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 Freestanding Aligned Carbon Nanotube Array Grown 
on a Large-Area Single-Layered Graphene Sheet for 
Effi cient Dye-Sensitized Solar Cell  
   Longbin    Qiu     ,        Qiong    Wu     ,        Zhibin    Yang     ,        Xuemei    Sun     ,        Yuanbo    Zhang     ,    
   and        Huisheng    Peng*   

  Dye-sensitized solar cells (DSCs) have been widely studied 

as a promising alternative route for the conventional silicon 

wafer-based technology due to its low cost and easy fabrica-

tion. [ 1 ]  Increasing interests are currently attracted to improve 

the energy conversion effi ciency by developing novel mate-

rials and controlling their structures, like metal oxide, nitride, 

sulfi de, carbon materials. [ 2 ]  Among such materials, carbon 

nanotube (CNT) and graphene have been mostly studied, for 

example, as counter electrodes, due to their excellent mechan-

ical, electrical, and thermal properties. [ 3 ]  CNTs are generally 

coated into thin fi lms with a network structure, [ 4 ]  but the 

resulting boundaries among CNTs have largely increased the 

contact resistance and decreased the charge collection and 

transport. To this end, some attempts were made to synthesize 

aligned CNT materials to fabricate DSCs with higher effi cien-

cies, though the improvements are lower than expected due 

to the rough surface which cannot effectively collect electrons 

from the external circuit. [ 5 ]  Meanwhile graphene sheets have 

been stacked with each other. [ 6 ]  Similar to CNT networks, the 

excellent electronic properties of individual graphene sheets 

cannot be effectively extended to the macroscopic scale in 

the stacked structure. Large area graphene sheets with widths 

of centimeters have been recently synthesized to exhibit 

remarkable electronic properties at the macroscopic scale. [ 7 ]  

Graphene has been used as counter electrode in DSCs while 

the performance is lower than platinum as there is no suf-

fi cient catalytic site in a basal plane of graphene. [ 8 ]  One can 

also expect that it may be technically diffi cult to fabricate a 

high-performance DSC from a fl exible, macroscopic graphene 
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sheet with atomic thickness as it tends to aggregate due to 

π–π interactions (Figure S1, Supporting Information). 

 Herein, we have designed and synthesized a novel carbon 

nanostructure by growing highly aligned CNTs at the top of 

a large-area single-layered graphene sheet.  Scheme    1  a shows 

the synthetic process by chemical vapor deposition (CVD). 

The single-layered graphene sheet with widths up to several 

centimeters is fi rstly synthesized on a copper substrate by 

CVD. The catalyst is then coated onto the graphene sheet to 

grow aligned CNTs being perpendicular to the substrate. As 

CNTs are chemically bonded to the graphene sheet, the gen-

erated charge can be rapidly transported between the gra-

phene sheet and CNT. Therefore, this graphene/CNT array 

represents a new family of effi cient electrode materials. As a 

demonstration, the resulting DSC on the basis of the carbon 

nanomaterial as a counter electrode exhibits a high energy 

conversion effi ciency (Scheme  1 b).  

 The growth of a single-layered graphene sheet on copper 

substrate was previously reported and verifi ed by Raman 

spectroscopy. [ 7 ]   Figure    1   shows a typical Raman spectrum that 

indicates a single-layered structure, [ 9 ]  and the same Raman 

spectrum had been produced in various regions of the product. 

A layer of iron fi lm as the catalyst was then coated on the 

sheet by electron beam deposition. To produce a high quality 

CNT array on the graphene, an aluminium oxide buffer layer 

was also further deposited on the catalyst fi lm. [ 10 ]  The coated 

iron fi lm at the top of the graphene broke into iron nanopar-

ticles that catalyzed the growth of CNTs at high temperatures. 

As a comparison, bare CNT arrays with a similar thickness 

on silicon substrates had been also synthesized under the 

same conditions and were used for control experiments. The 

synthesized graphene/CNT array is investigated by Raman 

spectroscopy. [ 11 ]  As a control, an aligned CNT array grown on 

the silicon substrate was peeled off and attached to the gra-

phene sheet at the top by van der Waals interaction to form 

an aligned CNT/graphene composite fi lm. Figure  1  compares 

the Raman spectra of the graphene/CNT array, aligned CNT/

graphene composite fi lm, bare CNT array, and graphene layer. 

The G and D bands of bare CNT arrays appear at 1579 and 

1320 cm −1 , respectively. For the graphene/CNT array, the G 

and D bands are shifted to 1597 and 1329 cm −1 , respectively. As 

a comparison, they are slightly shifted to 1588 and 1324 cm −1  

in the aligned CNT/graphene composite fi lm. The chemical 

bonding between graphene and CNTs has largely changed 
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the electronic state of the graphene/CNT array for an effi cient 

charge transport between the graphene and CNT part. [ 12 ]   

  Figure    2  a shows the formation of an array perpendicular 

to the graphene sheet. Figure S2 (Supporting Information) 

shows a photograph of three as-synthesized graphene/CNT 

arrays that are fl exible as expected. The highly aligned 

structure of CNTs on the graphene was further verifi ed by 

scanning electron microscopy (SEM) by top and side views 

(Figure  2 b,c). The number density of 

CNTs can be calculated at the order of 

10 10  per square centimeter.  

 The covalent bond between graphene 

and CNT was previously described. [ 11 ]  

Here the graphene/CNT array is further 

studied by high-resolution transmission 

electron microscopy (HRTEM).  Figure    3  a 

indicates a multi-walled structure for the 

resulting CNT with diameter of 10 nm. The 

CNTs show clear outer surfaces without 

obvious defects and impurities. The bottom 

ends of the aligned CNTs are connected 

with the graphene sheet and are perpendic-

ular to the graphene plane (Figures  3 b,c). 

An open CNT end is also observed at the 

junction part with the graphene from the 

inserted image in Figure  3 b, and the gra-

phene/CNT array is believed to be grown 

by a tip growth model. [ 13 ]   

 The graphene/CNT array can be easily 

lifted off from the copper substrate to form 

a fl exible and freestanding fi lm after the 

removal of the copper by dipping it into 

FeCl 3  and then (NH 4 ) 2 S 2 O 8  aqueous solu-

tions. The resulting graphene/CNT array 

may be transferred to various substrates 

such as rigid glasses or fl exible polymer 

fi lms. A bare CNT array grown on the sil-

icon easily broke into pieces when it was 

touched during the transfer as the CNTs 

were attached to the silicon substrate and with each other 

by weak non-covalent interactions. In contrast, the graphene/

CNT array was well maintained in shape due to the connection 

between the aligned CNT and graphene. Figure  2 d showed the 
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 Scheme 1.    a) Synthesis of the perpendicular aligned CNTs at the top of a large-area single-
layered graphene by CVD; b) structure of the DSC by using the graphene/CNT array as a 
counter electrode.

 Figure 1.    Raman spectra of a large-area single-layered graphene, bare CNT 
array, aligned CNT/graphene composite fi lm, and graphene/CNT array.

 Figure 2.    SEM images of an aligned CNT array on a graphene sheet. 
a) At low magnifi cation; b) top view; c) side view; d) bottom view.
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bottom part of the graphene/CNT array, and a layer of gra-

phene sheet can be clearly observed (arrow). In addition, the 

graphene/CNT array exhibited a freestanding and stretched 

morphology due to the dense and aligned structure of CNTs. 

  Figure    4  a compares  J – V  curves of DSCs with graphene/

CNT array, aligned CNT/graphene composite fi lm, bare CNT 

array, bare graphene sheet, and platinum as counter elec-

trodes. Here the graphene/CNT array was transferred to 

fl uorine doped tin oxide glasses by attaching the graphene 

side onto the conductive substrate after the removal of the 

copper. For the graphene/CNT array, the DSC shows short 

circuit current density ( J  SC ) of 16.6 mA/cm 2 , open voltage 

( V  OC ) of 0.72 V, and fi ll factor (FF) of 0.66. An energy con-

version effi ciency ( η ) of 7.9% is achieved. As a comparison, 

the DSC based on the aligned CNT/graphene composite 

fi lm exhibits  J  SC  of 16.0 mA/cm 2 ,  V  OC  of 0.72 V, and FF of 

0.61, which produces  η  of 7.0%; the DSC based on a bare 

CNT array shows  J  SC  of 16.0 mA/cm 2 ,  V  OC  of 0.73 V, FF 

of 0.61 and produces an  η  value of 7.1%; the DSC derived 

from the single-layered graphene sheet demonstrates  J  SC  of 

5.2 mA/cm 2 ,  V  OC  of 0.71 V, and FF of 0.09, and the value of 

η is calculated to be as low as 0.35%. High-quality and uni-

form single layer graphene exhibited few defect in the basal 

plane- and no suffi cient edge plane-like sites that enable 

high electrochemical activities. [ 3,7 ]  The poor catalytic proper-

ties towards tri-iodide reduction may induce an increase in 

concentration of tri-iodide. According to Nernst equation, 

the redox potential will be enhanced which will cause photo-

voltage decrease, thus leading to the formation of a concave 

 J – V  curve. [ 14 ]   
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 Figure 3.    HRTEM images of an aligned CNT array on a large-area 
graphene sheet. a) A CNT; b,c) the junction part. The inserted images at 
(b) and circled area at (c) show a CNT and a bundle of CNTs connected 
to the graphene, respectively.

 Figure 4.    a)  J – V  curves of DSCs with different counter electrodes under 
AM 1.5 condition; b) Cyclic voltammograms of fi ve electrodes measured 
in an acetonitrile solution containing 1 m M  I 2 , 10 m M  LiI, and 0.1  M  LiClO 4  
at a scan rate of 50 mV/s.
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 Here the DSC based on the platinum 

produces  J  SC  of 16.0 mA/cm 2 ,  V  OC  of 

0.74 V, and FF of 0.61 with the effi ciency 

of 7.2%. The highest  V  OC  from the plat-

inum may be explained by the fact that, 

compared with the other electrodes pre-

pared by a mechanical pressing, platinum 

counter electrode is synthesized by coating 

the precursor solution on substrate, fol-

lowed by thermal decomposition with 

closer contact that decreases the contact 

resistance. Note that the bare CNT array 

produces higher  V  OC  than both graphene/

CNT array and aligned CNT/graphene 

composite fi lm. The three electrodes are 

all prepared by mechanically pressing 

them on substrate, and a closer contact 

with lower electrical resistance is found 

for the bare CNT array by this method. 

 To understand the high performance 

of the graphene/CNT array as a counter 

electrode in DSCs, the electrocatalytic 

activity of the graphene/CNT array was 

investigated by comparing their cata-

lytic activities with bare aligned CNT 

array, bare graphene, aligned CNT/gra-

phene composite fi lm, and platinum on 

the redox reaction of I − /I 3  
−  through the 

cyclic voltammetry (Figure  4 b). Two pairs of oxidation and 

reduction peaks were observed for all of them except the gra-

phene sheet. In other words, the synthesized graphene sheet 

showed a high quality with less defects which help to catalyze 

the redox reaction. The left and right pairs for the electrode 

materials are ascribed to Equation   1   and   2  , respectively.

   
I + 2e 3I3 ↔− − −

  (1)  

    
3I + 2e 2I2 3↔− −

 
 (2)   

 As the counter electrode of a DSC is mainly used to col-

lect electrons and catalyze the reduction of I 3  
−  to I − , so the 

left pair becomes critically important for these materials. 

Peak current density and peak-to-peak separation voltage are 

generally used to evaluate catalytic activities of counter elec-

trodes. [ 15 ]  Bare CNT array, CNT/graphene composite fi lm, 

and graphene/CNT array exhibited higher current densities 

than the platinum due to larger specifi c surface areas, though 

both peak current density and peak-to-peak separation 

voltage are almost the same for the three counter electrodes. 

For further demonstration, Tafel polarization curves are 

compared for different counter electrodes (Figure S4, Sup-

porting Information). The slopes for the anodic or cathodic 

branches are found in the order of graphene/CNT array>bare 

CNT array>aligned CNT/graphene composite fi lm. A 

larger slope indicates a higher exchange current density in 

the electrode. [ 16 ]  In addition, the Tafel polarization curves 

also indicate the order of limiting current densities, that is, 

graphene/CNT array>bare CNT array>aligned CNT/gra-

phene composite fi lm, [ 17 ]  which is consistent with the order of 

photovoltaic performance in the DSC. Therefore, the higher 

 J  SC  and FF in the graphene/CNT array are mainly derived 

from the enhanced electron collection and transportation in 

this electrode structure. 

 The charge transfer properties of the graphene/CNT 

array was tested by the electrochemical impedance spec-

troscopy (EIS). [ 18 ]  Figure S3 (Supporting Information) has 

compared Nyquist plots of DSCs with different counter 

electrodes at a bias of −0.8 V. The charge transport resist-

ance in the graphene/CNT array is much lower than the 

bare CNT array and aligned CNT/graphene composite fi lm. 

The large-area single-layered graphene layer in the array 

can more effectively collect electrons and transport them to 

aligned CNTs. The higher FF and  J  SC  are ascribed to a higher 

charge-collection effi ciency and lower charge-transfer resist-

ance at the counter electrode (Figure  4 ). In contrast, when 

many small graphene sheets were stacked into a fi lm to 

grow aligned CNT array for the DSC under the same con-

dition, a much lower energy conversion effi ciency of 3.0% 

had been produced. [ 19 ]  As previously mentioned, the charges 

had to transport among many stacked graphene sheets with 

lower effi ciencies. Note that, for the stacked graphene sheets 

to grow aligned CNTs, it was also diffi cult to obtain free-

standing CNT arrays. The graphene sheets were stacked by 

weak π–π and van der Waals interactions and easily broke 

under bending or other deformations. 

 The graphene/CNT array is fl exible and freestanding, and 

it is particularly promising for the production of effi cient, 

fl exible optoelectronic and electronic devices.  Figure    5   has 
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 Figure 5.    a) Photograph of a fl exible graphene/CNT array counter electrode on the poly 
(ethylene naphthalate) substrate; b) the bare CNT array counter electrode being easily peeled 
off the substrate during the bending; c) the graphene/CNT array counter electrode being 
stably adhered to the fl exible substrate during the bending; d) typical  J – V  curves of fl exible 
DSCs by using the graphene/CNT array and bare CNT array as counter electrodes measured 
under AM 1.5 condition.
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compared the bare CNT and graphene/CNT array on fl exible 

poly (ethylene naphthalate) substrate. For the bare aligned 

CNT array without the graphene, it is easily peeled off from 

the substrate during the bending. In contrast, the graphene/

CNT array can be stably attached on the substrate through 

the graphene side after bending in the studied 1000 cycles. 

As expected, a fl exible DSC with higher  η  can be also fab-

ricated from the graphene/CNT array (Figure  5 d). Figure S5 

(Supporting Information) further compares the fl exible 

DSC before and after bending for 1000 cycles with stable 

performance.  

 In summary, a graphene/CNT array with aligned CNTs 

chemically bonded to a single-layered, large-scale graphene 

sheet has been successfully synthesized with excellent elec-

tronic and electrocatalytic properties. The use of the gra-

phene/CNT array as counter electrode in the DSC has greatly 

enhanced the electron collection from the external circuit and 

transportation in counter electrode, which increases both  J  SC  

and FF with high effi ciency. This work also represents a gen-

eral and effective strategy in the development of novel opto-

electronic materials and devices by engineering the structure.   

 Experimental Section 

  Synthesis of Graphene Film at a Large Scale : The copper foil 
(25 µm in thickness, 99.98%, Alfa) substrate was pre-cleaned with 
a fl ow of 10 sccm of H 2  at a pressure of 140 mTorr and temperature 
of 980 °C for 20 min. Graphene was then grown from a gas mixture 
of CH 4  (35 sccm) and H 2  (5 sccm) at a total pressure of 500 mtorr 
and temperature of 980 °C for 20 min. 

  Growth of CNT Array by Chemical Vapor Deposition : CNT arrays 
which were grown on silicon substrate had been synthesized by 
Al 2 O 3  (3 nm in thickness)/Fe (1.2 nm in thickness) as the catalyst. 
C 2 H 4  was used as the carbon source with a fl ow rate of 45 sccm, 
and a gas mixture of Ar (200 sccm) and H 2  (15 sccm) was used as 
the carrier gas. The growth occurred in a tube furnace with dia meter 
of one inch at 740 °C. The resulting CNT array typically showed a 
height of 450 µm and the left catalyst is neglectable. [ 20 ]  For the 
growth of the CNT array on a graphene layer, a thin Fe layer (1.2 nm) 
was fi rstly deposited at the top of the graphene by electron beam 
deposition, followed by the further deposition of a buffer Al 2 O 3  
layer (3 nm). The growth also occurred in a tube furnace with 
diameter of 1 inch with C 2 H 4  (45 sccm) as the carbon source, a 
gas mixture with Ar (200 sccm) and H 2  (15 sccm) as the carrier 
gas at 740 °C. 

  Fabrication of DSCs : In the case of aligned CNT/graphene array, 
the as-synthesized array was fi rstly dipped into a FeCl 3  (40 wt%) 
and then a (NH 4 ) 2 S 2 O 8  solutions (0.1 mol/L) to remove the Cu 
substrate. Then resulting array was transferred onto a FTO glass 
with the graphene side attached to the FTO glass. The bare CNT 
array without graphene was directly used. The CNT array and CNT/
graphene array were fi rst transferred onto FTO glass (15 Ω/sq) or 
fl exible indium tin oxide on polyethylene naphthalate (15 Ω/sq). 
To prepare the aligned counter electrode, the array was simply 
pressed from one side to another by a polytetrafl uoroethylene roller 
with smooth surface, followed by pressing through a heat-sealing 
machine with pressure of 0.2 MPa. Here the fi lm thickness of 
20 µm had been mainly studied. [ 5c ]  The transfer of graphene sheet 

was realized with the assistance of a poly(methyl methacrylate) 
layer at the other side of the graphene sheet to remove the copper 
substrate, followed by dissolving the polymer layer in acetone and 
washing by methanol and isopropanol. The carbon materials was 
tightly attached on the conductive glass by van der Waals forces. 
The counter electrodes of CNT array and CNT/graphene array were 
heated at 500 °C in argon for 30 min for a better contact prior to 
the use. For the platinum counter electrode, it was prepared by 
coating H 2 Pt 2 Cl 6  onto a FTO galss, followed by thermal decom-
position at 500 °C in air for 30 min. The working electrode was 
composed of a layer of nanocrystalline TiO 2  (diameter of 20 nm) 
with a thickness of 14 µm and a light-scattering layer of TiO 2  
(diameter of 200 nm) with a thickness of 2 µm prepared by screen 
printing technology. The working electrode was heated to 500 °C 
in air for 30 min. It was then immersed in an aqueous solution 
of TiCl 4  (40 m M ) at 60 °C for 20 min and washed with deionized 
water, followed by sintering 500 °C for 30 min. After the tempera-
ture was decreased to 120 °C, it was immersed into an N719 solu-
tion (0.3 m M ) in dry acetonitrile and tert-butanol (volume ratio of 
1/1) for 16 h. The working and counter electrodes with a Surlyn 
frame as the spacer were sealed by pressing them together at a 
pressure of 0.2 MPa and a temperature of 125 °C. The redox elec-
trolyte (composed of 0.1  M  lithium iodide, 0.05  M  iodine, 0.6  M  
1,2-dimethy1–3propylimidazolium iodide and 0.5  M  4-tert butyl-
pyridine in dry acetonitrile) was introduced into the cell through 
the back hole of the counter electrode. Finally, the hole was sealed 
with the Surlyn and a cover glass. In the case of a fl exible DSC, 
a mixture of 20 wt% P25 (80% anatase and 20% rutile TiO 2 ) and 
80 wt% ethanol was fi rst treated in an ultrasonic bath for a better 
dispersion. The suspension was coated onto the conduction 
substrate by a doctor-blading method to produce the working 
electrode.  
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