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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Microwave assisted synthesis of tetrag-
onal phase crystalline CuInGaSe2 quan-
tum dots. 
� CuInGaSe2 composites with GO or rGO 

were processed from aqueous solutions. 
� Thin, homogeneous films prepared with 

an automated ultrasonic spray system. 
� Morphological, optical and electrical 

properties were investigated. 
� The films were used as a counter elec-

trode in dye-sensitized solar cells.  
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A B S T R A C T   

In this contribution, we explore a spray deposition technique to prepare thin films based on nanocomposites of 
graphene oxide (GO) or reduced graphene oxide (rGO) with CuInGaSe2 quantum dots (QD) synthesized by a 
microwave-assisted method. Small nanocrystals in the tetragonal phase and emitting light at 650 nm were ob-
tained. Water-based solutions of the nanocomposites were sprayed onto transparent conductive glass substrates 
using an automated ultrasonic spray system and the resulting thin films were evaluated with respect to their 
morphological and electrochemical properties. The distribution and organization of the graphene sheets in the 
composites were affected by the interaction between the nanocrystals and GO or rGO, which also interfered on 
the electronic properties. In addition, we demonstrated a possible application of the thin film based on the rGO- 
QD composite as a counter electrode in dye-sensitized solar cells.   

1. Introduction 

Copper indium gallium selenide (CIGSe) materials are I-III-VI p-type 
semiconductors that possess high optical absorption coefficients and low 
band gap energy. Because of these features, bulk CIGSe has been suc-
cessfully applied in thin film solar cells with ca. 20% of efficiency [1,2]. 

Lately, there has been a growing interest in the synthesis of nano-sized 
CIGSe and other quaternary quantum dots (QDs), aiming at further 
improving the efficiency of the solar cells and the reduction of costs by 
using lower amounts of materials. 

The synthesis of CIGSe can be performed using vacuum or non- 
vacuum techniques. Significant energy input is typically required in 
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vacuum techniques, such as evaporation or sputtering. Therefore, 
alternative, non-vacuum, solution-based techniques have drawn cres-
cent interest. Examples of non-vacuum tecnhniques used to synthesize 
CIGS from chemical precursors include refluxing [3], solvothermal [4], 
precipitative [5] and colloidal [6] methods, as well as the microwave 
assisted method [7–9]. In these solution-based techniques, organic sol-
vents and high temperatures are often used. The reaction time, tem-
perature, solvent and other preparation conditions are key parameters to 
minimize the size distribution of the CIGSe nanoparticles and the for-
mation of undesired by-products. 

Amongst the different non-vacuum techniques, the microwave 
assisted method generally offers advantage regarding a record reaction 
time, combined with relatively low temperatures, at low energy con-
sumption. Microwave energy is considered as a heat source that leads to 
faster chemical reactions in comparison to conventional heating 
methods. The reaction rate is affected by the microwave field and the 
quality of the generated material depends on the type of reactant, 
applied power, reaction time and temperature [8]. The use of micro-
wave heating for the preparation of CIGSe nanopowder has been pre-
viously reported [7,8]. 

Solution processing techniques are also appealing because of their 
potential low cost and high yield, and possibility of incorporation in a 
roll-to-roll (R2R) line. One example of solution processing deposition 
method is the spray coating technique. This deposition technique has 
numerous applications in industry, like in the painting, coating and 
graphic industry. There has also been a grown interest in the use of spray 
deposition for other fields, such as electronics and photovoltaics 
[10–14]. Recently, Kramer et al. [10] simulated a R2R processing line 
for the spray deposition of PbS QDs. The films were sprayed onto sub-
strates mounted on a rapidly rotating drum and then successfully used as 
the active layer of solar cells with a depleted heterojunction architec-
ture. Furthermore, the use of ultrasonic spray nozzles might allow the 
deposition of uniform films and improve reproducibility over larger 
areas [11,12]. 

Herein, we report the synthesis of CuInGaSe2 QDs using a microwave 
assisted method, and the solution processing via spray deposition of thin 
films based on the combination of these QDs with graphene oxide (GO) 
or reduced graphene oxide (rGO). Because of the electronic and optical 
characteristics of these materials, nanocomposites based on the combi-
nation of GO and rGO with quantum dots can be used in a variety of 
applications, ranging from biomedical optical imaging [15], to 
light-controlled conductive switching [16] and photocatalytic CO2 
reduction [17], for example. In this work, we demonstrate the possibility 
of exploring such films for energy conversion by using the rGO-QD thin 
film as a counter electrode in dye-sensitized solar cells (DSSCs). DSSCs 
have drawn a lot of attention because of their easy fabrication process. A 
lab-scale DSSC may be assembled in a bench top, from 
solution-processed materials, without the need of expensive machinery 
or techniques [18]. A typical DSSC consists of a dye-sensitized TiO2 
photoanode, a liquid electrolyte (typically containing the I� /I3� redox 
couple) and a Pt counter electrode. Amongst these components, there is 
interest in finding a replacement for Pt, due to the high costs associated 
with this noble metal. Graphene-based materials have been explored as 
alternatives, because these materials possess high electrical conductivity 
and chemical and mechanical robustness [19]. Their composites with 
cupper chalcogenide-based quantum dots have also been strategically 
used as counter electrodes and are particularly advantageous when 
combined with electrolytes containing different redox couples, in sub-
stitution to the corrosive I� /I3� [20,21]. 

2. Experimental details 

2.1. Materials 

Copper (I) chloride (CuCl), indium chloride (InCl3), gallium chloride 
(GaCl3), selenium powder, tri-n-octylphosphine (TOP), oleylamine 

(OLA), mercapto-propionic acid (MPA), ethane dithiol (EDT), TiO2 (DSL 
18NR-T, Dyesol), N749 (Dyesol), expansible graphite (Grafexp, Nacio-
nal de Grafite), hydrazine, acetonitrile, hexane, methanol, ethanol and 
acetone were used as received. 

2.2. Synthesis of CIGSe QD using microwave assisted method (MAM) 

In a typical synthesis, 2 ml of 1 M TOPCuCl, 0.5 ml of 1.0 M TOPInCl3 
and 0.5 ml of 1.0 M TOPGaCl3 were added to 5 ml of OLA in a Teflon 
vessel liner, mounted on the rotor, and then purged with argon for 2 min 
before being placed in the microwave. The microwave was then heated 
for 10 min at a power of 500 W. The system was then cooled to 70 �C and 
1 ml of 2 M TOPSe was quickly added. The vessel was then purged for 
5 min with argon before continuing heating the mixture for another 
10 min at 600 W. The heating was stopped and the vessels were allowed 
to cool to 50 �C. Methanol was then added to the solution to flocculate 
the nanoparticles and CIGSe QDs were collected after centrifugation. 

2.3. Ligand exchange 

Ligand exchange was performed by adding 10 mL of an aqueous 
solution (pH 10 adjusted with tetrabutylammonium hidroxide) con-
taining 1.6 mmol of MPA to 30 mg of the QDs powder and keeping under 
stirring at 50 �C for 72 h. The resulting nanoparticles were precipitated 
with acetone and isolated after centrifugation, then dispersed in iso-
propanol at the concentration of 6 mg/mL. 

2.4. Preparation of GO and rGO 

Graphitic oxide was prepared according to a modified Hummer’s 
method [22]. Pre-oxidizing reaction was carried out by adding 10 g of 
expansible graphite into an Erlenmeyer flask containing 30 mL of 
concentrated sulfuric acid, 5 g of potassium persulfate and 5 g of phos-
phorus pentoxide at 80 �C. After 6 h of reaction, the solid was washed 
until neutralization. The pre-oxidized graphite was submitted to a new 
oxidizing process in an Erlenmeyer flask containing 460 mL of concen-
trated sulfuric acid, 5 g of sodium nitrate and 30 g potassium perman-
ganate. After 2 h, deionized water was added and the mixture was 
heated to 100 �C for 15 min. The reaction was quenched by the addition 
of 50 mL of hydrogen peroxide 30 vol%. The solid was washed until the 
complete removal of manganese ions and then dispersed in deionized 
water and submitted to dialysis process for about three weeks to remove 
residual ions. The aqueous suspension of graphite oxide was submitted 
to sonication, to afford the GO sample. 

The GO aqueous suspension was submitted to ultrasonication for 1h 
and then reduced with hydrazine (1% vol) under constant stirring at 
60 �C for 6h, to afford the rGO aqueous suspension. 

2.5. Preparation of the composites 

Nanocomposites were obtained by sonicating for 1h a mixture con-
taining 1.5 mL of the CuInGaSe2 QD solution (concentration 6 mg/mL) 
and 100 mL of the GO or rGO aqueous suspension (concentration 
0.12 mg/mL). 

2.6. Thin film deposition 

Before spraying, the dispersions were homogenized for 30 min in an 
ultrasonic bath. Ultrasonic spray depositions were performed using an 
ExactaCoat coating system (Sonotek Corp., Milton, USA) with an 
AccuMist™ nozzle. The injection flow rate was adjusted to 0.125 mL/ 
min and 50 layers were sprayed onto TCO substrates. The heating plate 
of the equipment was kept at 100 �C during the deposition. 
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2.7. Characterization of CIGSe QDs and thin films 

The synthesized CIGSe QDs were dispersed in toluene and placed in a 
quartz cuvette for optical measurements. A Perkin Elmer LS45 fluores-
cence spectrophotometer was used to analyze the photoluminescence 
(PL) of the as-synthesized nanocrystals. The absorbance measurements 
were determined using an Analytica Jena Specord 5D UV–vis Spectro-
photometer. Transmission electron microscopy (TEM) images of sam-
ples drop cast from the toluene dispersion were obtained with a FEI G2 

Tecnai spirit transmission electron microscope. The structural properties 
were determined using Bruker D2 Phaser X-ray diffractometer on 
crushed samples. Scanning electron microscopy (SEM) images of the 
sprayed thin films were obtained with a FEI Inspect F50 microscope. 
Energy dispersive X-ray spectrometry (EDS) analysis were carried out in 
a Tescan Mira 3 FEG-SEM microscope. Optical microscopy images of the 
thin films were taken with an Olympus B51x microscope (Olympus 
Corp., USA). Atomic force microscopy (AFM) images were acquired with 
a Nanosurf, EasyScan2 microscope, operating in the tapping mode. 
Raman spectra of the films were recorded in a Raman confocal spec-
trometer (Horiba Jobin Yvon model T64000) with 514 nm excitation 
wavelength and the transmittance was measured with a Perkin Elmer 
Lambda 900 UV/VIS/NIR spectrophotometer. Cyclic voltammetry was 
performed in a three electrode electrochemical cell using the sprayed 
films as working electrode, a Pt wire as counter electrode and Ag/AgCl 
as reference, in a 0.05 M phosphate-buffered saline (PBS) electrolyte. 
The electrochemical properties of the thin-films in the presence of a 
liquid electrolyte containing either the thiolate/disulfide redox couple 
(prepared according to the literature [23]) or the I� /I3� redox couple 
(EL-HSE, Dyesol) were investigated using a symmetric cell, where the 
electrolyte was sandwiched between two electrodes made from films of 
the same type. The space between the electrodes (~100 μm) and active 
area (1 cm2) were controlled with an adhesive tape. Electrochemical 
impedance spectroscopy (EIS) measurements were performed using an 
Autolab PGSTAT302 N potentiostat with a FRA module, in the frequency 
range of 0.1–106 Hz, with amplitudes of �10 mV over the open circuit 
potential. The experimental data were fitted using the Boukamp soft-
ware. Surface resistivity was measured by four-point probe technique 
(Thin Film Devices, INC, model FPP-2000). 

2.8. Solar cell assembly and characterization 

A sandwich-type DSSC was assembled with 0.25 cm2 of active area. 
The TiO2 nanoporous film was prepared by doctor blading a small 
aliquot of a commercial colloidal suspension onto a TCO substrate (TCO 
22-7, Solaronix) and heating to 450 �C for 30 min. This electrode was 
then immersed in a 0.15 mmol L� 1 ethanolic solution of the N719 
sensitizer for 20 h at room temperature and, afterwards, washed with 
ethanol and dried in air. A thin plastic film was used as spacer (60 μm) 
between the photoelectrode and the counter electrode (Pt or the rGO-QD 
film), and the cell was filled with a liquid electrolyte. The electrolyte 
consisted either of a commercially available electrolyte containing the 
I� /I3� redox couple (EL-HSE, Dyesol), or an electrolyte containing the 
thiolate/disulfide (T� /T2) redox couple, prepared according to the 
literature [23]. The current� voltage (J� V) curves of cells exposed to 
irradiation of a solar simulator SS-0.5K (Sciencetech) adjusted to 
100 mW cm� 2 were measured with a 2410C Keithley source meter. The 
open circuit voltage (Voc), short-circuit current density (Jsc), fill factor 
(FF), and power conversion efficiency (PCE) parameters were extracted 
from the J� V curves. 

3. Results and discussion 

3.1. Synthesis of CIGSe QDs 

The optical properties of as-synthesized CIGSe are shown in Fig. 1a. 
A large tailing of the UV–Vis absorption curve was observed. This profile 

is similar to that reported in previous studies using microwave-assisted 
synthesis of CIGSe [7] or other solution-based synthetic routes [24]. A 
broadening of the absorption spectrum and band tail effects may be 
related to the presence of intrinsic defects, since the breadth of the ab-
sorption tail is a strong function of the disorder. The absorption band 
edge was found at ca. 550 nm. The large blue-shift of the absorption 
wavelength in relation to the characteristics of bulk CIGSe crystals in-
dicates that the CIGSe QDs prepared here have dimensions in the 
quantum confinement region. Fig. 1b displays a plot calculated from the 
absorption curve using the Tauc model [25]. The band gap of the CIGSe 
nanoparticles estimated from this plot corresponds to ~2.0 eV, which is 
larger than the typical band gap found for bulk CIGSe (1.04–1.67 eV 
[26]). Quantum confinement effects and structural defects in cooper 
selenides might lead to the blue shift of the band gap [27]. Increased 
band gaps have also been related to poor crystallinity. Furthermore, the 
presence of secondary phases, as well as the coordination bonding of the 
capping ligand also affect the optical features [28]. An emission band 
centred at 650 nm with a FWHM of 38 nm was observed in the PL spectra 
(Fig. 1a), indicative of a large polydispersivity of the sample. 

TEM analysis was performed to confirm the structure of synthesized 
CIGSe QDs. As shown in Fig. 1c, pyramidal shapes were the most 
dominant (A), but were being transformed into bipyramidal (B) or other 
shapes (C) upon growth. Nevertheless, the crystals were small, with sizes 
up to ca. 10 nm. The existence of different shapes and broad size dis-
tribution in non-uniform samples could be related to a non-uniform 
heating from the microwave energy source used. Heating uniformity is 
a key factor in microwave-assisted syntheses. On the other hand, other 
authors reported CIGSe samples with even larger particles and broader 
size distributions using microwave synthesis [8] or other methods [24]. 
Fig. 1d shows the crystallinity of the synthesized CIGSe QDs. A tetrag-
onal phase of CuIn0.5Ga0.5Se2 was attributed to the sample with the 
presence of all major peaks (JCPDS #40-1488). 

3.2. Solution processing and thin film deposition 

Nanocomposites were used in this work to suppress challenges 
associated with the use of low quantities of QDs and the low conduc-
tivity of the QDs capped with bulky ligands. GO and rGO were selected 
as components for the composites due to the favorable interaction be-
tween these materials and several chalcogenide-based QDs, as demon-
strated in previous reports [29–31]. Defects and surface edges in 
graphene can act as catalysts and the surface modification by intro-
duction of heteroatoms further increases the number of active sites, 
whereas also serving as effective anchoring sites for inorganic nano-
particles. Thus, in such composites, the GO and rGO act as a matrix 
where the QDs are dispersed. Furthermore, in the particular case of rGO, 
the conductivity of the composite film might be enhanced because of the 
electronic nature of this material. 

As-synthesized CIGSe QDs were capped with OLA. This capping 
ligand was selected based on previous results, where it was found that 
the use of OLA in a conventional colloidal method of synthesis allowed 
the formation of well dispersed and relatively small sized CuIn0.75-

Ga0.25Se2 nanoparticles [32]. OLA acts as both the reaction solvent and 
surfactant, and has been shown to passivate the nuclei and slow down 
the growth rate of the particles, by reducing the relative reactivity be-
tween the precursors, which is crucial for the control of the stoichiom-
etry [33], as well as for the control over the particle size [8,32]. 

Here, aiming at the combination of the CIGSe QDs with GO and rGO, 
after the synthesis of the QDs, a post-production ligand exchange reac-
tion was performed using MPA. The MPA-capped QDs present higher 
solubility in polar solvents and, therefore, are more suitable for mixing 
with the aqueous GO and rGO suspensions. The GO-QD and rGO-QD 
nanocomposites were obtained by mixing the materials in an ultra-
sonic bath for 1 h. Fig. 2 shows pictures of the aqueous dispersions used 
for spray coating, the automated equipment used for deposition, and the 
resulting thin films. Films based solely on GO and rGO were also 
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prepared, for comparison. 
The deposition of smooth, homogeneous films from dispersions 

containing materials like GO, rGO and QDs may be challenging, because 
they may form large particle aggregates or precipitate. These effects are 
even more likely to happen during a slow deposition method, like 
spraying, where several layers must be deposited to allow the formation 
of films with appreciable thicknesses. The investigation of the 
morphological characteristics of the films is extremely important, 
because the optical and electronic properties of QDs, and GO or rGO are 

strongly related to the structure of the film [34,35], which is, in turn, 
affected by the preparation method. Figs. 3 and 4 display images ac-
quired with optical microscopy and AFM, respectively, for as-deposited 
thin films of GO, rGO, GO-QD or rGO-QD. From the images, it is possible 
to see that the morphology of the films change significantly after the 
incorporation of QDs, where the larger sheets, rolled up sheets and do-
mains existing in the neat GO and rGO films seem to be disrupted by the 
interaction with the inorganic nanoparticles in the GO-QD and rGO-QD 
composites. On the other hand, a larger number of small clusters appear 

Fig. 1. (a) UV–Vis absorption spectra and PL emission spectra of as-synthesized CISe QDs and (b) Tauc plot from the absorption curve. (c) TEM image of CIGSe QDs, 
where (A), (B) and (C) represent the mixture of shapes found in the sample. The scale bar indicates 100 nm. (d) X-Ray diffraction pattern of as-synthesized CIGSe QDs 
with indices matching tetragonal phase of CuIn0.5Ga0.5Se2 (JCPDS #40-1488). 

Fig. 2. Pictures of the QDs, GO, rGO, GO-QD and rGO-QD dispersions used for spray coating, the automated spray equipment, and the resulting thin films.  
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in these composites. The root mean square (RMS) roughness estimated 
from the AFM images in Fig. 4 is approximately 35 nm and 54 nm for GO 
and rGO, and is enhanced to 104 nm and 113 nm for the GO-QD and 
rGO-QD films, respectively. 

The differences in the morphology are also evident in the SEM im-
ages of the films, displayed in Fig. 5. The GO-QD and rGO-QD films show 
rougher surfaces with a higher density of agglomerates, where it is noted 
the formation of regions containing clusters with more spherical shape 
and dimensions around 30–80 nm, as exemplified in the regions high-
lighted with red circles in Fig. 3b,d. The presence of QDs in the films was 
confirmed by EDS analysis, where the elements Cu, In Ga and Se, and S 
from the MPA ligands, were found. Other elements, such as C and O, 
from the graphene layers, and Sn, O, F, Si and Na from the TCO substrate 
were also observed. The substrate pattern can be seen in all images of 
Fig. 5. Unfortunately, it was not possible to estimate unequivocally the 
thickness of the films with any of the available techniques. 

The differences observed in the morphology of the neat GO and rGO 
films in comparison with the GO-QD and rGO-QD films are indicative 

that the interaction of these materials with the QDs introduced more 
defects in the nanocomposite films. 

The films were further investigated with Raman spectroscopy. Fig. 6 
displays the typical graphene response, where the G band (vibration of 
sp2 carbon atoms) and the D band (disordered sp3 carbons on graphene 
surface) are observed in all samples. The corresponding data are listed in 
Table 1. 

The chemical reduction of GO to rGO resulted in an increase of the 
ID/IG ratio (intensity of the bands D and G), attributed to the formation 
of unrepaired defects after the removal of oxygen functionalities, which 
is considered indicative of effective reduction of GO [36,37]. A clear 
enhancement of the ID/IG ratio is also observed for the GO-QD and 
rGO-QD nanocomposites in comparison to the films containing the neat 
GO or rGO. This indicates that a significant number of structural defects 
were introduced in the composite films, possibly related to a bending or 
breaking of the graphene sheets after the physical interaction with the 
inorganic nanoparticles. A similar enhancement of the ID/IG ratio has 
been reported for nanocomposites of rGO and CdS QDs [29]. This 

Fig. 3. Optical microscopy images of films containing (a) GO, (b) GO-QD, (c) 
rGO and (d) rGO-QD. The scale bar indicates 0.02 mm in all images 
(magnification ¼ 50X). 

Fig. 4. AFM images in the tapping mode for films containing (a) GO, (b) GO- 
QD, (c) rGO and (d) rGO-QD. The scanning area was 50 μm � 50 μm in 
all images. 

Fig. 5. FEG-SEM images of the films containing (a) GO, (b) GO-QD, (c) rGO and 
(d) rGO-QD. The scale bar indicates 1 μm in all images and the red circles 
indicate regions with the presence of large clusters of QDs. 

Fig. 6. Raman spectra of thin films of ( ) GO, ( ) GO-QD, ( ) rGO and 
( ) rGO-QD. 
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enhanced manifestation of defects in the composites is in agreement 
with the findings from the microscopy images of the films, as previously 
discussed. 

A significant change in the optical transparency of the thin films was 
also observed, with a strong decrease of transmittance in the visible 
range for GO-QD and rGO-QD films, in comparison to the GO or rGO 
films (Fig. 7), related to the presence of CIGSe QDs in the nano-
composites. Nevertheless, all films retain some degree of transparency in 
the visible region. This feature is interesting for several applications. For 
example, the use of semitransparent counter electrodes in solar cells is 
considered an advantage for building integration photovoltaics and for 
the development of bi-facial solar panels. 

Fig. 8 displays the cyclic voltammograms of the sprayed films 
measured in a three-electrode configuration, with Ag/AgCl as reference. 
The bare TCO substrate does not shows any appreciable response in the 
electrochemical region investigated here. For the GO thin film, the 
reduction process was more evident than the oxidation process. The 
reduction peak, centred at ~ � 0.7 V, is attributed to the electrochemical 
reduction of oxygen-containing groups in GO prepared by the oxidation 
using permanganate oxidants [38]. The peak at ~ -0.7 V can also be seen 
in the voltammogram of the GO-QD film, but it is not as evident in the 
voltammograms of rGO and rGO-QD. This is attributed to a deoxygen-
ation upon the reduction process during the preparation of rGO from 
GO. Simultaneously, it was observed that the onset of the reduction 
process is shifted towards less negative bias for rGO and for the com-
posite samples, in comparison to the GO film: the onset of the reduction 
process is observed at � 0.278 V, � 0.219 V, � 0.150 V and � 0.135 V for 
GO, GO-QD, rGO and rGO-QD films, respectively. This change is related 
to a change in the electron affinity of the carbonaceous material, with a 
shift of the energy of the LUMO level [39]. The electroctrochemical 
behavior of permanganate-oxidized GO samples, such as the materials 
investigated here, has been studied in previous reports and it was found 
that there is a complex relation between their response and redox 
cycling [38]. A detailed investigation into the mechanisms and elec-
trochemical behavior of these systems is beyond the scope of the present 
study. 

Ex situ methods for the assembly of nanoparticles on the surface of 
graphene or its derivatives, in which the nanoparticles are pre- 
synthesized separately and then attached to graphene, like the method 
investigated here, are frequently explored. In this method, the attach-
ment of the nanoparticles can be achieved by means of a chemical 
bonding (using linking agents, such as molecules containing thiol or 
amine groups) or via non-covalent interactions, such as van der Waals, 
π–π stacking, or electrostatic interactions. The loading of nanoparticles 
to GO may be higher in comparison to rGO, due to the larger amount of 
oxygen-containing groups on the GO surface. Although ex situ methods 
usually offer the advantage of providing good control over the size, 
shape and functionality of the nanoparticles, it can also lead to weaker 
interactions between the inorganic particles and the carbonaceous ma-
terial in comparison to the cases where the particles are directly syn-
thesized in the presence of graphene species (in situ methods). A study of 
composites of rGO-CdTe using cyclic voltammetry has demonstrated 
how the electrochemical properties are more affected when the com-
posites are prepared by in situ method, rather than by a physical mixture 
of rGO and CdTe (ex situ method) [40]. Regardless, in either case, the 
physical and chemical properties of the surfaces and interfaces involved 
in graphene-nanoparticle composites is of utmost importance. The 
interfacial structure, interaction, and interface impurities lead to 
changes in the morphology and electronic structure of graphene, 
whereas the bandgap of semiconductors can also be affected by their 
bonding with graphene. For detailed discussions regarding the role of 
surfaces and interactions between graphene and inorganic semi-
conductors, the reader is directed to excellent reviews available in the 
literature [41,42]. 

In spite of the fact that an ex situ method was used in this study, the 
changes observed in microscopy images, Raman spectra and cyclic 
voltammograms of the films containing the composites with QDs, in 
comparison to the neat GO or rGO films, attest that there is a significant 
interaction between the materials in the composites investigated here. 
Although we cannot specify the exact type of interaction that occur in 
these composites, it is possible to state that it is strong enough to change 
the distribution/organization of the graphene sheets and their energy 
levels. 

3.3. Application in solar cells 

A possible application for the films prepared here is their use as 
counter electrodes in DSSCs. Reports using only rGO [43–45], or CIGSe 
films prepared by magnetron sputtering [46] or a nebulizer spray 

Table 1 
Data extracted from the Raman spectra.  

Thin film D-band (cm� 1) G-band (cm� 1) ID/IG ratio 

GO 1352.09 1596.02 1.06 
rGO 1350.44 1597.68 1.14 
GO-QD 1349.33 1597.68 1.36 
rGO-QD 1347.68 1590.51 1.41  

Fig. 7. Transmittance of thin films of ( ) GO, ( ) GO-QD, ( ) rGO and 
( ) rGO-QD. 

Fig. 8. Cyclic voltammetry analysis of (� ) the bare TCO substrate and films of 
( ) GO, ( ) GO-QD, ( ) rGO and ( ) rGO-QD (scan rate ¼ 20 mV s� 1). 
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pyrolysis technique at 350 �C [47], as counter electrodes for DSSCs, 
achieved PCE values varying from 1.7 to 7.62%, revealing the suitability 
of these materials for this kind of application. 

The main function of the counter electrode in a DSSC is to provide 
the pathway for electron transfer from the external circuit to the elec-
trolyte, catalyzing the reduction of the oxidized species. As proof of 
concept, DSSCs were assembled using the rGO-QD film as counter 
electrode, in the presence of two different electrolytes. Fig. 9 exhibits the 
J-V curves obtained for the cells under irradiation of a solar simulator 
(AM 1.5 conditions, intensity of 100 mW cm� 2) and the parameters 
extracted from the J-V curves are displayed in Table 2. 

The DSSC assembled with rGO-QD counter electrode and the I� /I3� - 
based electrolyte delivered a Jsc of 8.78 mA cm� 2

, Voc of 0.69 V and FF 
of 33%, resulting in a PCE of 2.00%. The cell assembled with the less 
corrosive T� /T2 electrolyte delivered a Jsc of 7.16 mA cm� 2

, Voc of 
0.45 V and FF of 35%, resulting in a PCE of 1.14%. These results suggest 
that the main limitation of the DSSCs assembled with the rGO-QD film as 
counter electrode is related to a low FF value. Regardless of the elec-
trolyte composition, the cells presented similar FF values (33%–35%). 
From four-point probe measurements, the surface resistivity of the 
sprayed films was estimated to be 8.22 Ω/sq, 8.12 Ω/sq, 8.15 Ω/sq and 
8.03 Ω/sq for the GO, GO-QD, rGO and rGO-QD film, respectively, 
which is close to the resistivity measured for the neat TCO substrate 
(8.48 Ω/sq). This, in turn, introduced a high series resistance (Rs) in the 
device, which is one of the factors associated with low FF values. 

To further investigate the electrochemical behavior of these counter 
electrodes, EIS analysis was carried out in symmetric cells prepared by 
stacking two electrodes of rGO-QD facing each other, separated by a 
100 μm spacer and filled with a liquid electrolyte containing either the 
I� /I3� or the T� /T2 redox couple. The Nyquist and Bode plots are shown 
in Fig. 10. The inset illustrates the R(RQ) circuit used to fit the experi-
mental data, where Rs is the ohmic serial resistance, Rct is the charge- 
transfer resistance and CPE is the constant phase angle element at the 
electrolyte/counter electrode interface. The parameters extracted from 
the EIS measurements are summarized in Table 2. The Rs values origi-
nated from the poor conductivities of these films, as discussed above. 
Furthermore, the large Rct values (~1.2–1.6 kΩ) suggest that the effi-
ciency of the rGO-QD films towards the electron transfer kinetics for 
electrolyte regeneration has to be improved. The larger CPE observed for 
the cell assembled with the I� /I3� electrolyte may be associated with 
charge accumulation/trapping at the interface electrode/electrolyte. 
This is in agreement with the “S-shaped” profile of the J-V curve 
observed for this cell (displayed in Fig. 9). This behavior has been pre-
viously reported for DSSCs assembled with a spray-coated rGO counter 

electrode and was attributed to the presence of defects at the counter 
electrode surface [43]. 

In spite of these limitations, the DSSCs with rGO-QD counter elec-
trode assembled here delivered reasonable responses. For comparison, 
cells containing a standard Pt counter electrode were prepared under the 
same experimental conditions, reaching a maximum PCE of 3.26% for 
the I� /I3� electrolyte, and 1.14% for the T� /T2 electrolyte. Furthermore, 
cells prepared with the rGO film as counter electrode and the I� /I3�

electrolyte delivered a maximum PCE of 1.66%, indicating that the 
CIGSe QDs play a significant role in the reduction of the electrolyte. 
Thus, the DSSCs with rGO-QD counter electrode delivered a reasonable 
response in comparison with the standard devices assembled with the 
same experimental setup, thus serving as proof of concept. It is expected 
that cells with higher performances could be obtained by changing other 
parameters of the devices, such as the non-optimized TiO2 layer 
(composition and thickness), as well as tuning some of the characteris-
tics of the rGO-QD films. Some suggestions include the use of different 
rGO:QD ratios in the nanocomposite and the deposition of thicker films, 
with possibly enhanced conductivity. More importantly, it is noted that 
the approach discussed here might easily be transferred to the use of 
other types of QDs as well, which could have higher catalytic property 
for use in combination with I� /I3� or other less corrosive redox couples. 

4. Conclusion 

Pyramidal shaped-like CIGSe QDs were synthesized using a 
microwave-assisted technique. The nanocrystals of 10 nm average size 
possessed a large absorption tailing and emitted light at 650 nm. The 
combination of these nanoparticles with GO or rGO gave composites 
which were processed from aqueous solutions using an automated ul-
trasonic spray-coating system. The optical, morphological and electrical 
properties of the thin films of GO-QD and rGO-QD were investigated, 
revealing that the presence of QDs affected significantly the character-
istics of the carbonaceous materials when compared to neat films of GO 
and rGO. To demonstrate a possible application for the semitransparent 
thin films obtained, dye-sensitized solar cells were assembled using the 
rGO-QD film as a counter electrode and two different electrolyte com-
positions. The cell prepared with a commercially available I� /I3� -based 

Fig. 9. J-V curves for DSSCs (active area ¼ 0.25 cm2) assembled using the rGO- 
QD thin film as counter electrode and liquid electrolyte containing (Δ) I� /I3� or 
(○) T� /T2 redox couple, under 100 mW cm� 2 of irradiation. 

Table 2 
Parameters extracted from the J-V curves of Fig. 7 and EIS analysis of Fig. 8, 
obtained for cells assembled with rGO-QD as the counter electrode and elec-
trolytes containing different redox couples.  

Electrolyte Jsc (mA 
cm� 2) 

Voc 
(V) 

FF 
(%) 

PCE 
(%) 

Rs 
(Ω) 

Rct 
(Ω) 

CPE 
(μF) 

I� /I3� 8.78 0.69 33 2.00 76.8 1221 53.8 
T� /T2 7.16 0.45 35 1.14 33.8 1561 6.2  

Fig. 10. (a) Nyquist and (b) Bode plots of symmetric cells of rGO-QD electro-
dejelectrolytejrGO-QD, filled with liquid electrolyte containing (Δ) I� /I3� or (○) 
T� /T2 redox couple. The symbols represent the experimental data and the lines 
correspond to theoretical fitting using the R(RQ) circuit displayed on the inset. 
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liquid electrolyte delivered a PCE of 2.00% and the cell prepared with a 
thiolate/disulfide-based electrolyte delivered a PCE of 1.14%, compa-
rable to the value achieved with cells using a standard Pt counter elec-
trode in the same experimental conditions. The solution processing and 
spray technique demonstrated here is a versatile route for the prepara-
tion of composites. This approach also shows possibilities for deposition 
of smooth and compact thin films on top of other types of substrates, for 
applications in other fields or in different types of photovoltaic 
technologies. 
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