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Carbon dot-Au nanoraspberries (Cdot-Au NRs) were synthesized by a simple one-pot process using Cdots
as initiators to direct the dendritic growth of Au via room temperature chemical reduction of HAuCl4 by
formic acid. We evaluated the resulting Cdot-Au NR as a counter electrode material for ZnO nanowire/
CdS/CdSe quantum dot-sensitized solar cells (QDSCs). The counter electrode employing Cdot-Au NRs
exhibited higher electrocatalytic activity, lower charger-transfer resistance, and larger exchange current
density than commonly used Au-sputtered counter electrodes. The power conversion efﬁciency of the
cell was improved to 5.4%, in comparison to efﬁciencies of 3.6% and 0.18% shown by cells employing Ausputtered and Cdot counter electrodes, respectively. These features render Cdot-Au NRs as highly
promising counter electrode materials for QDSCs.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Quantum dot-sensitized solar cells (QDSCs) have attracted
immense interest as promising next-generation photovoltaic (PV)
systems [1] because of the unique properties of quantum dots
(QDs), such as high extinction coefﬁcients, broad spectral ranges,
and easily tunable band gaps [2]. The challenges involved in realizing the full potential of QDSCs include improving the energy
conversion efﬁciency and reducing costs. To achieve higher conversion efﬁciencies, a variety of QD sensitizers have been widely
explored [3e6]. A highest efﬁciency of 8.5% has been reported with
Sb2S3 and PbS QDs at the laboratory scale [4].
The counter electrode (CE) is an important component in solar
cells and considerable efforts have been directed toward ﬁnding
appropriate materials to fabricate CEs with lower resistances and
higher reduction rates of the redox electrolyte. Pt CEs have been
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widely used as the standard CE; however, due to the adsorption of
sulﬁdes on its surface, the use of Pt as the CE limits the QDSC
performance [7e9]. Au CEs have been considered as alternatives
because of their high chemical stability against sulﬁde ions. However, since cost reduction is a critical factor in the development of
solar cells, various materials have been extensively explored as an
inexpensive alternative for Au CE, including transition metal sulﬁdes [10e13], carbonaceous materials [1,14e18], and conductive
polymers [19,20]. Among these, carbon-coated CEs have been
widely tested to optimize the cell performance using several types
of carbon materials. In the case of CEs using graphene, the defective
sites on graphene provides the active sites for catalyzing the
triiodide reduction in dye-sensitized solar cells (DSCs) [21]. As a
proof of concept, carbon dot (Cdot)-doped polypyrrole [22] was
evaluated as a CE material in DSCs. The results show that the edgebound nanoscale Cdots provide more electrochemically active sites
and a higher charge transfer rate because of the presence of a
higher number of active defect sites on the Cdot surface. Furthermore, the doping of Cdots led to a more porous CE, resulting in an
increased number of electrocatalytic active centers and enhancement of the reactant diffusion.
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On the other hand, the material structure and morphology of
the CE affect the catalytic activity and performance of the solar cell
by providing a different active catalytic surface (i.e., surface area,
number of active sites, etc.) for the redox reactions [22e24]. For
instance, Chen et al. compared previously reported energy conversion efﬁciencies of QDSCs using various CEs coated with copper
sulﬁde of different morphologies and have shown that the efﬁciency typically ranges from 3.73 to 5.21% [24]. The efﬁciencies are
low, indicating that the polysulﬁde electrolyte diffusion and the
surface active sites are to be further improved.
Here, we report a facile one-pot method to synthesize Cdot-Au
nanoraspberries (NRs) consisting of a dense array of Au branches.
In this approach, Cdots with an average size of 1.2 nm were used as
initiators to induce the anisotropic growth of Au via a simple room
temperature chemical reduction of HAuCl4 by formic acid. Using
this synthesis, we reproducibly prepared Cdot-Au NRs with high
surface areas. High-angle annular dark ﬁeld scanning transmission
electron microscopy (HAADF-STEM) and energy dispersive spectroscopy (EDS) elemental mapping revealed that the resulting
Cdot-Au NR composite material exhibits homogeneous distribution
of carbon and Au throughout the raspberry-like structure. These
Cdot-Au NRs displayed an enhanced catalytic activity toward polysulﬁde electrolyte reduction as a CE in ZnO nanowire/CdS/CdSe
QDSCs, which increased the power conversion efﬁciency (PCE) to
5.4% under 1 sun (100 mWcm2) irradiation, in comparison to
either Au or Cdot CEs. Moreover, since the preparation process we
propose is easy without the requirement of high temperature or
expensive equipment, the method shows potential for upscaling.

ion-layer adsorption and reaction. For this, the electrodes were
dipped into an aqueous solution of CdSO4 (200 mM) for 30 s, rinsed
with deionized water for 30 s, dipped in an aqueous solution of
Na2S (200 mM) for 30 s, and ﬁnally rinsed with DI water for 30 s.
Then, the CdSe QDs were deposited in situ on the CdS/ZnO NWs by
chemical bath deposition from an aqueous solution with
Cd(CH3COO)2 (concentration ¼ 2.5 mM, Cd ion source), Na2SeSO3
(concentration ¼ 2.5 mM, Se ion source), and NH4OH
(concentration ¼ 45 mM, complexing agent) at 95  C for 3 h. The
QDs were deposited from a home-built bath equipped with a
teﬂon-bladed electric stirrer and a teﬂon substrate holder. The bath
temperature was adjusted to the desired temperature using a
thermostat. To achieve suitable loading of CdSe on the CdS/ZnONWs, the procedure was repeated thrice. The experimental details of the fabrication of working electrodes are described elsewhere [15].
2.4. Preparation of the CEs
We prepared three different CEs for comparison. The ﬁrst one
contained a sputtered Au CE with a thickness of 70 nm. The second
and third samples were Cdot-coated and Cdot-Au NR-coated CEs
fabricated as reported in the previous study [26]. Brieﬂy, the Cdot
and Cdot-Au NRs were dispersed in a solution of ethanol:Naﬁon
with a volume ratio of 10:1 by ultrasonication for 1 h. The slurry
was coated on an FTO glass substrate by the doctor blade method
and subsequently dried at 200  C for 1 h.
2.5. Assembly of the QDSCs

2. Experimental section
2.1. Synthesis of the Cdots
The Cdots were synthesized by a microwave process reported
previously [25]. Citric acid (3 g, Duksan Chemical) was mixed with
urea (3 g, Shinyo Chemical) in 10 mL of distilled water by vigorous
stirring. The carbonization process was carried out by heating the
transparent solution in a domestic microwave oven (700 W) for
4 min. The dark brown solution obtained was cooled down to room
temperature and centrifuged at 7000 rpm for 30 min to remove the
large black aggregates. The supernatant containing Cdots was
neutralized by sodium bicarbonate and washed with deionized (DI)
water several times. The black Cdot solid was collected after drying
in a vacuum oven.
2.2. Characterization of the Cdots
Atomic force microscopy (AFM) images were acquired in the
tapping mode on a MultiMode 8 (Bruker) microscope with samples
prepared by dropping the dispersed Cdots in ethanol on a freshly
prepared mica substrate. Fluorescence emission analysis was performed using the FL spectrometer LS 55 (PerkinElmer) with an
excitation wavelength (lex) of 365 nm. Fourier transform infrared
(FTIR) spectra were obtained using the FT-IR 4100 spectrophotometer (Jasco, Japan). FT-Raman spectra were acquired using by a
FT-Raman spectrometer (Bruker) with a 514 nm laser source.

The QDSCs were assembled as described in the previous study
[15]. Brieﬂy, the working electrode and the CE were assembled into
a sandwich-type cell, which was sealed with a 60 mm-thick thermobonding polymer (Surlyn, DuPont) at 120  C for 5 min. A drop of
the electrolyte composed of Na2S (0.5 M), S (2 M), and KCl (0.2 M) in
methanol/water (the volume ratio of 7:3) was injected in each hole
(0.8 mm) located in behind the working electrode. The two holes
were sealed with the Surlyn layer.
2.6. Characterization and measurements
The morphologies of the nanohybrid materials were characterized by high-resolution scanning electron microscopy (HRSEM,
TOPCON DS-130C), and transmission electron microscopy (TEM,
JEM-2100F, Joel, Japan). The chemical states of the nanohybrids
were analyzed by EDS (JEM-2100F, Joel, Japan). The photocurrent
density-voltage characteristics of the cells were measured under a
simulated air mass 1.5 G solar spectrum. The constant light illumination was adjusted to 100 mWcm2 using a national renewable
energy laboratory (NREL)-certiﬁed silicon reference cell equipped
with a KG-5 ﬁlter. An active area of 0.25 cm2 was accurately deﬁned
using a mask placed in front of the cell [15]. The electrochemical
impedance spectra (EIS) of the counter electrodes were obtained
using the symmetric cell conﬁguration with an Ivium potentiostat.
The frequency range was varied from 100 kHz to 100 mHz with a
modulation amplitude of 5 mV at a 0 V bias voltage [27]. The EIS
spectra were ﬁtted using the Z-view software package.

2.3. Preparation of the working electrodes
3. Results and discussion
The working electrodes were prepared as described previously
[15]. Brieﬂy, a 50 nm-thick ZnO buffer ﬁlm was sputtered onto
ﬂuorine-doped tin oxide (FTO) glass (~8 U/,, Pilkington, USA),
which was then immersed in an aqueous solution containing
Zn(NO3)2.6H2O (0.01 M) and NH4OH (0.5 M) at 95  C for 12 h. The
ZnO nanowire (NW) electrodes were sensitized with CdS using the

As mentioned earlier, the Cdots were prepared by a simple
microwave synthesis reported previously (details are provided in
the Supporting Information) [25]. The Cdots were nanoparticles
with heights in the range 1.0e1.5 nm (Fig. S1), exhibiting blue
emission (lem ¼ 440 nm) at lex ¼ 365 nm (Fig. S2). FT-IR
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spectroscopy indicated that the surface functional groups on the
Cdots are carboxylic and primary amine groups (Fig. S3(a)). The FTRaman spectrum (Fig. S3(b)) exhibited two broad peaks centered at
~1362 cm1 and ~1604 cm1, which can be assigned to the
disorder-induced D band (sp3 structure) and the ﬁrst order Ramanallowed G band (sp2 structure), respectively. Hence, the Cdots
consist of both amorphous and crystalline molecular structures.
The intensity ratio of D to G band (ID/IG) was 0.89, indicating the
structural similarity of the Cdots to graphite [25].
These Cdots were used for the preparation of Cdot-Au NRs
consisting of a dense array of Au branches. For the synthesis of
Cdot-Au NRs, 0.031 g HAuCl4 was added into 20 mL Cdot solution
(1 mg Cdot/10 mL H2O), followed by mixing with 1 mL formic acid
at room temperature. The reaction was kept at room temperature
for 16 h and at 80  C for 15 min [28]. The synthesized Cdot-Au NRs
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were precipitated at the bottom of the ﬂask (Fig. S4). The overall
structure of the as-synthesized nanocomposites was characterized
by HRSEM and TEM, as shown in Fig. 1(a) and (b), respectively. All
the synthesized particles exhibited three dimensional (3D)
raspberry-like shapes with an average diameter of ~200 nm. Since
the individual particles consisted of a large number of Au branches,
the surface of the nanocomposites was very rough. High magniﬁcation TEM of a single Cdot-AuNR clearly shows the detailed morphologies of the NRs. All the branches of the NRs were thick
spheroidal Au particles (~10 nm in diameter and ~15 nm in length)
(Fig. 1(c)). The high-resolution TEM image (Fig. 1(d)) of a single Au
branch exhibits its crystalline structure with highly ordered fringes
with a lattice spacing of 2.03 Å, which corresponds to the Au{200}
interplanar distance (JCPDS 04-0784). Since HRTEM analysis did
not clearly show the presence of Cdots in the Au NRs, HAADF-

Fig. 1. (a) HRSEM image of Cdot-Au NRs, (b) TEM image of a single Cdot-Au NR, (c) and (d) magniﬁed TEM images, and (e) HAADF-STEM image and cross sectional compositional
line proﬁle of a single Cdot-Au NR. The EDX linescan intensities conﬁrm the presence of a Cdot inside the Au fringes. (f) HAADF-STEM-EDS elemental mapping of a Cdot-Au NR.
(A colour version of this ﬁgure can be viewed online.)
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STEM-EDS measurements were carried out to clarify the elemental
composition (Table S1eS4). As shown in Fig. 1(e), the EDS cross
sectional compositional line proﬁle revealed the presence of the
Cdot within the Au fringes of a single nanoraspberry (Fig. S5 and
Table S1). The EDS elemental mapping also conﬁrmed the uniform distribution of carbon over the entire raspberry-like structure,
overlapping with the Au distribution (Fig. 1(f), Fig. S6 and Table S4).
Au is the dominant component in the Cdot-Au NRs. As a control
experiment, an identical synthesis procedure was carried out
without the Cdots in the Au precursor solution to produce only
heterogeneous Au NPs (Fig. S7). This indicates that the observed
anisotropic growth of the Au branches can probably be attributed to
the presence of Cdots. In the current method, once the Au nuclei are
formed and immobilized on the surface of a Cdot after reduction by
formic acid, the Au nuclei act as catalytic sites for the further
reduction of the Au precursors. Simultaneously, the Cdots adsorb
on the Au nuclei due to the existence of various functional groups
such as eNH, eOH, eCN, eCO on the Cdot surface. The existence of
the functional groups on the Cdot surface has been conﬁrmed by
FTIR (Fig. S3). This anisotropic growth of Au on favorable sites along
with the deposition of Cdots yields the development of Au branches
with the uniform distribution of Cdots across the NR structure [29].

We employed the Cdot-Au NR to fabricate the CE of QDSCs
because of its electrochemical properties. Fig. 2(a) shows the
schematic diagram of the cell assembly. The working electrode and
the CE were assembled into a sandwich type ZnO NW/CdS/CdSe cell
(see Supporting Information for details). For comparison, we also
prepared CEs using Cdot or Aualone. Fig. 2(b) shows the current
density versus voltage (JeV) characteristics obtained with various
CEs (the details are summarized in Table 1). The J-V curves for the
cells showed that the solar cell performance was considerably
inﬂuenced by the choice of the CE materials. The J-V curve of the
cell employing the Cdot-Au NR CE exhibits an open-circuit voltage
(VOC) of 708 mV, a short-circuit current density (JSC) of
16.6 mAcm2, and a ﬁll factor (FF) of 46%, resulting in an average
PCE of 5.4%. In contrast, the QDSC using the Au-sputtered CE exhibits a JSC of 13.2 mAcm2, a FF of 39%, and a PCE of 3.6%, while
Cdot by itself was not a suitable CE material, showing a much lower
PCE (0.18%). Furthermore, QDSC employing Au NP-based CE also
showed a low PCE of 0.7%. This value is remarkably lower than that
of the device assembled by the Cdot-Au NR electrode (5.4%). The
high performance of the QDSCs using the Cdot-Au NR-based CE is
attributed to its much larger surface area than the Au-sputtered CE,
leading to an increase in the number of electrocatalytic active sites.

Fig. 2. (a) Schematic of a QDSC with a CdSe/CdS/ZnO-NW photoelectrode and a Cdot-Au NR CE. (b) Characteristic current density-voltage curves of QDSCs measured under standard
conditions with different CEs. (c) Nyquist plots of the symmetrical dummy cells with two identical CEs. Inset: Nyquist plot of the symmetrical dummy cell equipped with Cdot CEs
(left) and equivalent circuit diagram used to ﬁt the observed impedance spectra (right). (d) Tafel curves of different dummy cells similar to those used for the EIS measurements.
(A colour version of this ﬁgure can be viewed online.)
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4. Conclusion

Table 1
Photovoltaic properties of the QDSCs with various CEs.
CE
Au-sputtered
Cdot
Cdot-Au NR
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Jsc (mAcm2)

Voc (mV)

FF (%)

h (%)

13.2
2.0
16.6

702
550
708

39
16
46

3.6
0.18
5.4

In addition, it has been suggested that Cdots provide electrochemical active sites and improve charge transfer rate due to the
presence of many active sites on the Cdot surface [22].
The effect of the CE materials on the QDSC performance was
evaluated by electrochemical impedance spectroscopy (EIS), which
is closely related to their electrical conductivities and electrocatalytic activities towards regenerating the S2 =Sx 2 redox couple
[15]. Fig. 2(c) shows the Nyquist plots of the symmetric cells
fabricated with two identical CEs. The spectra were ﬁtted with an
equivalent circuit using the Z-view software, which is presented as
the upper right inset in Fig. 2(c). Table 2 lists the ﬁtting parameters.
The charge transfer resistance (Rct) of the Cdot-Au NR CE was as
small as 2.02 Ucm2, while that of the Cdot and Au-sputtered CEs
were 12404.81 and 14.12 Ucm2, respectively, indicating the superior charge transfer and electrocatalytic ability of the Cdot-Au NR at
the CE/electrolyte interface. The lower value of Rct also reﬂects an
increase in the current density (Jo ¼ RT/nFRct, where R is the gas
constant, T is the temperature, n is the number of electrons
involved in the reduction of the polysulﬁde electrolyte, and F is
Faraday's constant), as shown in Table S5. This observation is
consistent with the results obtained from the Tafel zones shown in
Fig. 2(d). As shown in Fig. 2(d), the Cdot-Au NR CE exhibits higher
limiting diffusion current density (Jlim) than the other CEs from the
diffusion zone, indicating that Cdot-Au NR CE shows the largest
diffusion coefﬁcient (D) compared to other CEs: D ¼ lJlim/2nFC
where l and C represent the spacer thickness and the electrolyte
concentration, respectively. Moreover, from the Tafel-polarization
analysis, Cdot-Au NR CE exhibits the highest electrocatalytic activity in reducing Sn 2 to nS2 in comparison to Cdot or Ausputtered CEs (Fig. 2(d)). The high FF and Jsc may be explained on
the basis of the high exchange current density (Jo) value [30]. The
constant phase element (CPE) data conﬁrmed that the active surface area of the Cdot-Au NR CE is much larger than the values
shown by the other CEs (Table S5). A high value of the Warburg
diffusion impedance (Zw) indicates a slow diffusion of the redox
couple in the polysulﬁde electrolyte. The lower value Zw of the
Cdot-Au NR CE compared to that of the Au-sputtered and Cdot
electrodes is attributed to the large surface area of the NRs. Further,
it is well-known that a decrease in both Rct and Zw causes a
reduction in the total internal resistance, resulting in an increase in
the FF and Jsc of the QDSC [31]. The series resistance
(Rs ¼ Rh þ Rct þ Zw (R)) of the cell employing the Cdot-Au NR
electrode was 3.34 Ucm2, lower than the values exhibited by the
equivalent devices employing Au-sputtered (17.52 Ucm2) or Cdot
(13037.06 Ucm2) CEs (Table 2). These results are in good agreement
with the PV parameters of the QDSCs. The stability test of the cell
using the Cdot-Au NR CE shows no noticeable change in the Rh after
three weeks (Fig. S8 and Table S6).

Table 2
The ﬁtted impedance parameters extracted from the EIS spectra of the QDSCs with
various CEs.
CE

Rct (Ucm2)

Zw (Ucm2)

Rs (Ucm2)

Au-sputtered
Cdot
Cdot-Au NR

14.12
12404.81
2.02

2.87
630.63
0.02

17.52
13037.06
3.34

We synthesized Cdot-Au NRs consisting of a dense array of Au
branches by a simple one-pot chemical reduction of HAuCl4 in a
Cdot solution. The resulting material exhibited a high electrocatalytic activity toward the reduction of Sn 2 to nS2 and showed
potential as a CE for QDSCs. The cell using the Cdot-Au NR CE
achieved a high power conversion efﬁciency of 5.4% with 26% Jsc
and 18% FF. These features render Cdot-Au NRs as highly promising
counter electrode materials for QDSCs. Since the synthesis process
is facile and cost-effective for large-scale applications, we believe
that this method can be applied to the synthesis of various nanohybrid materials for a wide range of applications.
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