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a b s t r a c t

ZnO nanoparticles have been assessed the effects of added carbon dots (Cdots) on the performance of
photovoltaic devices: ZnO(100) and ZnO(20) with particle sizes of 94 and 20 nm, respectively, were
hybridized with Cdots and characterized by currentevoltage measurements under the illumination
condition. The photovoltaic conversion of dye-sensitized solar cells (DSSCs) was effective for ZnO(20)
superior to Zn (100) and for the incorporation of 10wt% Cdots in the hybrid nanostructures. Moreover,
when the mole ratio (ethylenediamine:citric acid) between raw materials of Cdots was 2:1, the con-
version efficiency was highest (5.9%), and this value was 7 times higher than that of ZnO(20) DSSC
without Cdots. Electrochemical impedance spectroscopy also showed that the charge transfer resistance
property was lowest for Cdots(2:1)-hybridized ZnO(20) DSSC. It can be thus concluded that the per-
formance of ZnO-based DSSCs is improved by the size-minimization of ZnO and the addition of adequate
amount of Cdots. The effect of carbon dots was discussed based on electron transfer between ZnO and
Cdots under the illumination.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The semiconducting materials have been taken notice due to
their valuable applications in light harvesting systems such as solar
energy conversion, photovoltaic and photocatalytic devices, since
they have nonlinear properties because of their distorted electronic
properties [1,2]. However, since an inorganic semiconductor with a
wide band gap at room temperature is disadvantageous for visible
light harvesting, semiconductors with a narrow band gap like
quantum dots [3] or composites of inorganic semiconducting ma-
terials with other metal nanoparticles are usable raising the effi-
ciency of visible light harvesting [4].

Nanocomposites are effective, multifunctional materials for
energy conversion or photochemical reaction and in electro-
chemical supercapacitors. They enhance the photocatalytic per-
formance by improving their electronic and structural properties.
Currently, nanocomposites of ZnOwith carbon-basedmaterials like
graphene and carbon nanotubes were fabricated by employing
various methods for achieving high performance for supercapacitor
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and energy conversion [5e7]. However, these electrodes showed to
have limited improvements in the light harvesting performance [6].
Hence, the electrodes must be developed to modify to display the
better performance.

Carbon dots (Cdots) are one of carbon materials as well as car-
bon nanotubes but they are highly ecofriendly materials due to the
cheap cost of rawmaterials and the possible production fromwaste
materials, different from carbon nanotube [8]. Moreover, their
composites with conducting polymers exerted the strong perfor-
mance on the pseudo-capacitor, that is, the composite electrodes of
polypyrrole@Cdots or polyaniline@Cdots enhanced more than
double of the specific capacitances of pristine conducting polymers
by their synergetic effect [9]. In our previous publication, we hy-
bridized Cdots with ZnO nanoparticles and it has been found that
the optical band gap of ZnO significantly reduced with addition of
Cdots [10]. This indicates the possible performance of ZnO/@Cdots
composites on photocatalysis [8] and photovoltaic electrochem-
istry. Thus, the performance of ZnO-based photoreaction devices
may be enhanced by additives which have an effect on the band gap
of ZnO [11,12], and Cdots possess possibilities to improve the per-
formance of ZnO-based photovoltaic electrochemistry by their
adsorption on ZnO.

In this work, based on the above concept, the exploration of
electrochemical performance by nanocomposite materials of ZnO
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with Cdots were performed for energy conversion, especially, on
dye-sensitized solar cells (DSSCs). DSSCs were constructed by ZnO
nanoparticles with different particle sizes as the semiconductor
using rhodamine B (RhB) and cis-diisothiocyanato-bis(2,2-
bipyridyl-4,4-dicarboxylato) ruthenium (II) bis(te-
trabutylammonium) (N-719) dyes as a principal sensitizer and
energy acceptor. The effects of Cdots were examined at the different
amounts of added Cdots, and the nitrogen content in Cdots was
varied by changing the ratio of rawmaterials (ethylenediamine and
citric acid). Thus, the Cdots are expected to be the promising ad-
ditive for enhancing photovoltaic performance.

2. Experimental section

Ethylenediamine (99%), citric acid anhydrous (99%), and RhB
were purchased from Acros organics (USA). N719 was purchased
from SORALONIX (Germany). ZnO nanoparticles (ZnO(100) and
ZnO(20) with particle sizes of 94 and 20 nm, respectively) were
same samples previously synthesized and characterized [10]. They
were prepared using calcination and polyol solvent synthesis
methods [10,13], respectively, and characterized using the trans-
mission electron microscopy, X-ray diffraction, X-ray photoelectron
spectroscopy, infrared absorption spectroscopy, nitrogen
adsorption-desorption isotherm analysis and band gap determi-
nation [10].

Cdots with different nitrogen contents were synthesized via a
method that described in the previous work [10]. Citric acid
anhydrous (1 g) was dissolved in water (70ml) and adequate
amount of ethylenediamine (0.30e1.05ml) was added to be the
mole ratios of ethylenediamine against citric acid of 1:1, 1.5:1, 2:1,
2.5:1, 3:1 and 3.5:1, which were hereafter described Cdots(x¼ 1,
1.5, 2, 2.5, 3, 3.5). After the mixture was stirred for 30min at room
temperature, it was hydrothermally carbonized in an autoclave for
5 h at 250 �C and stood to cool. The solvent was evaporated and the
resulted Cdots were dried for 3 h at 100 �C. ZnO (400mg) in iso-
propanol (2ml) and Cdots (48mg, 10wt%) in water (2ml) were
mixed, sonicated for 10min and stirred for 4 h at room tempera-
ture. ZnO@Cdots were filtered, washed several times with water,
air-dried overnight and heat-dried at 100 �C for 3 h. The concen-
tration of Cdots (10wt%) was maintained in whole experiments
except the concentration dependence examination of Cdots.

Electrochemical measurements were carried out using a Zahner
CIMPS-X Photo-Electrochemical Workstation together with the
THALES software package (Xpot-26366) on a photovoltaic cell of a
two-electrode configuration with a ZnO@Cdots working electrode
and a Pt counter electrode, which were prepared by following
procedure: ZnO@Cdots paste (mixture of ZnO@Cdots (100mg) with
isopropanol (0.5ml)) was spin-coated on an indium tin oxide (ITO)
glass substrate and dried for 30min at 400 �C. The temperaturewas
varied at 25e450 �C for the temperature dependence examination
of dye adsorption. The ZnO@Cdots-coated electrode was immersed
into an ethanolic dye solution (0.5mM) for 5 h at room tempera-
ture and rinsed with ethanol. The determination of adsorbed dye
amount on ZnO@Cdots/dye electrode was performed by desorbing
dye for 12 h in a 0.1M NaOH solution of a mixed solvent of water
and ethanol (by volume ratio 1:1) and evaluating by means of
spectrocolorimetry at 540 and 500 nm absorption bands of RhB and
N719, respectively. The counter electrode was prepared by sputter
deposition of Pt (9 nm thickness) onto the ITO glass substrate (at
20mA sputtering current and 90 s sputtering time on a Cressingion
108 auto coater). To assemble the solar cells, a Pt-coated ITO glass
was placed on the dye-adsorbed ZnO@Cdots-coated photo-
electrode spaced by a 0.13mm paraffin spacer, and a small quantity
of a redox electrolyte solution (an acetonitrile solution of KI (0.3M)
and I2 (0.05M) was injected between two electrodes through the
small hole created on the Pt counter electrode [8]. From the mea-
surements of current-voltage (I-V) characteristics, the conversion
efficiency hwas calculated based on an equation of h¼ Jsc · Voc · FF/
Iph, where Jsc is the short-circuit current density, Voc is the open-
circuit voltage, FF is the fill factor, and Iph is the source of stimu-
lated light at 156 w/m2. The electrochemical impedance spectro-
scopic (EIS) measurements were carried out using an impedance-
measuring mode on the same instrument. It was recorded at a
frequency range of 10 kHze10Hz using a solar simulator. The
fluorescence spectra were recorded on a HITACHI photo-
luminescence spectrophotometer. The solution cell thickness was
10mm.

3. Results and discussion

3.1. Electrochemical characterization

Photovoltaic testing, that is, I-V characterization of DSSCs can be
progressed by a narrow band-monochromated light source.
Furthermore, a meaningful effect on the performance of the DSSCs
may occur from the chemical structure of dyes for sensitization and
depend on adsorbed time/amounts of dyes on ZnO surface [14]. To
investigate the wavelength dependence of incident visible light on
the photoexcitation behavior of dyes, three different light sources,
namely, blue (430 nm), green (523 nm), and red (630 nm) light
emitting diode (LED) lights at the same light intensity (56 w/m2)
were applied for ZnO nanoparticle-based DSSCs with RhB and N719
dyes, since light source and dye species depend on photovoltaic
[15]. Electrochemical measurements were carried out on a two-
electrode configuration with ITO/ZnO@Cdots as a working-
electrode and Pt electrode as a counter-electrode. Fig. 1 shows the
I-V characteristics of ZnO@Cdots nanoparticle-based DSSCs. With
increasing wavelength of light sources from blue to red, the I-V
characteristics decreased for both RhB- and N719-sensitized DSSCs.
Thus, only blue light source was hence forth utilized on whole
experiments

Thus, experimental comparisons among composite DSSCs con-
sisting of ZnO@Cdots/dye nanostructures were performed at
different Cdots contents and ethylenediamine/citric acid mole ratio
under blue light source at illumination intensity of 156 w/m2. Fig. 2
shows I-V characteristics of different combinations of DSSCs
regarding ZnO@Cdots (1) and sensitizers at various Cdots contents
of 0e50wt%. I-V curves were commonly intensified from 0wt% up
to 10wt% Cdots content but weakened above this content. It was
highest for N719-photosensitized ZnO(20)@Cdots DSSC. Moreover,
the current from ZnO(20)@Cdots DSSC was 1.2e1.5 times higher
than that from ZnO(100)@Cdots DSSC, and both ZnO(100)@Cdots
and ZnO(20)@Cdots DSSCs were intensified their current (about
one order) and voltage (1.3e2.0 times), when sensitizer was varied
from RhB to N719. These insights indicate the more predominant
efficiency of small ZnO than large ZnO and of N719 than RhB. Fig. 3
displays I-V curves from ZnO@Cdots/dye DSSCs at different ethyl-
enediamine/citric acid mole ratios of 1.5e3.5. For the case of
different ethylenediamine/citric acid mole ratio, photovoltaic and
device performances were improved at ethylenediamine/citric acid
mole ratio of 2 and more dominant for N719 than RhB and for
ZnO(20)@Cdots than ZnO(100)@Cdots.

The electrical properties of DSSCs, namely, short circuit current
density (Jsc), open circuit voltage (Voc), fill factor (FF) and conver-
sion efficiency (ɳ) can be evaluated from IeV characteristics and
they were plotted as a function of Cdots content and ethylenedi-
amine/citric acid mole ratio as shown in Fig. 4 and listed in Table 1.
As seen in Fig. 4A, open circuit voltage slightly depended on size of
ZnO, sensitizer species and Cdots content but still within a range of
minimum 0.20 V and maximum 0.57 V, and fill factor was most



Fig. 1. Light source dependency on IeV characteristics of (a) ZnO(100)/RhB and (b)
ZnO(100)//N719 under blue, green and red light sources at illumination intensity of 56
w/m2.

Fig. 2. Cdots content dependency on I-V characteristics of ZnO@Cdots/dye DSSCs. (a)
ZnO(100)@Cdots(1)/RhB, (b) ZnO(100)@Cdots(1)/N719, (c) ZnO(20)@Cdots(1)/RhB and
(d) ZnO(20)@Cdots(1)/N719. Cdots content: 0, 5, 10, 20 and 50wt%.

Fig. 3. Ethylenediamine/citric acid mole ratio dependency on IeV characteristics of
ZnO@Cdots/dye DSSCs. (a) ZnO(100)@Cdots(2)/N719, (b) ZnO(20)@Cdots(2)/RhB and
(c) ZnO(20)@Cdots(2)/N719. Ethylenediamine/citric acid mole ratio: 1.5, 2, 2.5, 3 and
3.5.
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independent of the variation of such factors. However, short circuit
current density and accordingly conversion efficiency remarkably
depended on such factors: They were always maximum at 10wt%
Cdots content, numerical values from N719-sensitized cells were
almost one order higher than those from RhB-sensitized cells, and
numerical values of conversion efficiency from ZnO(20)@Cdots(1)
were almost double from ZnO(100)@Cdots(1) DSSCs. Thus, the
effective composite DSSC was of ZnO(20)@Cdots(1)/N719 nano-
structures at 10wt% Cdots content.

The electrochemical properties of DSSCs depending on ethyl-
enediamine/citric acid mole ratio were evaluated for ZnO(20)
@Cdots/RhB, ZnO(100)@Cdots/N719 and ZnO(20)@Cdots/N719 and
plotted in Fig. 4B. Open circuit voltage and fill factor did not so
much depend on ethylenediamine/citric acid mole ratio and dis-
played similar values for three DSSCs. However, short circuit cur-
rent density and, thus, conversion efficiency were meaningfully
influenced on ethylenediamine/citric acid mole ratio at the order of
ZnO(20)@Cdots/RhB< ZnO(100)@Cdots/N719< ZnO(20)@Cdots/
N719, and the parameters were commonly highest at 2:1 ethyl-
enediamine:citric acid mole ratio, that is, at ZnO(20)@Cdots(2).
Finally, the highest conversion efficiency (5.9%) was attained by
ZnO(20)@Cdots(2)/N719 DSSC.
3.2. Efficiencies of size of ZnO and addition of cdots on DSSC
performance

The efficiency of size of ZnO on performance of DSSCs, that is,
the more superior efficiency by ZnO(20) than by ZnO(100) can be
explained by the increased surface area per volume provided by the
nanostructures, as demonstrated in the previous report [10]. The
large surface area is effective for promoting the adsorption of
sensitizer molecules, the photoenergy absorption by sensitizer
molecules and the stimulation of photovoltaic effect by semi-
conductive materials. Regarding sensitizer molecules, N719 could
be more effective than RhB. Moreover, the addition of Cdots on the
photoelectrode improved the conversion efficiency. This result is
relating to the fact that the addition of Cdots increased the surface
area of ZnO@Cdots nanoparticles, as reported in the previous paper



Fig. 4. Plots of electrochemical parameters from ZnO@Cdots/dye DSSCs. (A) As a
function of Cdots content for (a) ZnO(100)@Cdots(1)/RhB, (b) ZnO(20)@Cdots(1)/RhB,
(c) ZnO(100)@Cdots(1)/N719 and (d) ZnO(20)@Cdots(1)/N719. (B) As a function of
ethylenediamine/citric acid (EDA/CA) mole ratio for (a) ZnO(20)@Cdots/RhB, (b)
ZnO(100)@Cdots/N719 and (c) ZnO(20)@Cdots(1)/N719.
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[10]. In addition, the highest current density was attained at the
limited Cdots amount (in the present case, at 10wt% Cdots), but the
further addition of Cdots decreased the activities of ZnO@Cdots.
The changes of the NH2 content in Cdots could also provide the
strong influence on the DSSC performance, indicating the signifi-
cant effect of nitrogen on photocurrent density. The increase of
conversion efficiency from 2.9% at 1:1 ethylenediamine:citric acid
mole ratio to 5.9% at 2:1 ethylenediamine:citric acid mole ratio on
ZnO(20)@Cdots/N719 DSSCs is remarkable.

To discuss the results described above, dye adsorption, EIS and
photoluminescence were additionally examined. The adsorbed
amount of RhB and N719 dyes on ZnO@Cdots/dye electrodes was
determined by calorimetrically analyzing [16]. As indicated in
Table 2, the absorbed amount of both dyes increased with
increasing the pre-heating temperature (before dye adsorption) of
ZnO(20)@Cdots(2) from 25 �C up to 400 �C and then decreased at
higher temperature (450 �C). By heating, the organic materials are
calcined and inorganic particles are expected to have larger surface
area, which is more convenient for dye adsorbing. The adsorption of
N719 dye was larger than that of RhB, and this result is consistent
with the DSSC performance, indicating the relation of dye
adsorption and DSSC performance. The direct relation between
them are obvious from numerical values listed in Table 2, which
were calculated from I-V characteristics (Fig. 5) of ZnO(20)
@Cdots(2)/N719 DSSCs prepared at different temperatures: The
conversion efficiency was highest for a DSSC treated a 400 �C.
Namely, the increase in adsorption of dye can result in a better light
harvesting and high-power conversion efficiency [16]. By the way,
the adsorption of N719 was 3e5 times higher on ZnO(20)@Cdots(2)
than on ZnO(100)@Cdots(2) (Table 2). It can be referred that the
efficiency of solar cell device strongly relates to the large amount of
adsorption of sensitizer molecule on small ZnO nanoparticles with
large surface area [10].

EIS measurement was performed for ZnO(20), ZnO(20)
@Cdots(1) and ZnO(20)@Cdots(2) electrodes. As seen in Fig. 6, the
diameter of the Nyquist semicircle lessened in the order of
ZnO(20)> ZnO(20)@Cdots(1) > ZnO@Cdots(2), indicating that the
resistance weakened in this order [9]. The ohmic series resistance
Rs and the charge transfer resistance Rct were obtained based on
Randles equivalent circuit model and listed in Table 3. Both re-
sistances decreased after the addition of Cdots, and the increase in
nitrogen content in Cdots also decreased both resistance values.
Table 3 includes the conversion efficiency evaluated from I-V
characteristics of corresponding DSSCs (Figs. 2 and 3). The con-
version efficiency increased with the decrease of resistances, which
directly prove the roles of Cdots and nitrogen associated with the
conversion efficiency and the charge-transfer in the solar cells.
Namely, the addition of Cdots with abundant nitrogen content fa-
cilitates the split to photoinduced electronehole pairs in ZnO and
the transfer of the electron to the ITO to gain the preferable photo
conversion efficiency.

ZnO has been widely used for the solar energy conversion.
However, the applicability of ZnO in visible light is limited because
of thewide band gap of thematerial, which results in low efficiency
during solar photo conversion. Our previous result showed that the
incorporation of carbon decreases the energy bandgap of ZnO [10],
and this phenomenon should improve the separation efficiency to
electron-hole pairs, and significantly enhance the visible light
photocatalytic activity. In addition, the photoluminescence (PL)
spectra of ZnO and its composite materials with dye may be related
to the generation and transfer of the photo-induced electrons. Fig. 7
shows the PL spectra of ZnO(20), ZnO(20)@Cdots(2) and Cdots(2),
and Table 4 lists their PL bands. ZnO(20) had two excitation bands
at 265 and 378 nm and their corresponding emission band at 335
and 440 nm, respectively, although PL bands at high excitation
wavelength had stronger intensity than those at low excitation
wavelength. Two excitation bands of Cdots(2) were at 245 and
350 nm and the corresponding emission bands were at 440 and
448 nm, respectively. PL bands at both excitation wavelengths had
similar intensity and the intensities were more than one order
larger than those of ZnO(20).

Then ZnO(20)@Cdots(2) possessed three excitation bands due to
the contributions from both ZnO(20) and Cdots(2), and emission
bands correspondingly varied, although the intensities of PL bands
were similar to those of ZnO(20) but smaller than those of Cdots.
Yamada et al. [17] have estimated, by the computer simulation, the
principle for the efficient increase of solar electric generation that
the dissipation of energy subserves the conversion of light to
electric current. Cammi et al. [18] have concluded that the increase
of device photoresponse is attributed to the fast injection of
photoexcited electron from the Cdots into the conduction band of
ZnO, although they did not directly refer about the decrease of PL.
Thus, the contribution of carbon dots on the solar cell for the effi-
cient increase of solar electric generation can be considered in view
of the result of PL and the reports in literature. That is, the photo-
energy absorbed by Cdots is transferred to ZnO, ZnO loses it by the



Table 1
Electrical properties of DSSCs evaluated from I-V characteristics.

Photo anode Cdots (wt%) Ethylenediamine:citric acid JSC (mA/cm2) Voc (V) FF ɳ (%)

ZnO (100)/RhB 0 1:1 0.01± 0.001 0.20± 0.10 0.49± 0.02 0.005± 0.002
5 1:1 0.02± 0.001 0.24± 0.12 0.66± 0.22 0.02± 0.003
10 1:1 0.10± 0.04 0.28± 0.10 0.67± 0.01 0.14± 0.08
20 1:1 0.06± 0.01 0.28± 0.07 0.65± 0.04 0.08± 0.02
50 1:1 0.04± 0.02 0.25± 0.01 0.55± 0.02 0.03± 0.002

ZnO (20)/RhB 0 1:1 0.10± 0.01 0.26± 0.01 0.65± 0.02 0.10± 0.04
5 1:1 0.12± 0.01 0.27± 0.01 0.66± 0.20 0.14± 0.03
10 1:1 0.17± 0.01 0.34± 0.02 0.78± 0.02 0.30± 0.03
20 1:1 0.15± 0.02 0.30± 0.02 0.67± 0.03 0.18± 0.04
50 1:1 0.13± 0.03 0.31± 0.01 0.60± 0.01 0.16± 0.02

ZnO (100)/N719 0 1:1 0.52± 0.10 0.30± 0.01 0.57± 0.10 0.16± 0.02
5 1:1 0.74± 0.03 0.37± 0.02 0.59± 0.20 0.80± 0.01
10 1:1 0.99± 0.10 0.37± 0.02 0.60± 0.30 1.20± 0.30
20 1:1 0.92± 0.02 0.33± 0.10 0.56± 0.05 1.08± 0.10

ZnO (20)/N719 0 1:1 0.61± 0.10 0.32± 0.02 0.65± 0.01 0.80± 0.01
5 1:1 0.78± 0.20 0.55± 0.10 0.67± 0.02 1.80± 0.30
10 1:1 1.16± 0.03 0.57± 0.05 0.69± 0.01 2.90± 0.10
20 1:1 0.81± 0.02 0.56± 0.01 0.68± 0.03 1.90± 0.05

ZnO(20)@Cdot
/RhB

10 1.5:1 0.54± 0.04 0.70± 0.05 0.61± 0.01 1.52± 0.01
10 2.0:1 0.94± 0.02 0.75± 0.02 0.73± 0.10 3.24± 0.30
10 2.5:1 0.84± 0.01 0.89± 0.03 0.59± 0.10 2.81± 0.05
10 3.0:1 0.80± 0.04 0.88± 0.02 0.56± 0.30 2.50± 0.10
10 3.5:1 0.62 ± 0.02 0.88 ± 0.03 0.42 ± 0.01 1.44 ± 0.02

ZnO(100)@Cdot
/N719

10 1.5:1 0.95þ 0.05 0.58± 0.02 0.46± 0.10 1.63± 0.02
10 2.0:1 1.80± 0.01 0.59± 0.02 0.49± 0.01 3.33± 0.40
10 2.5:1 1.15± 0.03 0.62± 0.10 0.48± 0.03 2.16± 0.05

ZnO(20)@Cdot
/N719

10 1.5:1 1.80± 0.01 0.59± 0.02 0.58± 0.04 4.00± 0.20
10 2.0:1 2.34± 0.03 0.67± 0.10 0.59± 0.05 5.92± 0.01
10 2.5:1 1.30± 0.04 0.77± 0.03 0.58± 0.30 3.74± 0.04

Table 2
Adsorption amounts of RhB and N719 on ZnO@Cdots electrodes treated at different temperatures and a photovoltaic parameter from ZnO(20)@Cdots(2)/N719 electrode.

Temperature (0C) Adsorption amount (mg/mg(electrode)) ɳ (%)

ZnO(20)@Cdot(2)/RhB ZnO(100)@Cdot(2)/N719 ZnO(20)@Cdot(2)/N719 ZnO(20)@Cdot(2)/N719

25 0.018 e 0.06 1.6
200 0.024 e 0.09 2.8
350 0.032 0.04 0.14 5.7
400 0.043 0.07 0.25 5.9
450 0.028 0.056 0.11 5.5

Fig. 5. IeV characteristics for ZnO(20)@Cdots(2)/N719 DSSCs at pre-heated tempera-
tures of 25, 200, 350, 400 and 450 �C. Fig. 6. Nyquist plots of (a) ZnO(20), (b) ZnO(20)@Cdots(1) and (c) ZnO(20)@Cdots(2).

Inset indicates Randles equivalent circuit.
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dissipation, and the excess dissipation promotes the electron-hole
separation for raising the additional electric current. as one of
possible contribution of Cdots. It should be noted that a preferable
electron accumulation by the suppression of electron-hole
recombination may also be caused by Cdots in the Cdots-
adsorbed ZnO particle and contribute to the enhancement of the
current density. Cdots alsowill behave as a donor to supply electron



Table 3
Parameters from EIS and I-V curves for ZnO(20) and ZnO(20)@Cdots DSSCs.

cell Rs (U) Rct (U) ɳ (%)

ZnO(20) 45.3 72.8 0.8
ZnO(20)@Cdots(1) 29.4 69.6 2.9
ZnO(20)@Cdots(2) 28.4 40.3 5.9

Fig. 7. Excitation and emission PL spectra of ZnO(20), ZnO(20)@Cdots(2) and Cdots.
Open arrow indicates an excitation wavelength for measuring emission spectrum and
closed arrow indicates an emission wavelength for measuring excitation spectrum.

Scheme 1. Schematic illustration of anode in DSSC.
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to n-type semiconductor, which gives rise to the decrease of band
gap.

Thus, the addition of Cdots subserved the conversion of light to
electric current but its efficiency was maximized at 10wt% Cdots
(see Fig. 4). The further addition of Cdots decreases the activity of
electron-hole separation in ZnO due to the decrease of dye mole-
cules directly adsorbed on ZnO because of the excess direct
adsorption of Cdots on ZnO surface. Incidentally, the adsorption of
N719, which was measured by calorimetry, was 0.25, 0.08, and
Table 4
PL bands of ZnO(20), ZnO(20)@Cdots(2) and Cdots(2).

phosphor lex (nm) Excitation intensity

ZnO(20) 265 150
378 543

ZnO(20)@Cdot(2) 265 220
366 430
380 425

Cdots(2) 245 7790
350 8070
0.033mg/mg(electrode) for 10, 20 and 50wt% Cdots, respectively.
The photovoltaic performance is enhanced by increasing the eth-
ylenediamine/citric acid mole ratio in Cdots, because the PL of
Cdots is intensified with increasing ethylenediamine/citric acid
mole ratio. Thus, the contribution of Cdots by thermal dissipation
raises.

Scheme 1 illustrates the schematic anode in the present work.
The device is constructed by ZnO, Cdot, dye and ITO. The dye
sensitizer is excited by the emitted visible light, and the excited
photoenergy induces the electron-hole separation in ZnO. Sepa-
rately, Cdots also contribute to enhance the photovoltaic effect of
ZnO by the electron transfer from Cdot donor to the conductive
band level of n-type semiconductor ZnO, by the suppression of
electron-hole recombination in ZnO or by the donation of the en-
ergy in Cdots excited by visible light. The separated electrons are
transferred to ITO substrate. Then the amine in Cdot as electron
donor also encourages the donation of energy.

As ZnO DSSC produces low conversion efficiency as seen in
Table 1, ZnO-based DSSC researches have been relating to the
dependence to crystal structures of ZnO and the effect of additives
[19,20]. On the other hand, the present investigation confirmed the
role of particle size on DSSC, as smaller size is generable the larger
(a.u.) lem (nm) Emission intensity (a.u.)

435 250
440 567
435 200
440 352
440 474
440 8805
448 8575
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surface area for the adsorption of photosensitizer and the resultant
higher conversion efficiency. Incidentally, reports on enhancing the
performance of ZnO-based DSSCs by adding carbon-based nano-
structures are scarce. ZnO DSSC was enhanced the conversion ef-
ficiency to be 0.684% after it was incorporated single-walled carbon
nanotubes [21]. ZnO-reduced graphene oxide nanocomposite has
been employed as the photoanode in a DSSC, and the cell showed a
photo conversion efficiency of 3.19 [22]. Spattered graphene on ZnO
produced the efficiency of 3.98% [23].

The merit of Cdots is eco-friendly, low cost and easy preparation
different from graphene, graphene oxide and carbon nanotubes
and, most recently, Cdots-incorporated DSSCs have been reported.
Carbon quantum dots were prepared from different carbon sources
through a hydrothermal route, and bee-pollen-based carbon
quantum dots on a TiO2 anode achieved the power conversion ef-
ficiency of 0.11% [24]. Although carbon quantum dots were grown
onto TiO2 surfaces in situ, a power conversion efficiency was of
0.87% [25]. When nanostructured polyaniline was prepared using
surface-passivated carbon dots by poly(ethylene imine) as a dopant
and nucleating agent, this composite showed a maximum power
conversion efficiency of 3.65% on photovoltaic study [26]. Carbon
quantum dot-tailored CoSe was used as counter electrode in a DSSC
device of a mesoscopic dyeeTiO2 photoanode and an I�/I3� redox
electrolyte, and this device yielded the efficiency of 7.01% [27]. The
present work used Cdots-ZnO composites presented the larger or
comparable conversion efficiency in comparison with the previous
reports.

4. Conclusions

In this work, investigations to improve the performance of
DSSCs consisting of two sizes of ZnO by the addition of Cdots were
reported. ZnO of small size (20 nm) possessed large surface area per
volume and thus ZnO(20) presented higher adsorption ability of
sensitizer and higher performance than ZnO(100). Small particle
size is also favorable for quick attainment of photoexcited electron-
hole pair separation in conducting nanoparticles. This phenome-
non affected on the increase of short current density and thus
conversion efficiency. Meanwhile, the addition of Cdots to ZnO also
enhanced the photovoltaic performance. The potency of Cdots is
the contribution to the electron-hole pair separation in conducting
nanoparticles in the different ways from photosensitizer, although
the maximum performance of Cdots was at the confined content
(10wt%), since the excess adsorption of Cdots reduced the perfor-
mance of photosensitizer because of the reduction of its adsorption
on ZnO. The present investigation confirmed that the conversion
efficiency of DSSC fabricated with ZnO@Cdots/N719 was 5.9% at
2:1mol ratio of ethylenediamine/citric acid in Cdots. This investi-
gation demonstrated the performance on DSSCs by adding low-cost
additives but high-effective contribution (Cdots).
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