Published on 20 December 2013. Downloaded by Pohang University of Science and Technology on 08/05/2015 08:59:32.

Nanoscale
View Article Online

PAPER

Cite this: Nanoscale, 2014, 6, 3296

View Journal | View Issue

Cauliﬂower-like SnO2 hollow microspheres as
anode and carbon ﬁber as cathode for high
performance quantum dot and dye-sensitized solar
cells†
Veerappan Ganapathy,‡a Eui-Hyun Kong,‡b Yoon-Cheol Park,c Hyun Myung Jang*b
and Shi-Woo Rhee*a
Cauliﬂower-like tin oxide (SnO2) hollow microspheres (HMS) sensitized with multilayer quantum dots (QDs)
as photoanode and alternative stable, low-cost counter electrode are employed for the ﬁrst time in QDsensitized solar cells (QDSCs). Cauliﬂower-like SnO2 hollow spheres mainly consist of 50 nm-sized
agglomerated nanoparticles; they possess a high internal surface area and light scattering in between the
microspheres and shell layers. This makes them promising photoanode material for both QDSCs and
dye-sensitized solar cells (DSCs). Successive ionic layer adsorption and reaction (SILAR) method and
chemical bath deposition (CBD) are used for QD-sensitizing the SnO2 microspheres. Additionally,
carbon-nanoﬁber (CNF) with a unique structure is used as an alternative counter electrode (CE) and
compared with the standard platinum (Pt) CE. Their electrocatalytic properties are measured using
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electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and Tafel-polarization. Under 1
sun illumination, solar cells made with hollow SnO2 photoanode sandwiched with the stable CNF CE

DOI: 10.1039/c3nr05705d

showed a power conversion eﬃciency of 2.5% in QDSCs and 3.0% for DSCs, which is quite promising

www.rsc.org/nanoscale

with the standard Pt CE (QDSCs: 2.1%, and DSCs: 3.6%).

1. Introduction
In the last decade, solar cells have been developed into a most
interesting alternative to the energy demand of the world.
Among solar cells, dye-sensitized solar cells (DSCs) and
quantum dot-sensitized solar cells (QDSCs) emerged as a viable
substitute to solid state silicon solar cells because of their low
cost, simple cell structure and promising energy conversion
eﬃciency.1–5 In QDSCs, a narrow band-gap semiconductor such
as quantum dots (QDs) has been widely used for photoanode
sensitization instead of the expensive ruthenium dye. Due to an
easy band gap tuning by varying the particle size and its higher
absorption properties makes QDs very promising candidates for
eﬃcient light harvesting materials in this type of solar cells.4–8
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Though a record eﬃciency higher than 12.0% was achieved
using randomly oriented TiO2 lms in DSCs, further improvement with TiO2 is still diﬃcult due to its slow electron transport
and higher charge recombination.9,10 Many groups have already
suggested using alternative metal oxides such as SnO2, ZnO,
Nb2O5, BaSnO3, and Zn2SnO4.11–15 Among them SnO2 possesses
some unique properties such as high electron mobility (100–
200 cm2 V1 S1) and importantly its conduction band edge
position is more positive than TiO2.5,11,16,17 Commonly used
randomly oriented nanoparticle photoanodes possess grain
boundaries at the interparticle connection and the disordered
pore structure. In the recent progress for development of DSCs
for higher photovoltaic performance, ordered nanostructures
such as one-dimensional (1D) nanostructures, coral like structures are used to increase electron transport and to reduce
recombination.18–21 Nevertheless the 1D structure has a small
surface area and thus results in low eﬃciency. All the above DSC
reports suggest that the ordered high surface SnO2 photoanode
can be a vital photoanode material, but their potential was
never fully utilized in QDSCs.11,16,22,23 It is well accepted that just
increasing the surface area does not give a high eﬃciency
photoanode. It also requires a densely packed microstructure
and bi-functional property for light harvesting. Furthermore,
the light scattering property can give high photo conversion
eﬃciency in DSCs.24,25 Due to the positive conduction band edge
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position of SnO2, electron injection from low band gap QDs can
be facilitated like PbS, Sb2S3, CuInS2.26–28 In this regard, SnO2 is
a suitable photoanode material, which could facilitate the eﬃcient electron injection and collection. However the conversion
eﬃciency of SnO2 photoanode is still strangely poor in DSCs,
although it shows great promise in solid-state DSCs and
QDSCS.18,23 To further improve the photovoltaic property,
multilayer QDs (CdS/CdSe/ZnS) were sensitized on SnO2 and
reported lately.22 Due to weakening of quantum dots in iodine
redox electrolyte, aqueous polysulde electrolyte (S2/SX2) was
used to improve the performance with platinum (Pt) counter
electrode (CE).29 However, the device showed low eﬃciency and
ll factor (FF) due to the poor catalytic activity, and long term
stability of Pt in sulfur electrolyte is still in doubt. To overcome
these drawbacks, several groups have attempted to replace Pt
with CuS, CoS, Cu2S, and carbon materials.30–33 Carbon material
has a promising potential due to its excellent corrosion resistance, low cost and low temperature processability. Most
reported carbon CE needs a high temperature process (400  C)
to remove the organic binder used to make the paste.34,35
Carbon materials with edge planes possess more catalytic sites
for the reduction reaction in photovoltaic applications.34,36
In this regard, we report the use of hydrothermally synthesized cauliower-like SnO2 hollow microspheres (SnO2-HMS) as
a photoanode instead of the standard TiO2, and additionally the
use of highly stable and low temperature processed carbonnanober (CNF) CE to replace traditional Pt CE for highly eﬃcient and stable QDSCs and DSCs.

2.

Experimental

2.1. Fabrication of QDSCs and DSCs
Hydrothermal synthesized SnO2-HMS was prepared into a
highly viscous paste and screen-printed onto FTO glass.
Simultaneously CNF CE was prepared from the thick paste of
commercial CNF powder mixed with carboxy-methyl cellulose.
The paste was coated onto the FTO glass via a doctor blade
technique. The sintered SnO2 electrodes were cooled down to
80  C and immediately immersed in a 0.3 mM solution of N719
dye in absolute ethanol for 24 h. Dye-adsorbed SnO2-HMS
electrodes were removed from the dye solution, rinsed with
absolute ethanol, and then dried with nitrogen gas. The N719sensitized SnO2 photoanode and CE were sandwiched using a
60 mm-thick surlyn spacer (surlyn-1702, Dupont). The iodine
electrolyte was introduced into the sandwiched cell through a
hole drilled in the CE, and the hole was then sealed with a
surlyn spacer and cover glass. The electrolyte was composed of
0.5 M butylmethyl-imidazolium iodide, 0.06 M I2, 0.5 M 4-tertbutylpyridine in an acetonitrile solvent.
A successive ionic layer adsorption and reaction (SILAR)
technique was employed to deposit the CdS QDs on the SnO2
lm.37 Two separate solutions were prepared: 0.1 M Cd(NO3)2 in
ethanol and 0.1 M Na2S in methanol. Working electrodes were
immersed into the Cd2+ solution and the S2 solution successively for 2 min each. Aer dipping into one solution, the
electrodes were washed with ethanol and methanol to remove
the excess of each precursor. The number of the SILAR cycles
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was optimized to be 6 in our experimental conditions. Then, the
CdSe QDs were deposited on the CdS QD-sensitized SnO2
anodes using chemical bath deposition (CBD). SnO2/CdS lms
were dipped in an aqueous solution containing Cd(SO4)–
Na2SeSO3–N(CH2COONa)3 ¼ 80 mM : 80 mM : 160 mM at 10  C
for 12 h. The Na2SeSO3 aqueous solution was prepared by
reuxing Se (0.5 M) in an aqueous solution of Na2SO3 (0.6 M) at
120  C for 7 h. The CdSe QD-sensitized lms were rinsed with
deionized water. Then, the lms were dipped again in 0.5 M
aqueous Na2SeSO3 solution at 70  C for 30 min to remove residual
Cd2+ ions, which otherwise could cause the formation of the CdS
QDs on the deposited CdSe QDs.38 ZnS was nally deposited on
top of the sensitized lms through the SILAR process. For the ZnS
passivation, two separate solutions were used: 0.1 M aqueous
Zn(NO3)2, and 0.1 M aqueous Na2S. Two SILAR cycles were used.
The polysulde electrolyte was composed of 1 M S and 1 M Na2S
in deionized water. Simultaneously TiO2 photoelectrodes were
prepared with similar experimental conditions and assembled
with either CNF or Pt CE for both QDSCs and DSCs. Detailed
experimental methods are presented in the ESI.†

3.

Results and discussion

Fig. 1 shows a schematic diagram of QDSCs composed of SnO2
photoanode and CNF CE sandwiched and lled with sulfur
redox electrolyte. Inside the schematic diagram, the electron
transfer from quantum dot into SnO2-HMS and reduction
reaction mechanism in CNF CE is shown. Cauliower-like SnO2HMS was synthesized by a two step process. SnO2 spheres were
prepared by a chemically induced self-assembly reaction of
aqueous sucrose–SnCl4 solution under hydrothermal conditions.39 And the resulting black precipitate yielded carbon/SnO2
spheres. Subsequently the carbon/SnO2 spheres were sintered
at 600  C for 3 h to remove carbon and white color cauliower-

Schematic diagram showing the device architecture composed
of SnO2 photoanode and carbon-nanoﬁber counter electrode with
sulfur redox electrolyte. The electron transport from quantum dots
into SnO2-HMS and the reduction reaction mechanism in carbonnanoﬁber counter electrode are also shown.
Fig. 1
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like SnO2-HMS was formed. Fig. 2 shows the unique morphologies of the SnO2-HMS surface and cross sectional SEM images.
From the SEM images, it is clearly evident that the hollow
spheres is composed of aggregated small SnO2 nanoparticles
with diameter of 50 nm. The hollow SnO2 structures were
formed due to removal of residual carbon in the SnO2 spheres.
As shown in Fig. 2a and b, most of the SnO2 spheres are
spherical in shape with a size variation from 500 nm–2 mm. A
cross-sectional SEM image (Fig. 2c) shows the screen printed
SnO2-HMS on FTO glass with uniform lm thickness. Multilayer
quantum dots (CdS/CdSe/ZnS) were uniformly sensitized on top
of the SnO2-HMS by SILAR (Fig. 2d) for eﬃcient light harvesting.
To further conrm the QD distribution on SnO2-HMS, SEM-EDS
was measured for the bare SnO2/TiO2 and QD sensitized SnO2/
TiO2 photoanode (Fig. S1b and c†). XRD was measured for the
SnO2-HMS aer 600  C sintering and it shows a highly crystalline rutile phase (Fig. S1a†). Likewise, strong sharp peaks were
obtained at 2q of 25.2, 33.5, 37.5, 52.0, and 54.1 , corresponding
to a crystalline rutile phase with orientations of (111), (101),
(200), (211), and (220), respectively.
The surface and cross-sectional morphological structures of
the unique CNF nanostructures were measured using SEM and
TEM analysis (Fig. 3). Doctor bladed CNF on FTO substrates
were given in Fig. 3a and b. The CNF CE formed on FTO glass
composed of carbon bers with size ranging from several
micrometers in length and more than 100 nm in diameter. The
CNF used in this work possesses a good nanostructure which is
benecial for the catalytic reduction reaction. The antler like
structures in the edges of the bers can act as catalytic sites in
CE (Fig. 3c). Carbon materials with more edge planes can act as
a highly eﬀective CE.34,36 The CNF lm made on the FTO glass is
uniform with a lm thickness of 11 mm (Fig. 3b).
To further highlight the promising properties of SnO2-HMS,
the diﬀuse reectance was measured (Fig. S2†). In our previous

Fig. 2 SEM surface morphology of the SnO2-HMS powders and ﬁlms
deposited on FTO glass substrate; (a, b) as-synthesized SnO2 powders
after sintering, (c) bare SnO2 photoanode, and (d) quantum dotsensitized SnO2-HMS photoanode.
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SEM images of the CNF electrodes (a) top view of CNF on FTO
glass substrates, (b) cross-sectional images of the CNF on FTO glass
substrates, and (c) HR-TEM images of CNF powders.

Fig. 3

results, mesoporous spherical TiO2 (similar with SnO2-HMS)
were used as photoanode and exhibit better functionality for
light reectance when compared to nanoparticulate TiO2 electrodes.40 Such property is quite advantageous for photovoltaic
applications. So our microspheres can function as scattering
centers and the SnO2-HMS can eﬀectively conne visible light
(400–750 nm) (Fig. S2†). We concluded that high reectance of
the SnO2 nanostructure can enhance light harvesting and eﬃciency. Inset (Fig. S2†) shows the absorption spectra of QDsensitized SnO2-HMS photoelectrodes. Aer the sensitization
of SnO2-HMS with QDs (CdS/CdSe/ZnS), reectance is reduced
at the short wavelength range (under 650 nm) due to absorption
of the incident light by the QDs.
Photocurrent–voltage characteristics of the QDSCs and DSCs
with SnO2 photoanode were assembled with either CNF or Pt
CEs and their spectra are shown in Fig. 4a and b and their
corresponding photovoltaic parameters are summarized in
Table 1. To reduce the electron recombination and trap states at
the SnO2/CdS/CdSe/electrolyte interface or dye/electrolyte
interface, an aqueous TiCl4 treatment was done before the QD
or dye-sensitization, and additionally a thin ZnS passivation
layer was deposited on top of the CdS/CdSe by a SILAR method
for QDSCs alone.16
When the CNF lm was used as a CE, the QDSC exhibits a
short circuit current (Jsc) of 7.5 mA cm2, an open circuit voltage
(Voc) of 0.587 V, a FF of 56.2%, and a power conversion eﬃciency
(h) of 2.5%, which is quite superior to the conventional Pt CE
(2.1%). Nanoparticulate TiO2 electrodes were prepared for both
QDSC and DSCs in similar SnO2 experimental conditions with
either CNF or Pt counter electrodes simultaneously. The device
assembled with CNF CE showed a similar conversion eﬃciency
to Pt for both the QDSC (Pt-2.0%, CNF-2.1%) and DSCs (Pt7.4%, CNF-6.9%) and their photovoltaic parameters are
summarized in Table S1.† Due to the lower conduction band of
SnO2 electrode, eﬃcient charge injection from excited CdS/
CdSe to the conduction band of SnO2 was observed and so this
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Fig. 4 (a) Current–voltage characteristics of QDSCs made with CNF

and Pt CE, (b) current–voltage characteristics of DSCs made with CNF
and Pt CE, and (c) Nyquist plots of the symmetric cells with CNF
electrodes in polysulﬁde electrolyte with diﬀerent aging times. Inset
shows the corresponding characteristics of Pt CE in polysulﬁde electrolyte with diﬀerent aging times.

Table 1 Photovoltaic performance of SnO2-HMS photoanode for
QDSCs and DSCs made with various counter electrodes. Measurement under 1 sun illumination

Counter
electrode

Sensitizer

Jsc
(mA cm2)

Voc (V)

FF (%)

h (%)

CNF
Pt
CNF
Pt

CdS/CdSe/ZnS QDs
CdS/CdSe/ZnS QDs
N719 dye
N719 dye

7.5
7.6
7.8
9.0

0.587
0.551
0.733
0.709

56.2
51.4
53.3
55.6

2.5
2.1
3.0
3.6

property allows us to use SnO2 ahead of the standard TiO2
electrodes.16 With the addition of TiO2 passivation layer on
SnO2, the sensitized QD can also act as a barrier layer for electron recombination back to the electrolyte and thus result in
promising eﬃciency. The device assembled with CNF CE
showed almost similar Jsc with the reference Pt CE device but
much higher FF and Voc than the Pt CE. Such enhanced
performance originated from the much faster reduction reaction (S2/SX2) in CNF CE. FF is mainly dependent upon the
catalytic property of the counter electrode. The high surface
area of CNF and catalytic rich region in the edges of the bers
decrease the charge transfer resistance (RCT) in the CE and in
turn increase the FF and h. The enhanced performance of CNF
CE and poor catalytic property of Pt are estimated from the
impedance analysis, as shown in Fig. 4c. Although the performance of SnO2/CNF CE in QDSC is encouraging, it is still less
than the reported value.16 We believe there is still hope for
eﬃciency improvement by controlling the QD deposition
condition and optimizing the electrolyte composition. To
further study the inuence of SnO2-HMS nanostructure, dyesensitized solar cells were made simultaneously. In dye-sensitized SnO2-HMS photoanode, CNF or Pt CE was used as a CE

This journal is © The Royal Society of Chemistry 2014

and iodine electrolyte acts as a redox mediator (Fig. 4b). Due to
the high surface area, good porosity and hollow nanostructure,
a large amount of dye molecules can be attached and the hollow
structure can inuence light scattering, faster electron transport route and all these properties resulted in a much promising
photovoltaic performance in DSCs (3.6% for Pt CE, and 3.0% for
CNF CE).
To study the interfacial catalytic reduction reaction in Pt and
CNF CE with diﬀerent aging times, electrochemical impedance
spectroscopy (EIS) was performed (Fig. 4c). Thin layer
symmetric cells were congured with the CNF coated FTO glass
substrates, lled with polysulde electrolyte, and simultaneously similar cells were prepared with the Pt for comparison.34,36 In the Nyquist plot high frequency semicircle represent
the charge transfer resistance (RCT) in the CNF or Pt CE, an
index of the catalytic property of the CE in QDSCs and DSCs,
and the low frequency semicircle is from the Nernst diﬀusion
impedance in the redox electrolyte.33,36 Nyquist plots obtained
from the CNF CE showed two distinguishing semicircles
(Fig. 4c) and Pt showed one huge semicircle for RCT and a small
circle for a diﬀusion impedance (inset image of Fig. 4c). The RCT
for the Pt cell is about 20 times larger than CNF cell. This shows
that the catalytic activity of CNF is much better than Pt. It may
be reasonable to attribute such large overall impedance for Pt to
the poor catalytic reduction reaction of Pt in the polysulde
electrolyte.41 A key issue in using an alternative counter electrode in QDSCs is the robustness of the CE material in polysulde electrolyte during aging.
The RCT of freshly prepared CNF symmetric cells were found
to be 23.2 U even aer aging for 144 h, not a big diﬀerence,
whereas symmetric cells made with the Pt showed a huge
increase in the total impedance for 0 h and 144 h. Such increase
in the impedance for Pt might have been due to adsorption of
sulfur, which resulted in a larger impedance from the poor
stability of the device. The poor catalytic activity of the Pt CE
leads to a poor reduction rate of SX2, which in turn leads to
depletion of S2 in the photoanode and inhibits QD regeneration and electron injection.33,42
To further evaluate the catalytic property of the CEs (CNF,
Pt), Tafel-polarization was measured in a symmetric cell similar
to the one used in EIS analysis.43–45 Fig. 5a shows a plot of the
logarithmic current density (log J) as a function of the voltage
(V). Fig. 5a shows the anodic and cathodic branches of the Tafel
curves for both CNF and Pt cells. Both the anodic and cathodic
curves of CNF exhibit the largest slope than that of the Pt
electrode. CNF electrodes have a higher exchange current
density (Jo) towards polysulde redox electrolyte compared to
Pt. Hence, the CNF-CE shows the better electrocatalytic activity
and is consistent with the EIS results.
To elucidate the results more clearly, cyclic voltammetry (CV)
was also performed for the CNF and Pt electrodes (Fig. 5b).
Here, CV was measured with a standard three electrode system
composed of a working electrode, counter electrode and reference electrode. In the CV curves, the peak obtained on the
positive side is known as anodic peak (oxidation of S2) and the
peak obtained at the negative side is known as cathodic peak
(reduction of SX2 to S2), respectively.36,43 In the study of
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with CNF CE showing good electrocatalytic properties. The
described chemical and structural methodology can be expected to manufacture stable and low-cost sensitized solar cells.
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