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dye-sensitized solar cell performance

AKBAR ESHAGHI* and ABBAS AlL AGHAEI

Faculty of Materials Science and Engineering, MalekktasUniversity of Technology, P.O. Box 83145-115,
Shahinshahr, Iran

MS received 29 June 2014; accepted 16 April 2015

Abstract. In this research work, graphene-TiQ photoanodes with various graphene concentrations (0, 0.5,

1, 1.5 and 2 wt%) were deposited on fluorine tin oxide glass substrates as working electrodes for dye-
sensitized solar cells. The structure, morphology, surface compositicand dye adsorption of the photoanodes
were investigated by X-ray diffraction, field emissionscanning electron microscopy, X-ray photoelectron spectros-
copy and UV-VIS—NIR spectroscopy, respectively. The photarrent—voltage characteristics of the dye-sensitized
solar cells were examined using a solar simulator. The results indicated that the dye adsorption on photoanode
surfaces increases with the increase in the graphene contein addition, dye-sensitized solar cells efficiency
increases with the increase in the graphene content to 1.5 wt% and then decreased. The efficiency of the dye-
sensitized solar cell, based on the Ti©1.5 wt% graphene nanocomposite, increased by 42% with respect to the
pristine sample.
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1. Introduction However, charge recombination is a main negative

. . . factor that limits DSSC performance. In other words,
Growing concerns about environmental pollution, such 3Re back-electron transfer in the Ticphotoanode—

gllcol?al v_\lla;mllng, c?jrbt(;n d_l0X|de 9m|s§|on frgmf vast useéﬁectrolyte interface before reaching the collecting elec-
of fossit fue s;hand the lpcreasflngth eman forl energy de, such as fluorine-doped tin oxide (FTO), is assumed
sources, are the driving force for the use of clean apg peo ihe major recombination pathway, which reduces

rer'l‘ewable energy E:)urcéé. icond tthe DSSC efficiency.lt is predicted that improving the
mong ' renewablé "energy Sources, semiconaucloly,qyction pathways from the location of the photo-
based solar cells such as silicon-based p-n junction so nerated carriers to the collecting electrode would
cells have attracted a great deal of attention as a cle siderably enhance the DSSC efficiency
renewable energy sou-rée-.Hc-)wever, semlcc_)nductor— To prevent recombination and improve transport, there
based solar cells have limitations, such as high cost aQPe several approaches used, including (1) the use of
environmentally hazardous waste produced in the fabric@émposite semiconductor ph,otoanode with  different
tion process. Photoelectrochemical dye-sensitized so

. ) ndgaps, (2) insertion of some doping elements in the
cells- (DiSCts) halve beltlanbcon3|derefdtr?§ aI1 subst|iute| 62 photoanode and (3) incorporating charge carriers to
semiconductor solar cells because of heir low cost, Teigrqqt the photogenerated electron.
tively high conversion efficiency and nontoxicfty.

. . Some researchers indicate that a composite photo-
A DSSC contains a semiconductor photoanode, a lay, lode. such as TSNO, improved DSSC efficienc)™®

of (;jye atltac;heldtto_lflr:e photggngge,? c_ounter ]((elt?]ctro eaddition, the insertion of doping elements such as
and an electrolyte. Titanium dioxide (TiOs one of the irconium, aluminium, ruthenium and niobium promoted

o . . _Zi
most promising nanocrystalllne semmonductor mate”aé]arge transfer and increased DSSC efficichieyrecent
used asa ph.o.toanodelln Ll DS_SC$ due t.o its low ¢ éars, one-dimensional (1D) and two-dimensional (2D)
chemical stability ad optical propertie$! The TiO, photo- nanomaterials such as carbon nanotubes (CNTs) and gra-
anode has a key role throughout the light-to-electrici hene sheets have been incorporated into, Tiioto-

]E:onv%r]smdn n th? DS|SCts. ItthcoTn.t(gunsdelet.ctroE mgven&e ﬁodes to enhance DSSCrfpemance. However, DSSC
rom the dye molecules (o the fidonduction band an efficiency was improved limitedly by the addition of

electron transfer to the external circlit. CNTs in the TiQ photoanode. The graphene may be
more favourable than CNTs for charge separation due to
*Author for correspondence (Eshaghi.akbar@gmail.com) its excellent conductivity and good contact with Ti®
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TiO, can attach to the graphene to form graphene bridgd€. mA. The adsorption of the dye on the photoanodes

These graphene bridges reduce the ,»¥iKBO, connec- was measured by a UV-VIS—-NIR spectroscopy (JASCO,

tions and act as an electron transfer from the ,TiO/ 670).

conduction band to the collective electrode. Photocurrent—voltage characteristics of the DSSCs
In this way, charge recombination could be suppressedder AM 1.5 G illumination (100 mW cri) were inves-

and DSSC efficiency is enhancét:* In this research, tigated using a solar simulator (Palm Sense MODEL).

TiO,—graphene nanocompasiphotoanodes were depo-DSSC efficiency was evaluated frém

sited on conductive glass substrates. Then, DSSC

performance, based on the various Fi@raphene 7= FF-Jsc - Voc (1)

photoanodes, was investigated. R, ’

where Voc is the open-ccuit voltage, Jsc the short-

circuit current,P;, the input power density and FF the fill

factor, respectively.

2. Experimental
2.1 Fabrication of DSSCs

For the fabrication of the photoanodes, FTO-coated gla8s Results and discussion
substrates, 2525 mnf (FTO, Solaronix, Switzerland,
15Q sg?), were first ultrasonically cleaned in ethanolFigure 1 shows the X-ray diffraction patterns of TiO
acetone and water for 30 min, respectively. Graphenand graphene-TiQphotoanodes. As can be seen, all
TiO, nanocomposite photoanode was deposited on teamples contain both anatase and rutile phases and the
FTO substrates as follows: graphene did not affect the crystalline phases. In this
Seven grams of TiOpowder (TECNAN, 25 nm patrticle research work, we used Ti@ith both anatase and rutile
size), graphene sheets (0, 0.5, 1, 1.5 and 2 wt%) aplases. It is believed that combination of anatase and
30 ml ethanol (Sigma Aldrich, 99.5%) were mixed in autile phases has higher photo-reactivity than either
dried agate mortar for 40 min. Then, 1 ml tetrabutydnatase or rutile alorf8.The effect of TiQ photoanode
orthotitanate (Sigma Aldrich, 97%) was added to thmixing on the anatase and rutile phases in the DSSC
above paste, and the final mixture was stirred for 1 day performance can be related to two factors, including
obtain the desired paste. The obtained pastes were defi)- electrons migrating from the rutile conduction band
sited on the FTO substrates by the doctor blade methd@B) to the anatase CB and (2) possible electron transfer
The films were dried at 10C for 1 h. Finally, the film between anatase—rutile grain boundaries. During illumi-
was annealed at 450 for 1 h. For sensitization, a dyenation, electrons were inserted from the dye molecules to
solution is obtained by mixing of 20 mg of N719 dyehe rutile CB, and then moved to the anatase CB, as the
(Solaronix, Switzerland) in 100 ml ethanol. Then, thanatase CB is located below the rutile CB. Electron trans-
photoanodes were immersed in a dye solution for 24 h. fer from the rutile CB to the anatase CB enhances the
counter electrodes were prepared by depositing a Plagiessibility of electron injection. Then, the charge
sol solution (Solaronix) on the FTO substrates withecombination rate at the photoanode—electrolyte inter-
doctor blade method, and then heated af@@®r 30 min face is reduced and DSSC performance increases.
in air. The Pt/FTO prepared electrodes were coupled withFigure 2 shows the FE-SEM images of the Jliano-
photoanodes. The electrodes were separated by a Sunhanticles and graphene sheet. The average particle size of
film (Solaronix) and sealed together by heating. A thin

layer of electrolyte was introduced into the inter electrod A(L01) Ml TiO~2% graphene
space. The electrolyte used was 0.5 M Lil, 0.05M | __ - TiO,~1.5% graphene
0.5 M 4-tert-butylpyridine in acetonitrile. % - Ti0,~1% graphene
g b (110) —‘- TiO,~0.5% graphene
RS A(Uu“{;(zgo —&@- Pure TiO,
2.2 Characterization > .N%
2 -NM
The structure and morphology of the photoanodes we & *MM
determined using a Bruker X-ray diffractometer (XRD = A

DSBADVANCE, Germany, Ni-filter, Cuk radiation .Nm
1=1.5406 A) and field emission scanning electron m .

croscopy (FE-SEM, Hitachi S4160, Cold Field Emissior ¢4, . - o s oske
voltage 20 kV). The surface chemical composition of th 26 (deg)
photoanode was analysed by X-ray photoelectron spec-

troscopy (XPS) using an Ali source (1486.6 eV). The Figure 1. XRD pattern of photoanodes based on the different
X-ray source was operated at 15 kV with a current afraphene concentrations.
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Figure 2. FE-SEM TiG nanoparticles (left) and graphene sheet (right).

obtained® In addition, the fabrication of the porous
photoanode has a positive effect on DSSC efficiency. The
porous structure is expected to approach a higher surface
area. There are more sites for dye adsorption in the-TiO
graphene photoanode in comparison to the conventional
TiO, photoanode. So, a higher amount of dye adsorption
induced by incorporating graphene, as illustrated in
figure 5, is expected to lead to enhancement in the
DSSCs performance.

Figure 6 shows the XPS spectra of the photoanodes
with and without graphene. The C 1s peak of the photo-
anode with graphene is stronger than that without it, prov-
ing that graphene was inserted into the ;fi@otoanodét

The current density—voltageV) characteristics and

26 kV 5.00 KX 10 um KYKY-EM3200 SN: 0521 DSSCs efficiencies based on the different photoanodes
are reported in table 1 and figure 7.

Figure 3. FE-SEM cross-section image of the }iQ.5 wt% The results indicated that thlc first increased with

graphene photoanode. the increased graphene concentration, reaching a peak
value of 8.835 mA cnf at a graphene concentration of

the TiO, is 25 nm. In addition, figure 3 shows a crossi.5 wt%, and then decreased to 3.615 mAZcah 2 Wt%.

section of the Ti@-1.5 wt% graphene photoanode. Théddowever, theVoc remained almost unchanged (0.61—

thickness of the photoanode iaf. 0.68 V). The initial increase and subsequent decrease of

Figure 4 shows the FE-SEM images of the ;JJ&dd Jsc can be explained by the formation of more conductive
TiO,—graphene photoanodes. Figure 4 shows that th#es by graphene, which considerably decreases the
TiO, photoanode film is porous. The pore size in the,TiQransport resistance for photogenerated electronsJ3he
photoanode was increased by the insertion of graphenecdtrresponds to the ejected electron numbers throughout
means that the addition of graphene made a larger potbe external circuit, whil&/qc is associated with the dif-
photoanode. Some researchers investigated and repoffignce between the Fermi level of FiGnder illumina-
the reason for this phenomenon in the Ji&ntaining tion and the Nernst potential of th&l 3 redox couple in
CNTs. They ascribed it to the good separation ability dhe electrolyt€’. The almost unchangéd,c of the DSSC,
the CNTs among the Tiphotoanode nanoparticles. based on Ti@ and TiQ—graphene photoanodes, shows

Therefore, graphene, due to its specific 2D structurethat the Fermi level of the Ti©graphenghotoanode is
could lead to more effective separation than CNTs. Thusot affected by the graphene incorporation. Like ke
the high porosity of the Ti@graphene films was the overall efficiency increases first, and then decreases

No. 6 cross section
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Figure 4. FE-SEM images of the photoanodes based on the different graphene concentra-
tions: @) 0, () 0.5, €) 1, d) 1.5 and €) 2 wt%.

13 4 (figure 7). The improvement in DSSC performance,
12 4 which is mainly due to the increase iy for the
graphene-Ti@ photoanode, will be discussed in the fol-
11 3 lowing. Generally, there are several steps during the
i light-to-electricity conversion in DSSCs. The presumed
light-to-electricity conversion in the DSSCs follows these
0.9 - stepé?®
8
< o8 - D +hy— D¥, 2)
0.7 - Ti0,~2% grap D* — e (TiO,CB) +D", 3)
seavensns Ti0,~1.5% graphene .
0.6 TiO,~1% grap D* > D+ hV, (4)
0.5 - === Ty (LoXigapiare € (TiO,CB) —» € (FTO), (5)
= = Pure TiO,
0.4 T T . + T e_(Tloch) + D+ - D*, (6)
200 300 400 500 600 700 800 500 e (TiO,CB) +15— 31, (7)
Wavelength (nm)
2D"+31" > 2D +15, (8)

Figure 5. Dye adsorption on the photoanodes based on the  _ _ _
different graphene amounts. Is+2€e (P)—> 31" ©)
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Table 1. Photovoltaic parametersf DSSCs assembled with The working principle of the DSSCs is illustrated in fig-

photoanodes containing various amounts of graphene.

Graphene
content, wt% Jsc Voc FF n%
0 6.01 0.63 0.13 0.49
0.5 8.71 0.69 0.11 0.65
1 8.77 0.68 0.11 0.67
15 8.84 0.68 0.12 0.7
2 3.62 0.61 0.08 0.19
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Figure 6. XPS spectra ofd) TiO, and p) TiO,—1.5 wt%

graphene photoanode.
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ure 8. It is well known that the back-electron transfer at
the TiG, photoanode—electrolyte interface is assumed to
be the main reason for the decline in DSSC efficiency.
According to the above results, it is noted that
graphene causes remarkalglehancement in DSSC per-
formance. DSSC performance was improved by the
incorporation of graphene, due to two major factors: the
first is the increased electron lifespan. In the JTjpBoto-
anode, the photogenerated electrons must move through
the thick TiGQ film before arriving at the FTO substrate,
and have a great chance of being recombined by the photo-
generated hole. In the Ti©graphene nanocomposite
photoanode, the TiOconduction band is approximately
-4.21 eV, whereas graphene has a work function
(-4.42 eV) close to that of the FTO (—4.4 eV), as indicated
in figure 9. In other words, the energy level of graphene
is between the TigCB and FTO. Under illumination, the
CB of the TiQ captures the photogenerated electrons
from the dye molecules. As the TiQs supported by
graphene, the excited electrons are received by the

lodide

o oRAYS

Tri-iodide

FTO

Figure 8. Working principle of the DSSCY.

E 3
4.42-45¢V 55
& -£5
— ~
Graphene TiO. dye |-7.5

®

Figure 7. J-V curves of the DSSCs based on the different

TiO,—graphene photoanodes.

Figure 9. Schematic energy level diagrdf.
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(RN S*_3.85 eV | 4. Conclusions
¥
(SN TiO, 4.2 eV | DSSCs based on Tigraphene photoanodes with vari-
7 @- ous graphene concentrations were fabricated. The graphene
taey ‘“fx;,ﬁ concentration’s effects on the DSSCs efficiency were
B ‘;ie:o-,) investigated. The results are as follows:
%
EN (Ew] ] . . . .
9?‘-_; G @ (1) Graphene incorporation increased dye adsorption on
> ;
=

the TiO,—graphene photoanode.
é/ (2) Graphene incorporation in the Ti@hotoanode first

increased DSSC efficiency and then decreased it as

Dy;_s_ﬁev SHS the graphene amount was increased.
(83) The maximum DSSC effiency was obtained with

Figure 10 Schema@ic (_)f the graphene effec_:t on the charge the TiO—1.5 wt% graphene photoanode.
recombination preantion in the TiG-electrolyte interface. (4) The minimum DSSC efficiency was obtained with
the TiO—2 wt% graphene photoanode.

graphene. Graphene, due to é@scellent electrical con-
duction, acts as an electron transfer path, and then cslkknowledgements
lected electrons can transfer rapidly to the F¥&.

Hence, the graphene incorporated into the,TaBoto- We would like to acknowledge the Iran National Science
anode behaves as the electron acceptor and transferorFoundation (INSF) for the financial support.
efficient charge separation and fast photogenerated
electron transport to prevent charge recombinafiorhe
second is the increased dye adsorption: grapheﬁeeferenCes
m_1proved the adsorptivity of th? dye r_nolgcules on the . Han D, Meng Z, Wu D, Zhang C and Zhu H 204ano-
TlQZ—graphene photognode asj!lcated in figure 5. As scale Res. Letf 457
indicated above, the incorporation of graphene affected g,pramanian A, Ho C Y and Wang H 2013 Alloys
the surface morphology of the photoanodes and created compds7211
more sites for dye molecule adsorption. It caused morg. Tang Y B, Lee C S, Xu J, Liu Z T, Chen Z H, He Z, Cao
light to be gathered and caused more electrons to be Y L, Yuan G, Song H, Cheh, Luo L, Cheng H M, Zhang
injected from the excited state of the dye into the W J, BellolandLee ST 2010 ACS Na#3482
TiO,CB, which improved the DSSC efficiené§However, 4. Zhou L C Y, Tu W, Li Z, Bao C, Dai H, Yu T, Liu J and
when the graphene content was increased above its opti- Zou Z 2013Nanoscales 3481
mum value (1.5 wt%), DSSC effency decreased (table 1). 2 Choi H, Nahm Ch, Kim J, Kim Ch, Kang S, Hwang T and
This can be ascribed to two factors: the first graphene Park B 201Xurr. Appl. Phys13S2 .
may absorb some light and thus, there is a light yielding?‘ Wang H, Su Ch, Wu Ch, Tsai H, Li Ch and Li W 2013
. . h Thin Solid Films29 15
rivalry between the dye and graphene, with the increasg

. " ; . Murali S, Lee S P and Birnie D P 20T3in Solid Films
in the graphene content. In addition, it has been shown g3;g,

that graphene can absorb light in a wide wavelengtly Neo C Y and Ouyang J 2013. Power Sources241
range of 200-800 nm. Therefore, light absorption by the g47

dye was reduced because the Jidas surrounded by 9. Lee K and Schmuki P 201Rlectrochem. Commu5 11
graphene. It means that the heavy incorporation of gré. Yang S, Guo S, Xu D, Xue H, Kou H, Wang J and Zhu G
phene into the DSSC has a negative result orddhand 2013J. Fluorine Chem15078

conversion efficiency. The second graphene can behal®e Yang N, Zhai J, Wang D, Chen Y and Jiang L 20%0S
as a recombination centre rather than producing an elec- Nano4 887 .

tron pathway. Excessive graphene increases the recomif- SUn S, Gao L and Liu Y 2014ppl. Phys. Lett96 83

. i S 3. Lamberti A, Sacco A, Bianc®, Quaglio M, Manfredi D
nation of electron ho.le pagrs in the DSSC and the]h and Pirri C F 2013 icroelectron. Eng111137
decreases DSSC efficienty*

7 lﬁf Eshaghi A, Mozaffarinia R and Pakshir M 20CEram.
In summary, it is concluded that graphene has both | 37357

positive and negative effects on DSSC efficiency. As g5 Bryanvand M M, Kharat A N and Badiei AR 201R
positive effect, graphene accelerates electron transfer, Nanostruc2 19

reduces electron—hole recombination (figure 10), amb. Chen L, Zhou Y, Tu W, Li Z, Bao C, Dai H, Yu T, Liu J
then increases DSSC efficiency. Negatively, the graphene and Zou Z 2013 anoscales 3481

can act as a recombination centre for electron—hole palé Cheng H M, Zhang W J, Bello | and Lee S T 2040S
and thus decrease DSSC efficiency. Nano4 3482



