,N’-bidonor ligand
[2-(2-pyridyl)benzimidazole] behaved as a light harvesting antenna. It is worth to mention here is that rGO/
PANI-Ru composite exhibited strong light observing capability as robustly manifested from the UV-vis charac-
terization studies. The utmost m—electrons associated in the complex molecule made the system more attractive
as an electron source. In addition to that the free electrons present in the N-atom (lone pair of non-bonded
electrons) also enhance the electron cloud in the moiety. Once the external light source illuminated on to the
system, the electrons (e™) are excited to the higher energy states which left positive holes (h™) in the Ru complex
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molecule. These photo-excited electrons migrate to PANI through the Ru—N bond. The presence of Ru—N bond
was strongly evident from the XPS results described in Fig. 3. It is a well known fact that PANT is a very good con-
ducting polymer and hence the electrons flow through PANI easily>. These high energy electrons further move to
the rGO layer. Furthermore these electrons are collected at the Al cathode via PCBM and in turn augmented the
solar cell performance. Concurrently, the holes are transferred to ITO via by PEDOT:PSS, which further satisfy
the electron loss from the Ru complex. The whole process made the Ru-PANI/rGO nanocomposite material more
suitable for the solar cell application.

Ultrafast Spectroscopy Measurements. Ultrafast femtosecond transient absorption spectroscopy
(UFTS) was performed by using 330 nm pump and the white light probe (500-700 nm) as a function of time
delay between pump and probe pulses. The UFTS measurements were employed to explore the charge trans-
fer role of rGO in hybrid metallopolymer nanocomposites. The proposed charge transfer mechanism involved
in metallopolymer grafted rGO hybrid was already described in Fig. 8. The transient absorption (TA) spectra
of PANI-Ru:PCBM and rGO/PANI-Ru:PCBM film monitored at ultrafast time scale (few femtoseconds to few
nanoseconds) are displayed in Fig. 9. It is clearly observed that both PANI-Ru:PCBM and rGO/PANI-Ru:PCBM
photoactive films exhibit a broad excited state absorption (ESA) in the visible range (500 nm-700 nm). The TA
spectra of both the films show maximum ESA (at ~560 nm) within ~360 fs. However, Fig. 9b clearly depicts that
rGO/PANI-Ru:PCBM, excited state absorption decreased comparatively, showing the ability of rGO to capture
the excited state electrons from PANI-Ru at ultrafast time scales. This indicates the occurrence of electron trans-
fer dynamics with rGO acting as an electron acceptor while PANI-Ru as a donor. Another feature significantly
observed in Fig. 9b is shifting of ESA hump towards lower energy (~690 nm). This suggests that the shallow
traps nearby conduction band minima are being populated enough which leads to band-gap renormalization
(BGR-inhibition of bandgap) of rGO/PANI-Ru:PCBM.

Furthermore, transient decay kinetics was analyzed at two wavelengths (i.e. 560 nm and 690 nm) and the cor-
responding decay components are mentioned in Table 1. It is clearly observed that majority of carriers (~76%) of
PANI-Ru:PCBM probed at 560 nm decayed with ~561fs while that of rGO/PANI-Ru:PCBM decayed with ~87fs
(~71%). This decay lifetime has been increased to ~77fs (~71%) at 690 nm for PANI-Ru:PCBM and decreased to
~32fs (~82%) for ~GO/PANI-Ru:PCBM. Since the TA measurements observed at 690 nm indicates that band gap
of rGO/PANI-Ru:PCBM has been reduced, this should strengthen the electron transfer rate. To further confirm,
apparent rate constants of electron transfer (K) are calculated at three probe wavelengths using equation men-
tioned below:

Ko = (1/7,go/pani-—ru:pcem) — (1/Tpani—ru:pcEM)

The electron transfer rate constants are calculated to be —0.187 x 102s~! at 560 nm, ~0.532 x 1025~ ! at
624nm and ~0.86 x 10'2s™! at 690 nm. This proves that with the decrease in bandgap, electron transfer rate is
getting enhanced. The excited state carriers separation time (within few hundreds of femtoseconds) is quite faster
than their recombination time (~10-100 ps), suggesting the ultrafast injection of electrons from PANI-Ru to
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Figure 9. Transient absorption spectra of (a) PANI-Ru:PCBM and (b) rGO/PANI-Ru:PCBM films.

PCBM via rGO sheets. Hence, this depicts excellent electron acceptor and transporter behavior of rGO in the
metallopolymer nanocomposite.

Graphene-metallopolymer nanocomposite as a hole transporting layer. In addition to the
electron donor, the resultant PANI-Ru and rGO/PANI-Ru nanocomposite was also successfully employed as a
hole transporting layer in inverted type PSC with a device architecture of ITO/PFN/PTB7:PCBM/PANI-Ru or
rGO-PANI-Ru/Al Fig. 10 shows the J-V characteristics of inverted type PSC using PEDOT:PSS, PANI-Ru and
rGO/PANI-Ru as a hole transporting layer. The PEDOT:PSS used device exhibits the PCE of 5.1%. It is inter-
esting to note that the PANI-Ru and rGO/PANI-Ru nanocomposite as the hole transporting layer considerably
enhance the PCE up to 6.1 and 6.8%, respectively (Table 3). The improvement in the photovoltaic performance
of rGO/PANI-Ru nanocomposite compared to that of PEDOT:PSS and PANI-Ru is due to the superior carrier
separation and charge transport properties of rGO. It is well known that the PEDOT:PSS is the most widely used
hole transporting layer in PSC. However, PEDOT:PSS has several disadvantages such as strong acidic nature and
hygroscopic properties, which greatly renders the performance of the solar cells®. In case of inverted type PSC,
the polymer photoactive layer is easily degraded when high acidic PEDOT:PSS is spin coated over the photoactive
layer. Therefore, rGO based metallopolymer nanocomposite may be considered as an alternative for PEDOT:PSS
in inverted type PSCs.

Conclusions

A simple wet chemical approach was adopted to synthesize metallopolymer (PANI-Ru) grafted rGO nanocom-
posites. The interaction between PANI-Ru and rGO sheets not only enhanced the optical absorption but also
quenched the PL emission intensity. The ultrafast dissociation (ps) of excited state charge carriers in resultant
hybrids were confirmed through transient absorption measurements. The PANI-Ru and rGO/PANI-Ru hybrids
were used as the electron donor in bulk heterojunction polymer solar cells. The excellent electronic properties of
rGO in resultant nanocomposites significantly improved the open circuit potential (V,,) of the device. Therefore,
the rGO based light harvesting metallopolymer hybrids may find an application in opto-electronic based devices.

Methods
Materials. Graphite powder (synthetic, conducting grade, 325 mesh, 99.9995%) was purchased from Alfa
Aesar. RuCl;.3H,0, 2(2-Pyridyl) benzimidazole, aniline monomer and aluminium (Al) evaporation slug were
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Figure 10. J-V characteristic curve of PTB7:PCBM used inverted PSC devices.

Hole Transporting Layer Jio (mA/cm?) Ve (V) FF a:le(rg:;e
PEDOT:PSS 14.16 0.717 0.503 5.1(4.9)
PANI-Ru 13.72 0.741 0.600 6.1(5.8)
rGO/PANI-Ru 14.59 0.732 0.636 6.8 (6.6)

Table 3. Photovoltaic parameters such as J,, V,, FF and 7) of the inverted PSC devices fabricated with
different hole transporting layers.

procured from Sigma-Aldrich. Pre-patterned ITO substrates, PEDOT:PSS, P3HT, PTB7, PC4,BM and PC,,BM
were purchased from OSSILA, Ossila Limited, Kroto Innovation Centre, Broad Lane, Sheffield, S3 7HQ, UK. All
other solvents and reagents were received and used without further purification.

Preparation of graphene oxide (GO) and reduced graphene oxide (rGO). GO was synthesized from
graphite powder using modified Hummers method®!. rGO was prepared using chemical reduction method using
sodium borohydride as a reducing agent®*. Briefly, 100 mg of GO was dispersed in 200 mL of DI water (0.5 mg/mL)
and heated to 80-90°C for 30 min in an oil bath under magnetic stirring. Then, 50 mL of 150 mM of NaBH, was
slowly added into the solution. Therefore, the color of the solution was changed from yellow to black. This indi-
cated the successful reduction of GO to rGO. Finally, the rGO was filtered and washed several times with water,
HCl and then dried in a hot air oven.

Synthesis of polyaniline (PANI) and rGO/PANI. PANI was prepared as reported earlier®. In detail,
2.4mL of aniline monomer and 47 mL of conc. H,SO, were mixed together. Then, this mixture was dissolved in
200mL of DI water and from that 192 mL were taken for further reaction. To this mixture 392 mg of ~-Fe,O; was
added and refluxed at 100 °C in an oil bath for 3h under constant stirring. The obtained dark greenish PANI was
cooled down to room temperature and washed several times with DI water and ethanol. Similarly, the required
amount of rGO was added during the synthesis of PANI to obtain rGO/PANI composite.

Preparation of Ruthenium complex. The ruthenium complex was prepared as per the previous report®.
In detail, a mixture of 2-(2-pyridyl) benzoimidazole (0.09 g, 0.48 mmol) and RuCl;-3H,0 (0.10 g, 0.48 mmol) was
refluxed in 15mL of absolute ethanol for 4 h. Then the reaction mixture was cooled down to room temperature.
Finally, a brown precipitate was collected by filtration, washed with excess ethanol and dried to afford an analyt-
ically pure {2-(2-pyridyl) benzimidazole}RuCl; complex as a brown solid. The schematic representation for the
preparation of Ru complex is given in Fig. S6 (Supplementary Information).

Synthesis of PANI-Ru and rGO/PANI-Ru nanocomposites. RuCly- 3H,0 (12.5mg) and 2(2-Pyridyl)
benzimidazole (11 mg) were dissolved in 15 mL of ethanol and refluxed for 4 h. After 15 min of reflux started, the
required amount of PANI was added to obtain PANI-Ru. Similarly, the rGO/PANI was added under identical
experimental condition to obtain rGO/PANI-Ru hybrid nanocomposites.

Characterization studies. UV-visible absorption spectra were recorded using Specord 200-plus
(Analytikjena, Germany). The morphology for the prepared samples and the thickness of the photoactive
layer was analyzed by FEI Quanta FEG 200 HR-SEM. TEM images were obtained through A JEM-2100 JEOL
(Japan) with an accelerating voltage of 120kV. The chemical oxidation states of the elements were analyzed by
X-ray photoelectron spectra recorded through a Kratos Axis-Ultra DLD spectrometer with Mg-Ka radiation.
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Fourier Transform Infrared (FT-IR) spectra for the samples were monitored by Agilent, Cary 660, USA. The
grafting of polyaniline onto rGO sheets were confirmed by Raman spectra using Raman spectrophotometer
(Nanophoton Raman 11, Japan). AFM images of photoactive films were obtained from Atomic Force Microscope
(AFM) (Multimode V (NS-V) Veeco, US). The Photoluminescence emission spectra were recorded from Horiba
Fluorolog@3 instrument. Ultrafast spectroscopy measurements were performed using Helios ultrafast spectro-
scopic system, which comprising of an oscillator (Micra from coherent), amplifier (Legend from Coherent) and
OPA (from light conversion). The output (4 mJ, 1 kHz) of the amplifier with the pulse width of 35 fs centred at
800 nm is splitted into two parts. The OPA is fed with 1.8 m] energy while 0.5m] is fed to the spectrometer via a
delay stage of 0-8 ns. The splitted beam passed through the sapphire plate generated the broad band white light
inside the spectrometer, which is capable of generating the probe pulse of 350-850 nm. A 480 nm of the OPA
output was selected as pump beam with a fluence of 20 uJ/cm? The surface explorer software was used for the
analysis and fitting.

Photoelectrochemical studies. Photoelectrochemical measurements were performed using an electro-
chemical workstation (CHI608E) with three electrode configuration (Pt-wire as counter electrode, Ag/AgCl as
reference electrode and hybrid nanocomposites coated on FTO as a working electrode). The 0.1 M Na,SO, solu-
tion was used as an electrolyte and a Xe lamp (250 W, OSRAM, Germany) was used as a light source for irradi-
ation. The working electrode was prepared as reported earlier". In brief, 50 mg of PANI-Ru or rGO/PANI-Ru
nanocomposite was added with 150 pL of PEG (mol. wt 400) and 125 pL of ethanol to make slurry. Finally, the
prepared slurry was uniformly coated on a 2.5 x 2.5 cm? fluorine-doped tin oxide (FTO) glass substrate by doctor
blade technique using scotch tape as a spacer. The active area of the electrode was about 1 X 1 cm?. Prior to the
analysis, the electrode was dried in an oven for 45 min.

Electrochemical studies. To calculate the HOMO and LUMO energy levels of resultant nanocomposite,
cyclic voltammetry (CV) studies was performed as reported earlier” using a typical three electrode assembly
consists of Pt wire, Ag/AgCl and rGO/PANI-Ru modified glassy carbon as a counter, reference and working elec-
trode, respectively. A 0.1 M NaCl aqueous solution was used as an electrolyte. The catalyst slurry was prepared by
adding rGO/PANI-Ru nanocomposite in a DMF solution and ultrasonicated for 30 min. Then, the catalyst ink
was carefully dropped on the well polished glassy carbon surface and dried for overnight. Prior to the CV anal-
ysis, the electrolyte solution was purged with N, for 15 min. Finally, the CV measurement was carried out in the
potential range of —1 to 41V at the scan rate of 100mV/s.

Photovoltaic device fabrication and J-V measurements. Pre-patterned ITO coated glass substrates
(20 Q2/sq) were cleaned with soap solution and followed by ultrasonication in acetone, DI water and isopropyl
alcohol for 20 min each. Then, the cleaned substrates were dried in an oven and exposed with UV ozone for
20 min. For PANI based PSCs, a thin layer of PEDOT:PSS was spin coated on cleaned ITO substrate at 3000 rpm
for 1 min and annealed at 140 °C for 10 min. After that a photoactive blend of PANI-Ru or rGO/PANI-Ru:PCBM
(1:4) in DMF:o-dichlorobenzene (1:1) was spin coated over PEDOT:PSS layer at 1000 rpm for 1 min followed by
annealing at 150 °C for 15min in N, atmosphere. For PANT based hole transport layer, PEN was spin coated on
cleaned ITO substrate at 3000 rpm for 1 min and annealed at 200 °C for 10 min® and after that PTB7:PCBM in
chlorobenzene were spin coated at 1000 rpm for 1 min followed by annealing at 80 °C for 15 min in N, atmos-
phere. After that, PANI-Ru or rGO/PANI-Ru were spin coated on the top of active layer. Finally, a 100 nm Al
layer was deposited on active area using thermal evaporator under a vacuum of 10~¢ Torr. The active area of
the device was 6 mm?. The final device architecture consist of ITO/PEDOT:PSS (~30nm)/PANI-Ru or rGO/
PANI-Ru:PCBM (~3001nm)/Al (100 nm) and ITO/ZnO/PTB7:PCBM/PANI-Ru or rGO/PANI-Ru (~30nm)/Al
(100 nm). Current density-voltage (J-V) characteristics of the fabricated PSC device were measured inside of
glove box using AM 1.5 G solar simulator with 100 mW/cm? output (Oriel sol 3ATM solar simulator and Keithley
2420-C 3 A source meter).

References

1. Fang, Y.-Q. et al. Ruthenium (IT) complexes with improved photophysical properties based on planar 4’-(2-pyrimidinyl)—2, 2: ¢/,
2"-terpyridine ligands. Inorganic Chemistry 46, 2854-2863 (2007).

2. Kent, C. A. et al. Energy transfer dynamics in metal— organic frameworks. Journal of the American Chemical Society 132,
12767-12769 (2010).

3. Fleming, C. N., Maxwell, K. A., DeSimone, J. M., Meyer, T. J. & Papanikolas, J. M. Ultrafast excited-state energy migration dynamics
in an efficient light-harvesting antenna polymer based on Ru (II) and Os (II) polypyridyl complexes. Journal of the American
Chemical Society 123, 10336-10347 (2001).

4. Yi, H,, Crayston, J. A. & Irvine, J. T. Ruthenium complexes of 2-(2/-pyridyl) benzimidazole as photosensitizers for dye-sensitized
solar cells. Dalton Transactions, 685-691 (2003).

5. Cameron, C. G., Pittman, T. J. & Pickup, P. G. Electron transport in Ru and Os polybenzimidazole-based metallopolymers. The
Journal of Physical Chemistry B 105, 8838-8844 (2001).

6. Cameron, C. G. & Pickup, P. G. Electron transport in a conjugated metallopolymer containing binuclear osmium centers with strong
electronic communication. Journal of the American Chemical Society 121, 7710-7711 (1999).

7. Cameron, C. G. & Pickup, P. G. Metal-metal interactions in a novel hybrid metallopolymer. Journal of the American Chemical Society
121, 11773-11779 (1999).

8. Xiang, J., Ho, C.-L. & Wong, W.-Y. Metallopolymers for energy production, storage and conservation. Polymer Chemistry 6,
6905-6930 (2015).

9. Santos, L. F. & Gozzi, G. Electrical properties of polymer light-emitting devices. Conducting Polymers, Dr. Faris Yilmaz (Ed.),
InTech (2016).

10. Wang, D,, Ye, G., Wang, X. & Wang, X. Graphene functionalized with azo polymer brushes: surface-initiated polymerization and
photoresponsive properties. Advanced Materials 23,1122-1125 (2011).

SCIENTIFICREPORTS | 7:43133 | DOI: 10.1038/srep43133 12



www.nature.com/scientificreports/

20.
21.
22.
23.
24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
. Fang, Z. et al. Soluble reduced graphene oxide sheets grafted with polypyridylruthenium-derivatized polystyrene brushes as light

43.
44,

45.

46.
47.
48.
49.
50.
51.

52.

. Georgakilas, V. et al. Functionalization of graphene: covalent and non-covalent approaches, derivatives and applications. Chemical

Reviews 112, 6156-6214 (2012).

. Allen, M. J,, Tung, V. C. & Kaner, R. B. Honeycomb carbon: a review of graphene. Chemical Reviews 110, 132-145 (2009).
. Neppolian, B. et al. Sonochemical synthesis of graphene oxide supported Pt-Pd alloy nanocrystals as efficient electrocatalysts for

methanol oxidation. Journal of Solid State Electrochemistry 18, 3163-3171 (2014).

. Neppolian, B., Wang, C. & Ashokkumar, M. Sonochemically synthesized mono and bimetallic Au-Ag reduced graphene oxide based

nanocomposites with enhanced catalytic activity. Ultrasonics Sonochemistry 21, 1948-1953 (2014).

. Fasolino, A., Los, ]. & Katsnelson, M. I. Intrinsic ripples in graphene. Nature Materials 6, 858-861 (2007).
. Du, X,, Skachko, I., Barker, A. & Andrei, E. Y. Approaching ballistic transport in suspended graphene. Nature Nanotechnology 3,

491-495 (2008).

. Rao, C.N.R,, Sood, A. K, Subrahmanyam, K. S. & Govindaraj, A. Graphene: the new two-dimensional nanomaterial. Angewandte

Chemie International Edition 48, 7752-7777 (2009).

. Stoller, M. D., Park, S., Zhu, Y., An, J. & Ruoff, R. S. Graphene-based ultracapacitors. Nano letters 8, 3498-3502 (2008).
. Loh, K. P, Bao, Q,, Eda, G. & Chhowalla, M. Graphene oxide as a chemically tunable platform for optical applications. Nature

Chemistry 2, 1015-1024 (2010).

Gomez De Arco, L. et al. Continuous, highly flexible, and transparent graphene films by chemical vapor deposition for organic
photovoltaics. ACS Nano 4, 2865-2873 (2010).

Gupta, V. et al. Luminscent graphene quantum dots for organic photovoltaic devices. Journal of the American Chemical Society 133,
9960-9963 (2011).

Sreeprasad, T. et al. Transparent, luminescent, antibacterial and patternable film forming composites of graphene oxide/reduced
graphene oxide. ACS Applied Materials & Interfaces 3, 2643-2654 (2011).

Babu, S. G. et al. Influence of electron storing, transferring and shuttling assets of reduced graphene oxide at the interfacial copper
doped TiO, p-n heterojunction for increased hydrogen production. Nanoscale 7, 7849-7857 (2015).

Mahmood, N., Zhang, C., Yin, H. & Hou, Y. Graphene-based nanocomposites for energy storage and conversion in lithium batteries,
supercapacitors and fuel cells. Journal of Materials Chemistry A 2, 15-32 (2014).

Kamat, P. V. Graphene-based nanoassemblies for energy conversion. The Journal of Physical Chemistry Letters 2, 242-251 (2011).
Lightcap, I. V. & Kamat, P. V. Graphitic design: prospects of graphene-based nanocomposites for solar energy conversion, storage,
and sensing. Accounts of chemical Research 46, 2235-2243 (2012).

Liu, J., Durstock, M. & Dai, L. Graphene oxide derivatives as hole-and electron-extraction layers for high-performance polymer
solar cells. Energy ¢ Environmental Science 7, 1297-1306 (2014).

Georgakilas, V. et al. Noncovalent functionalization of graphene and graphene oxide for energy materials, biosensing, catalytic, and
biomedical applications. Chemical Reviews 116, 5464-5519 (2016).

Liu, J. et al. Hole and electron extraction layers based on graphene oxide derivatives for high-performance bulk heterojunction solar
cells. Advanced Materials 24, 2228-2233 (2012).

Yu, D, Park, K., Durstock, M. & Dai, L. Fullerene-grafted graphene for efficient bulk heterojunction polymer photovoltaic devices.
The Journal of Physical Chemistry Letters 2, 1113-1118 (2011).

Yu, D, Yang, Y., Durstock, M., Baek, J.-B. & Dai, L. Soluble P3HT-grafted graphene for efficient bilayer— heterojunction photovoltaic
devices. ACS Nano 4, 5633-5640 (2010).

Lee, C., Wei, X., Kysar, ]. W. & Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer graphene. Science
321, 385-388 (2008).

Wu, N. et al. Synthesis of network reduced graphene oxide in polystyrene matrix by a two-step reduction method for superior
conductivity of the composite. Journal of Materials Chemistry 22, 17254-17261 (2012).

Rana, U. & Malik, S. Graphene oxide/polyaniline nanostructures: transformation of 2D sheet to 1D nanotube and in situ reduction.
Chemical Communications 48, 10862-10864 (2012).

Zhang, H., Hines, D. & Akins, D. L. Synthesis of a nanocomposite composed of reduced graphene oxide and gold nanoparticles.
Dalton Transactions 43, 2670-2675 (2014).

Wang, L. et al. Hierarchical nanocomposites of polyaniline nanowire arrays on reduced graphene oxide sheets for supercapacitors.
Scientific Reports 3 (2013).

Liu, X. et al. Microwave-assisted synthesis of TiO,-reduced graphene oxide composites for the photocatalytic reduction of Cr (VI).
RSC Advances 1,1245-1249 (2011).

Lv, T. et al. Enhanced photocatalytic degradation of methylene blue by ZnO-reduced graphene oxide composite synthesized via
microwave-assisted reaction. Journal of Alloys and Compounds 509, 10086-10091 (2011).

He, B., Tang, Q., Wang, M., Chen, H. & Yuan, S. Robust polyaniline-graphene complex counter electrodes for efficient dye-sensitized
solar cells. ACS Applied Materials & Interfaces 6, 8230-8236 (2014).

Vinoth, R., Karthik, P., Muthamizhchelvan, C., Neppolian, B. & Ashokkumar, M. Carrier separation and charge transport
characteristics of reduced graphene oxide supported visible-light active photocatalysts. Physical Chemistry Chemical Physics 18,
5179-5191 (2016).

Yan, J. et al. Preparation of a graphene nanosheet/polyaniline composite with high specific capacitance. Carbon 48, 487-493 (2010).

harvesting antenna for photovoltaic applications. ACS Nano 7, 7992-8002 (2013).

Steenackers, M. et al. Polymer brushes on graphene. Journal of the American Chemical Society 133, 10490-10498 (2011).
Gopiraman, M. et al. Dry synthesis of easily tunable nano ruthenium supported on graphene: novel nanocatalysts for aerial
oxidation of alcohols and transfer hydrogenation of ketones. The Journal of Physical Chemistry C 117, 23582-23596 (2013).

Babu, S. G., Vinoth, R., Neppolian, B., Dionysiou, D. D. & Ashokkumar, M. Diffused sunlight driven highly synergistic pathway for
complete mineralization of organic contaminants using reduced graphene oxide supported photocatalyst. Journal of Hazardous
Materials 291, 83-92 (2015).

Gopiraman, M. et al. Catalytic N-oxidation of tertiary amines on RuO, NPs anchored graphene nanoplatelets. Catalysis Science ¢
Technology 4, 2099-2106 (2014).

Li, Y., Li, N, Yanagisawa, K., Li, X. & Yan, X. Hydrothermal synthesis of highly crystalline RuS, nanoparticles as cathodic catalysts
in the methanol fuel cell and hydrochloric acid electrolysis. Materials Research Bulletin 65, 110-115 (2015).

Chen, J. et al. Direct Selective Hydrogenation of Phenol and Derivatives over Polyaniline-Functionalized Carbon-Nanotube-
Supported Palladium. ChemPlusChem 78, 142-148 (2013).

An, J. et al. Polyaniline-grafted graphene hybrid with amide groups and its use in supercapacitors. The Journal of Physical Chemistry
C 116, 19699-19708 (2012).

Hien, N. T. B. et al. Ru-NC hybrid nanocomposite for ammonia dehydrogenation: influence of N-doping on catalytic activity.
Materials 8, 3442-3455 (2015).

Gopiraman, M., Babu, S. G., Karvembu, R. & Kim, I. Nanostructured RuO, on MWCNTs: Efficient catalyst for transfer
hydrogenation of carbonyl compounds and aerial oxidation of alcohols. Applied Catalysis A: General 484, 84-96 (2014).

Kumar, N. A. et al. Polyaniline-grafted reduced graphene oxide for efficient electrochemical supercapacitors. ACS Nano 6,
1715-1723 (2012).

SCIENTIFIC REPORTS | 7:43133 | DOI: 10.1038/srep43133 13



www.nature.com/scientificreports/

53. Wasielewski, R., Mazur, P., Grodzicki, M. & Ciszewski, A. TiO thin films on GaN (0001). Physica Status Solidi (b) 252, 1001-1005
(2015).

54. Yang, X. et al. A linear molecule functionalized multi-walled carbon nanotubes with well dispersed PtRu nanoparticles for ethanol
electro-oxidation. Applied Catalysis B: Environmental 121, 57-64 (2012).

55. Khan, M. D. A., Akhtar, A. & Nabi, S. A. Investigation of the electrical conductivity and optical property of polyaniline-based
nanocomposite and its application as an ethanol vapor sensor. New Journal of Chemistry 39, 3728-3735 (2015).

56. Jella, T. et al. Benzimidazole-functionalized ancillary ligands for heteroleptic Ru (II) complexes: synthesis, characterization and dye-
sensitized solar cell applications. Dalton Transactions 44, 14697-14706 (2015).

57. Nguyen, K. T. et al. Photoinduced charge transfer within polyaniline-encapsulated quantum dots decorated on graphene. ACS
Applied Materials & Interfaces 5, 8105-8110 (2013).

58. Chen, C. Y., Wu, S. J., Wu, C. G, Chen, J. G. & Ho, K. C. A Ruthenium complex with superhigh light-harvesting capacity for dye-
sensitized solar cells. Angewandte Chemie 118, 5954-5957 (2006).

59. Balint, R., Cassidy, N. J. & Cartmell, S. H. Conductive polymers: towards a smart biomaterial for tissue engineering. Acta
Biomaterialia 10, 2341-2353 (2014).

60. Noh, Y.-J,, Na, S.-I. & Kim, S.-S. Inverted polymer solar cells including ZnO electron transport layer fabricated by facile spray
pyrolysis. Solar Energy Materials and Solar Cells 117, 139-144 (2013).

61. Hummers, W. S. & Offeman, R. E. Preparation of graphitic oxide. Journal of the American Chemical Society 80, 1339-1339 (1958).

62. Shin, H. J. et al. Efficient reduction of graphite oxide by sodium borohydride and its effect on electrical conductance. Advanced
Functional Materials 19, 1987-1992 (2009).

63. Fei, J. et al. Formation of PANI tower-shaped hierarchical nanostructures by a limited hydrothermal reaction. Journal of Materials
Chemistry 19, 3263-3267 (2009).

64. Ogweno, A. O., Ojwach, S. O. & Akerman, M. P. (Pyridyl) benzoazole ruthenium (II) and ruthenium (III) complexes: role of
heteroatom and ancillary phosphine ligand in the transfer hydrogenation of ketones. Dalton Transactions 43, 1228-1237 (2014).

65. Kyaw, A. K., Wang, D. H., Gupta, V., Zhang, J., Chand, S., Bazan, G. C. & Heeger, A. J. Efficient Solution-Processed Small-Molecule
Solar Cells with Inverted Structure, Adv. Mater. 25, 2397-2402 (2013).

Acknowledgements

This work was supported by Department of Science and Technology-Solar Energy Research Initiative (DST-
SERI) [File No: DST/SERI/FR/2016/S 170], Science and Engineering Research Board-Department of Science and
Technology (SERB-DST) [File No: EMR/2014/000645] and Ministry of New and Renewable Energy (MNRE)
[File No: 103/239/2015-NT], New Delhi, India. We acknowledge University Grants Commission - Networking
Resource Centre for Materials (UGC-NRCM) scheme to carry out polymer solar cell device fabrication and
characterization at department of materials engineering, Indian Institute of Science (IISc), Bangalore. We also
acknowledge Prof. Ick Soo Kim (Division of Frontier Fibers, Institute for Fiber Engineering (IFES), National
Shinshu University, Ueda, Japan) for providing TEM and XPS analysis.

Author Contributions

B.N. conceived the project and designed the research problem. R.V. and S.G.B. synthesized and characterized
the nanomaterials. V.B., S.V.B., C.M., P.C.R., V.G. and D.K.A. helped in polymer solar cell device fabrication,
I-V measurements and interpretation of device performance results. C.S. performed the ultrafast spectroscopic
measurements. R.V,, S.G.B., B.N. and V.G. prepared the figures and wrote the manuscript. M.N. and Y.H. helped
in writing the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep.

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Vinoth, R. et al. Ruthenium based metallopolymer grafted reduced graphene oxide as a
new hybrid solar light harvester in polymer solar cells. Sci. Rep. 7, 43133; doi: 10.1038/srep43133 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o oy other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:43133 | DOI: 10.1038/srep43133 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	coversheet_template
	VINOTH 2017 Ruthenium based metallopolymer
	Ruthenium based metallopolymer grafted reduced graphene oxide as a new hybrid solar light harvester in polymer solar cells
	Introduction
	Results and Discussion
	Polymer solar cell (PSC) device performance (ITO/PEDOT:PSS/PANI-Ru or rGO/PANI-Ru:PCBM/Al)
	Charge Transfer Mechanism
	Ultrafast Spectroscopy Measurements
	Graphene-metallopolymer nanocomposite as a hole transporting layer

	Conclusions
	Methods
	Materials
	Preparation of graphene oxide (GO) and reduced graphene oxide (rGO)
	Synthesis of polyaniline (PANI) and rGO/PANI
	Preparation of Ruthenium complex
	Synthesis of PANI-Ru and rGO/PANI-Ru nanocomposites
	Characterization studies
	Photoelectrochemical studies
	Electrochemical studies
	Photovoltaic device fabrication and J-V measurements

	Additional Information
	Acknowledgements
	References





