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ABSTRACT

In this study, it was aimed to fabricate new effective alternative counter elec-

trodes (CEs) in dye-sensitized solar cells (DSSCs). For this purpose, firstly,

single-layer graphene (SLG) thin films were grown by chemical vapor deposi-

tion (CVD) method. Then, these films were separately functionalized with 1,8-

cineole (ppCin/SLG), D-Limonene (ppLim/SLG) and Thiophene (ppTh/SLG)

by plasma polymerization. Number of layers in CVD-grown graphene deter-

mined by Raman, transmission electron microscope (TEM) and ultraviolet–

visible (UV–Vis) spectroscopy. Chemical structures of plasma polymerised (pp)

thin films were investigated by Fourier transform infrared (FTIR) spectroscopy.

Photovoltaic parameters of DSSCs were calculated, and electrocatalytic prop-

erties of CEs were investigated by electrochemical impedance spectroscopy

(EIS). Polymer functionalization greatly enhanced the electrical conductivity

and electrocatalytic activity properties of graphene compared to that of SLG.

The efficiencies of DSSCs with ppCin/SLG and ppLim/SLG CEs were 1.10%

and 1.02%, respectively. As a result, the cell efficiencies of ppCin/SLG and

ppLim/SLG could be as alternative materials to platinum (Pt) counter electrode.
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Introduction

Since first fabricated in 1991 [1], dye-sensitized solar

cells (DSSCs) have attracted the attention of many

researchers for their advantages such as easy fabri-

cation, low production cost, environmentally friendly

and relatively high cell efficiency [2]. In general,

DSSCs consist of a dye-sensitized semiconductor

photoanode, an iodide/triiodide electrolyte solution

and a counter electrode (CE). Platinum (Pt) electrodes

with high electrocatalytic activity and electrical con-

ductivity are generally used as CE in DSSCs [3]. Due

to its high cost, depletion resources in nature and

poor corrosive behavior to the redox solution con-

taining I-/I3- [4], counter electrode material that

may be an alternative to platinum counter electrode

(PtCE) have been intensively explored by researchers

recently.

Many metal oxide [5], sulfur [6], selenint [7], car-

bon nanoparticles [8], carbon nanotubes [9] and gra-

phene nanostructures [3, 10] are the most remarkable

of these studies. However, the energy efficiency of

the PtCE has not yet been achieved using these

counter electrodes. In particular, it is of great

importance to improve their electrical conductivity

and electrocatalytic activity in order to increase the

energy efficiency of carbon-based counter electrodes

[11]. Graphene, which is carbon-based structure, is

particularly noteworthy due to the potential of its

electrocatalytic activity and electrical conductivity.

The catalytic activity of graphene is known to be

enhanced by some oxygen-containing functional

groups such as hydroxyls, epoxides, carboxyls and

carbonyls [2]. In the literature, it has been reported

that polyaniline (PANI), poly3, 4-ethylenedioxythio-

phene (PEDOT) and similar polymer/graphene

nanocomposite structures are used as counter elec-

trodes [2–4, 12–16]. Wang et al. [17] synthesized

polyaniline–graphene/graphene oxide (PANI-G/

GO) multipanel CEs to increase the compatibility of

the I-/I3
- redox species with the counter electrode

and investigated the effect of PANI and graphene

binding by covalent bonds on the cell efficiency. They

reported that superior electrocatalytic activity and

electrical conductivity, which they believed to be

caused by the multilayered structure, significantly

improved the cell efficiency of DSSCs. The efficiency

obtained by using PANI/graphene multilayer CEs in

DSSC was determined as 7.88%. Shadid et al. [18]

produced polymer functionalized nanocomposites

for use as a counter electrode in DSSC cells. They

performed the functionalization by synthesizing

PANI on several layers of graphene. Power conver-

sion efficiency (PCE) of Gr/PANI nanocomposite

and PtCE was determined as 3.58% and 3.97%,

respectively. Lee et al. [19] developed PEDOT/-

graphene counter electrode material without using Pt

and transparent conducting oxide (TCO) and inves-

tigated their photovoltaic performance in DSSC

applications. The high conductivity of PEDOT films

and the superior electron transport property of gra-

phene were considered an important factor in the

nanocomposite design process, and this was believed

to be an alternative to the Pt electrode. Platinum-free

counter electrode material provided an energy con-

version efficiency of 6.26%, while the cell efficiency

obtained using conventional Pt was determined as

6.68%. In this study, we aimed to develop alternative

counter electrode material that is well compatible

with the hexagonal structure of graphene using some

essential oil components obtained from organic

compounds. Due to the hexagonal structure of the

monomer, the production of electrodes with a large

surface area will be realized and it is also aimed to

increase the electrocatalytic activity due to some

functional groups of the polymer obtained from these

essential oils. By functionalizing graphene using

various polymers, functional groups such as carboxyl

and hydroxyl will be produced and these groups will

facilitate further interaction of the triiodide ions with

the electrode by causing defects between the Gra-

phene/Polymer counter electrode and triiodide used

as a catalyst in DSSC. With increasing interaction,

electron transport will be increased and cell efficiency

of Graphene/Polymer nanocomposite electrodes will

be improved.

Improving the battery efficiency of DSSC cells is

possible with a counter electrode with good electro-

catalic activity and good electron transfer, as well as a

photoanode that will facilitate the transport of the

excited electron. Recently, it is widely used in ZnO

and TiO2 as photoanode materials due to these

superior properties. TiO2 has been investigated by

many researchers as a photoanode material in DSSCs

due to its superior optical and electronic properties,

such as its large surface area and dye loading

potential. In particular, one-dimensional titanium

nanotubes (TNTs) are more potential due to their

long electron paths and fast electron transport.
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The most important aim of this study is to produce

a new material alternative to Pt which is used as

traditional electrode material in DSSC cells. There are

many studies in the literature on the production of

alternative electrode materials based on polymer and

graphene and even their derivatives. However, in

this study, it is aimed to produce a new candidate

material by using both the superior electrical prop-

erties of graphene and the composition of the poly-

mer’s superior compatibility with the electrolyte. As

a result, the use of Graphene/Polymer nanocom-

posite cell, which has both superior electrocatalytic

activity and large surface area, in DSSC cells and its

effect on cell performance will be investigated.

Experimental procedures

Growth of the TiO2 nanotube arrays

TiO2 nanotube arrays were grown by anodic oxida-

tion of titanium foils (0.25 mm thick, 99.7% purity,

Sigma-Aldrich) in an electrolyte containing ethylene

glycol, 0.4%wt NH4F and 5%wt deionized (DI) water.

Anodization voltage of 40 V was applied for 2 h.

Later, in order to convert from amorphous to anatase

phase, as-grown TiO2 nanotube arrays were annealed

at 450 �C for 1 h in air ambient [20].

Growth of graphene thin films

SLG thin films were grown on Cu foils (Alfa-Aesar;

25 lm thick, purity 99.8%) by CVD method as indi-

cated in our previous studies [21]. The schematic

diagram of the CVD system is given in Fig. 1. CVD

system consists of main parts such as monomer inlet

unit, Radio Frequency (RF) matching unit, vacuum

chamber, vacuum pump and pressure gage. The

monomer inlet provides the purpose of leaking the

monomer material to the area where coating can be

made, namely the vacuum chamber with the help of

the sensitive valve. The RF unit is used to break up

the monomer leaked into the vacuum chamber by

applying energy with a frequency of 13.56 MHz

between two electrodes. The vacuum pump is widely

used to reduce the pressure of the vacuum medium

to the desired value, and the pressure of the envi-

ronment is determined with the help of the vacuum

gage. Pieces of Cu foils (2.5 cmx2.5 cm) were pre-

cleaned in acetone, isopropanol (IPA) and DI water

for 5 min each and then dried with nitrogen gas [22].

After precleaning of Cu foils, they were placed on the

sample holder of the CVD system (Nanovak Co.

Turkey), and the base pressure was reduced to 5m

Torr by means of the vacuum pump. Then, the Cu

foils were heated to * 1000 �C with a heating rate

of * 25 �C/min and annealed for 30 min in hydro-

gen (H2) ambient with a flow rate of 20 sccm. To

synthesize graphene films, the CVD reactor was

supplied with 10 sccm of CH4 and 10 sccm of H2 for

30 min. The graphene growth process was performed

at a total pressure of 1 Torr.

Finally, graphene films were cooled down to room

temperature with a cooling rate of 12.5 �C /min and

in H2 ambient with a flow rate of 20 sccm.

Transfer of graphene thin films

As-grown graphene film on Cu foil was trans-

ferred onto fluorine-doped tin oxide (FTO; Rs\ 10

ohms/sq) substrates using polymethyl methacrylate

(PMMA) method [21, 23]. Firstly, PMMA thin film

was spin-coated on graphene film, and then Cu

substrate was etched away by an aqueous solution of

Figure 1 Schematic diagram

of RF-PECVD system [24].
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iron trichloride for 2 h. After that, the PMMA/-

graphene stack was rinsed with DI water three times

for 10 min each and transferred onto the FTO sub-

strate. After the drying PMMA/graphene/FTO on a

hot plate, PMMA film was removed by dissolving

with acetone. Finally, graphene onto FTO was dried

with nitrogen gas.

Functionalization of CVD-grown graphene

Graphene thin films were functionalized by the

plasma enhanced chemical vapor deposition

(PECVD) technique using 1,8-cineol, D-Limonene

and Thiophene monomers. Firstly, graphene sam-

ples, transferred to FTO, were placed on the sample

holder, and the base pressure of the system was

reduced to 5m Torr thanks to the vacuum pump.

Secondly, the monomer (1,8-cineol, D-Limonene and

Thiophene) was sent to the vacuum chamber, and

plasma ambient was obtained by applying RF power

[25–28]. Each experiment was carried out at deposi-

tion time of 5 min, at RF power of 20 W and total

pressure of about 500m Torr. Finally, RF power cut

off, vacuum pump switched off and the system

switched on to atmosphere ambient. Thus, gra-

phene/polymer nanocomposites as counter elec-

trodes for DSSCs were obtained.

Assembling of DSSCs

TiO2 nanotube (TNT) arrays were coated with

ruthenium (Ru)-based commercial N719 dye (Sigma-

Aldrich) for 24 h to fabricate photoanodes. Then, a

60 lm thick Surlyn sealant (Solaronix, active cell area

0.196 cm2) was placed between dye coated TiO2 thin

film and graphene/polymer counter electrode [20].

Characterization of DSSC

TNTs were characterized by XRD and SEM analysis.

The presence of the anatase phase by XRD and the

length and diameter of the nanotubes were investi-

gated by SEM analysis. Graphene nanosheets were

examined by Raman, TEM and UV–Vis analyzes. The

number of layers was investigated by Raman, UV–

Vis and TEM, and the effects of the transfer process

were also determined by TEM analysis. Chemical

structures of polymer thin films were revealed by

FTIR analysis. The cell efficiency of the graphene-

based alternative counter electrodes produced was

determined by a solar simulator.

Results and discussions

Structural and morphological properties
of TNT arrays

SEM images of TiO2 nanotubes at different magnifi-

cations are given in Fig. 2. From SEM images, it is

clear that the average nanotubes diameter of the TNT

arrays is about 90.3 nm. The inner and outer diameter

of nanotube was found as 89.8 nm and 130.2 nm,

respectively (shown by red lines in Fig. 2a). The

average wall thickness of TNTs was 40 nm. In addi-

tion, the average length of the nanotubes was

approaximately 2.5 lm (Fig. 2d). One-dimensional

(1D) TiO2 nanostructures can offer faster electron

transport and higher electron mobility than TiO2 -

nanoparticle films. This is because the morphological

structure can significantly reduce electron scattering

from the grain boundaries. In this way, the pho-

toexcited electron mobilizes through the semicon-

ductor film with lower transport time, and the

recombination and electron lifetime is reduced. As a

result, in the literature, uniform TNT arrays growth

was carried out by the anodization of titanium in

fluorine-based solutions, and the nanotubes had

diameters of 20 to 110 nm, lengths of 0.2 to 4 lm and

wall thickness of 7–40 nm [29, 30]. In this study, the

diameters, lengths and wall thickness of nanotubes

grown by anodization method are in good agreement

with the literature [20].

Structural, optical and morphological
properties of CVD-grown graphene

Raman spectroscopy was used to examine the struc-

tural properties of CVD graphene and was presented

in Fig. 3a. Positions of G and 2D characteristic peaks

of graphene film were determined as approximately

1582 and 2689 cm-1, respectively. The I(2D)/I(G)

intensity ratio, which is one of the Raman parameters

to help determine the number of layers of the film,

was calculated as approximately 2.3. The other

parameter is the full width at half maximum of the

2D peak (FWHM)2D and is approximately 36.5 cm-1

for the film used in this study. The positions of the G

and 2D peaks, I(2D)/ I(G) intensity ratio and (FWHM)
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2D value clearly show that the film is a single-layer

graphene [23, 31, 32]. To determine the optical

properties, UV–Vis spectroscopy was performed to

the graphene transferred on the glass. As can be seen

in Fig. 3b, the optical transmittance of graphene is

*97.5% at 550 nm, which is in good agreement with

that of the monolayer graphene in previous studies

[33–35]. Moreover, the morphological features and

the number of layers of the graphene transferred onto

the copper TEM grid were revealed by TEM and the

TEM images, and the selected area electron diffrac-

tion SAED pattern is shown in Fig. 3c and d (inset).

The SAED pattern (Fig. 3d) clearly reveals the

hexagonal crystalline structure of CVD-grown gra-

phene film. TEM images confirm that the graphene

film is a single-layer (blue lines and arrows) and

shows that it contain folded edges (red lines and

arrows), wrinkles (yellow arrows) and few layer

graphene domains (purple arrows). TEM images of

Fig. 3c and d, presented at 500 nm and 200 nm,

respectively, were taken to reveal the presence of

both the monolayer graphene structure and the

defects occurring in the transfer process. In Fig. 3 c

and d, the graphene monolayer line is clearly visible

(arrows marked in blue). In addition, the part where

the single-layer folded is shown with red arrows.

However, wrinkles in the morphological structure

were also tried to be shown with yellow arrows. The

2D peak was taken on a smaller scale to demonstrate

the presence of possible organic residues occurring in

the graphene transfer process. The presence of poly-

meric and organic residues such as PMMA was

detected in the regions indicated by green arrows

[36]. However, with the purple arrows, it was deter-

mined that the black dots were graphene particles

with one or more layers [37].

Figure 2 SEM images of TNTs at different magnifications.
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Chemical structure analysis of polymers

To investigate the chemical composition and deter-

mine the functional groups, FTIR spectra of the liquid

monomers and plasma polymerized thin films were

recorded and are given in Figs. 4, 5 and 6 in FTIR

spectrum of D-Limonene monomer (Fig. 4), the

absorption bands at about 3085 and 3012 cm-1 can be

attributed to the stretching of unsaturated C–H

bonds. Four strong bands located at 2965, 2921, 2855

and 2836 cm-1 can be assigned to the asymmetric

stretching and symmetric stretching of C–H bonds of

D-Limonene monomer [38, 39][. The peak with

medium intensity centered at 1731 cm-1 represents

the C=O vibrations [39]. Four of the main character-

istic bands of Limonene which is main component of

grapefruit, orange and bitter orange oils observed at

1644, 1453, 1436 and 886 cm-1 are attributed

to stretching of unsaturated C=C bonds, asymmetric

bending of C–H, symmetric bending of C–H, out-of-

plane bending of C–H, respectively [40]. Addition-

ally, the medium intensity peaks founded at 1376 and

797 cm-1 correspond to symmetric bending of C–H

and out-of-plane bending, respectively [41].

Figure 3 a Raman spectrum, b UV–Vis spectrum, c TEM images of CVD graphene d TEM image and SAED pattern (inset) of CVD-

grown graphene.
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Compared to the monomer in terms of vibrational

properties, it is clear that in the spectrum of the

plasma polymerized film, the intensity of some bands

was reduced and some bands disappeared after the

plasma polymerization process. However, several

new peaks have emerged which are attributed to the

stretching of the hydroxyl group (3450 cm-1), C=O

bonds (1710 cm-1) and C–O bonds (between 1150

and 1000 cm-1) [42]. These bands, which indicate the

presence of hydroxyl and carboxyl groups, may be

due to the bonding of free radicals with oxygen in the

air in films obtained from essential oils [41, 43] and

the presence of these groups is thought to enhance

the photocatalytic performance of the counter elec-

trode [31]. In FTIR spectrum of plasma polimerized

thin film (ppLim), strong bands observed at 2957 and

2927 cm-1 are attributed to the asymmetric stretching

of C–H bonds in methyl group. The symmetric

stretching of C–H was observed at 2871 cm-1 [39, 41],

to weaker than its asymmetric stretching. There are

also different intense bands corresponding to asym-

metric (1450 cm-1) and symmetric stretching of C–H

bonds (1376 cm-1), out-of-plane bending of unsatu-

rated C–H bonds (888 cm-1) and stretching of

unsaturated C=C bonds (1644 cm-1) in FTIR spec-

trum of ppLim [30, 39, 40].

In the spectrum of the 1,8-cineol monomer (Fig. 5),

there are many characteristic bands which indicate

asymmetric (2966 and 2926 cm-1) and symmetric

stretching of the C–H groups (2883 and 2854 cm-1)

[44] as well as the bending of the C–H groups (1465,

1446, 1375, 1080 and 1053 cm-1) [44]. The bands

corresponding to the stretching of the C–C bonds are

observed at 1360, 1306, 1271 and 1215 cm-1. The

band at 1167 cm-1 corresponds to stretching of the

C–O groups [44]. In addition, strong or weak bands

located at 1016, 984, 920, 843, 812, 763 and 574 cm-1

are assigned to deformation vibrations of C–H

[25, 44, 45]. After plasma treatment, although some

functional groups in the monomer maintain in

plasma polymerized film, it is obvious that the

intensity of some bands, especially in the fingerprint

region, has decreased. In spectrum of ppCin, the

bands at 2924 and 2854 cm-1 represent the C-H

stretch vibrations (asymmetric and symmetric,
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respectively) [44]. The peaks at 1465 and 1378 cm-1

are attributed to in-plane C-H bending of ring

structure while the peaks at 1240, 1162 and 988 cm-1

to C–C stretch vibration, C–O bending and C–H

deformation, respectively [45, 46]. For all that, the

broad and weak peak at 3450 cm-1 indicates the

presence of hydroxyl group and also strong peak at

1745 cm-1 represents carbonyl groups of ester [45].

Disappearance or reduce intensity of characteristic

peaks (C–C and C–H bending) may be proof that the

polymer film is highly crosslinked [46].

The IR absorption spectra of thiophene and poly-

thiophene (ppTh), (Fig. 6) shows the following most

important peaks: O–H stretching (3250 cm-1, not

present in the monomer) [32], C–H stretching of

thiophene ring (3100 cm-1), aliphatic C-H asymmet-

ric stretching of methyl and methylene (2964 and

2923 cm-1, respectively), aliphatic C-H symmetric

stretching of methylene (2853 cm-1) [47], aromatic

C=C asymmetric and symmetric stretching (1675 and

1432 cm-1, respectively) [47, 48], out-of-plane bend-

ing of C-H (845 cm-1) [48] and C-H bending of

thiophene ring (701 cm-1) [47, 48]. The presence of

the bands belonging to the thiophene ring in the

polymer during the plasma polymerization process

points out that the chemical structure is still

preserved.

Photovoltaic performances of functionalized
of CVD-grown graphene as counter
electrodes in dye-sensitized solar cells

The photocurrent density (J) versus photovoltage

(V) curves of DSSCs using TNT arrays photoanodes

and functionalized of SLG with different polymers

CEs are represented in Figs. 7 and 8. Also, their

photovoltaic parameters such as short-circuit current

density (JSC), short-circuit current (ISC), open-circuit

voltage (VOC), fill factor (FF) and efficiency of DSSCs

(g) are given in Table 1. The SLG counter electrode

showed JSC of 0.16 mAcm-2, ISC of 0.03 mA, VOC of

0.522 V, FF (%) of 58.7 and g of 0.02%, which are

entirely low and inevitable (Fig. 7). This is due to the

fact that although the SLG has high charge mobility

in plane, its basal plane naturally reduces charge

mobility at the graphene/electrolyte interface. Fur-

thermore, its perfect crystal structure has a relatively

few number of electrocatalytic active sites containing

defects necessary for the reduction of the iodide/tri-

ode solution [49, 50]. When SLG was functionalized

with D-Limonene and used as a counter electrode in

a DSSC, ppLim/SLG CE exhibited JSC value of

7.18 mAcm-2, ISC value of 1.41 mA, VOC value of

0.610 V, FF (%) value of 46.0 and g value of 1.02%

(Fig. 8). The Jsc, Isc, VOC, FF (%) and g values of

ppCin/SLG were calculated as 5.16 mAcm-2,

0.99 mA, 0.695 V, 58.9 and 1.10%, respectively. When

SLG is functionalized with an aromatic polymer or

organic molecule according to the surface non-cova-

lent approach, interaction between basal plane of

SLG and their p systems is achieved through van der

Waals forces or p–p interaction. SLG and these

polymers (D-Limonene or 1,8-cineol) have an
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aromatic and planar six-membered ring geometry,

which required for a strong p–p interaction between

the two components [51]. Thus, the charge mobility

between the CE/electrolyte and SLG/polymer inter-

faces and also the electrocatalytic activity of the CE is

enhanced. As a result photovoltaic parameters (JSC,

VOC, g etc.) are reasonably increased that of SLG. This

situation is also supported by charge transfer resis-

tances according to EIS results. In the previous study

performed by Çırak et al. [20], DSSC consisting of

TNT nanotubes photoanode obtained with the same

anodization parameters and PtCE showed JSC of 4.60

mAcm-2, VOC of 0.44 V, FF (%) of 53.0 and g of 1.1%.

The JSC and VOC values of both ppCin/SLG and

ppLim/SLG CEs were higher, while the g values

were approximately equal to those of PtCE. But,

charge transfer resistances of fuctionalization SLG are

still high, and also FF is low according to PtCE.

Further, ppTh/SLG counter electrode exhibited a

worse photovoltaic performance than ppCin/SLG

and ppLim/SLG. This may be due to the five-mem-

bered ring structure of Thiophene.

Electrochemical impedance spectroscopy (EIS) was

performed to investigate the electrochemical proper-

ties of DSSCs using non-covalent functionalized

graphene as counter electrodes. The Nyquist plots

and the equivalent circuit of the DSSCs are demon-

strated in Fig. 9. The parameters obtained by fitting

the EIS data from the equivalent circuit, wherein Rs,

RCT1, RCT2, CPE, and Zn indicate the series resistance,

the charge transfer resistance at the photoanode

interface, the charge transfer resistance at the counter

electrode/electrolyte interface, the capacitive con-

stant phase at the interface and the Warburg diffu-

sion impedance, respectively [20]. Rs is a measure of

the conductivity of the counter electrode and repre-

sents the contact resistance between the carbonaceous

structure and the FTO substrate. Rs is the resistance

value between the point where the semicircle inter-

sects on the actual axis and the origin in the high

frequency region ([ 1000 Hz) [52]. Typically, the

Nyquist plots are composed of three semicircles, the

first (RCT1) and second (RCT2) ones are represented

the charge transfer and charge recombination resis-

tance at the TiO2/dye/electrolyte and CE/electrolyte

interfaces, while the third one is related to Warburg

diffusion process of iodide/triodide electrolyte solu-

tion [53]. However, when a graphene-based counter

electrode is used in DSSCs, the electron transfer fre-

quency at the CE/electrolyte interface (medium fre-

quency region) is very close to that of the TiO2/

dye/electrolyte interface (low frequency region).

Hence, the first and second semicircles overlap and

disappear partially or completely in Nyquist plots

[54]. This is also seen in this study (Fig. 9 inset) and

the charge transfer resistance at the functionalized

SLG/electrolyte interface is indicated as RCT.

The Rs value of SLG is 51.23 Xcm2. When SLG was

functionalized, the Rs values of ppTh/SLG, ppLim/

SLG and ppCin/SLG were 3.49 Xcm2, 3.10 X cm2 and

10.52 Xcm2, respectively, and were significantly

reduced compared to that of SLG. These Rs results

show that non-covalent functionalization of SLG with

d-limonene, 1,8-cineol and thiophene increased

Figure 9 Nyquist plots of EIS spectra of DSSCs based on

graphene-graphene/polymers counter electrodes.

Table 1 Photovoltaic

performance parameters of

DSSCs based on counter

electrodes

Counter electrode VOC (V) Isc (mA) Jsc (mA/cm2) FF (%) g (%)

SLG/ppCin 0.695 0.99 5.16 58.9 1.10

SLG/ppLim 0.610 1.41 7.18 46.0 1.02

SLG/ppTh 0.509 0.09 0.46 40.8 0.05

Gr (SLG) 0.522 0.03 0.16 58.7 0.02

Pt (Çırak et al. [20]) 0.440 – 4.60 53.0 1.10
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conductivity compared with SLG. Although the RCT

value of SLG was 1519 Xcm2, the RCT value of pTh/

SLG, ppLim/SLG and ppCin/SLG decreased to

870.5 Xcm2, 283.9 Xcm2 and 134.1 Xcm2, respec-

tively. This clearly shows that non-covalent func-

tionalization of SLG with polymers (especially,

d-limonene and 1,8-Cineol) by plasma polymerisa-

tion reasonably improved the electron transfer

mechanism and electrocatalytic activity, and thus

increased photovoltaic parameters compared to those

of SLG. In addition, the CPE values of SLG, pTh/

SLG, ppLim/SLG and ppCin/SLG, respectively, are

32.30 lF, 19.22 lF, 14.78 lF and 6.60 lF, which are a

measure of specific large surface area and electro-

catalytic activity. For better interaction of I3
- with the

counter electrode and reduction of the redox solution,

the functionalization of SLG provided higher number

of electrochemical active sites [52, 55]. At the same

time, functional groups such as carboxyl and hydro-

xyl, which have oxygen as a result of SLG function-

alization, may have caused the defective areas

necessary for further interaction of the triodide ions.

Compared to PtCE, it may seem a contradiction that

ppLim/SLG and ppCin/SLG CE also have higher Jsc

values, although they have higher RCT values. This

phenomenon is thought to cause the J-V curves to

bend near the Voc values and it is normally seen in

graphene-based counter electrodes. Although the

electron transfer rate at electrode/electrolyte inter-

face is slow for the graphene-based counter, it is fast

at the PtCE/electrolyte interface. Due to the dense

morphological structure of the Pt thin film, the dif-

fusion and penetration of iodide/triiodide redox

couples into the depths may be limited. However, the

morphological structure of the graphene/polymer

CE may allow more redox couples to interact and

collect more photocurrent than PtCE. Roy-Mayhew

et al. reported that a polymer thermally reduced

graphene oxide (TRGO) composite showed 5% pho-

tovoltaic performance and that the functional groups

of the polymer and defects had an important role for

catalysis [12]. Kim et al. interpreted the superior

electrocatalytic activity of the carbon-based counter

electrode they produced to active sites attributed to

defects and functional groups [56].

The cell efficiencies of our graphene-based elec-

trodes were also compared with some previously

reported studies. Hong et al. [57] applied grafene/

PEDOT-PSS composite films with graphene and

polystyrene fluoride as counter electrodes of DSSCs.

These counter electrodes showed high transmittance

([ 80%) at 550 wavelengths and high electrocatalytic

activity. The power conversion efficiency of DSSC

was 4.5%, and the cell efficiency of platinum syn-

thesized under the same experimental condition was

6.3%. It is explained by the large surface area and

chemical defects of graphene that positively affect the

catalytic activity of the iodine [58]. The conductive

matrix structure of the PEDOT/graphene structure

caused also an improvement on cell efficiency. Sha-

did et al. used the hybrid structure consisting of

PANI films grown by polymerization technique on

graphene thin films as a counter electrode in DSSC.

Although this hybrid structure significantly increased

the catalytic activity of the electrolyte, its power

conversion efficiency was found to be lower (3.58%)

than the Pt (3.97%) electrode due to its high charge

transfer resistance [18]. Although there are many new

generation counter electrodes produced as an alter-

native to the Pt electrode in the literature, most of

them are not yet superior to the power conversion

efficiency of the Pt electrode. In our study, the syn-

thesized polymer functionalized graphene, especially

those obtained from essential oil components,

showed better photovoltaic performance than the Pt

electrode and it is also the first because they are

environmentally friendly electrodes. The most

important insufficiency of our study is that the power

conversion efficiency of DSSC is restricted because

TNT photoanodes are not optically transparent. The

efficiency of the Pt electrode, which has a cell effi-

ciency of around 11% today, is very low for our

study. Therefore, it is thought that if optically trans-

parent photoanote is used, the efficiency of the DSSC

can be improved further.

Conclusions

In summary, SLG films were functionalized using

noncovalent approach with 1,8-cineole, D-Limonene

and thiophene, respectively. SLG and polymer func-

tionalized SLGs were used as counter electrodes in

DSSCs, and the effect of functionalized SLGs on the

photovoltaic parameters of DSSCs was investigated.

DSSCs with ppCin/SLG, ppLim/SLG and ppTh/

SLG CEs exhibited g of 1.10%, 1.02%, 0.05% and JSC
of 5.16, 7.18, 0.46 mAcm-2, respectively and were

considerably higher than those of SLG electrode

(g = 0.02%, JSC = 0,06 mAcm-2). The SLG counter
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electrode showed poor photovoltaic performance, but

polymer functionalized SLG counter electrode

offered a remarkable increase in photovoltaic per-

formance as a result of significantly improved elec-

trical conductivity and electrocatalytic activity. The

results obtained from photovoltaic analysis show that

aromatic and hexagonal structure of graphene and

polymers can improve their electrical and electro-

catalytic activity properties by making non-covalent

bonds between them. As a result of the functional-

ization of SLG with three polymers, all of them

exhibit better photovoltaic performance than SLG,

while ppLim/SLG and ppCin/SLG have very close

photovoltaic performance with that of PtCE.

Although the Jsc, Isc and Voc values of the ppLim/

SLG and ppCin/SLG CEs were higher than those of

PtCE, they have higher RCT and Rs values caused the

cell efficiency to decrease.
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