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Abstract 

Graphene-based materials represent an attractive alternative to platinum in dye-sensitized solar 

cells (DSSC) counter electrodes to contribute to an efficient conversion of solar energy into 

electricity. Despite the slower kinetics of carbon for the reduction of triiodide compared to 

platinum, they are characterized by low cost and promising stability. In this work, two different 

materials are investigated: reduced few-layer graphene oxide (rFLGO) and reduced graphene 

oxide quantum dots (rGOQD). The electrochemical performance of DSSC assembled with 

either rFLGO or rGOQD at the counter electrode is correlated to their most important physico-

chemical features. The domain size of graphene sheets had an important effect on the 

performance at the counter electrode, with quantum dots performing 13% higher efficiency than 

rFLGO, correlated with a higher density of active sites. Both graphene nanostructures exhibited 

a better stability behavior upon electrochemical cycling and seasoning of the cells as compared 

to Pt counter electrode. 
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1. INTRODUCTION 

Since the initial work of O’Regan and Grätzel [1], the research in dye-sensitized solar cells 

(DSSCs) has experienced an exponential increase as they are a low-cost and efficient alternative 

in photovoltaic devices if compared to conventional silicon solar cells [2]. DSSC components 

include a photoanode composed of a dye-sensitized wide-bandgap semiconductor, a redox 

electrolyte (e.g. iodide/triiodide), and a counter electrode (CE) for reducing oxidized species in 

the electrolyte, generally based on a noble metal thin film. The CE collects the electrons from 

the external circuit to reduce the redox species used as a mediator in regenerating the sensitizer 

after electron injection into the photoanode. Platinum is well known as benchmark CE due to 

its high catalytic activity [J. Mater. Chem. A, 2014, 2, 4474]. Efforts are nowadays directed to 

decrease the fabrication cost and increase the stability through alternative CE formulations, as 

reported in recent and extensive review papers [J. Mater. Chem. A, 2014, 2, 4474; Adv. Mater., 

2014, 26, 6210-37; Chem. Soc. Rev., 2017,46, 5975], including metal alloys [3] or carbon 

materials [4]. In this context, graphene (or reduced graphene oxide) has been postulated as a 

very promising alternative to platinum [5, 6]. 

Graphene is the basic structural unit found in all sort of conductive carbon materials among 

which those based on graphite (where graphene is stacked) have been extensively used as 

component in electrochemical devices [7]. While any nanostructured carbon material has high 

electrical and thermal conductivities, oxidation stability, low production cost and low mass 

density [8], graphene beats all records with its unique electronic properties [9, 10]: very high 

electron mobility (105 cm2 V-1 s-1), ballistic conduction or very high electrical conductivity 

(108 S m-1). These properties are due to the cloud of delocalized electrons inherent to its 

structure. In the case of graphite, it exhibits electrical conductivity in a very wide range due to 

its anisotropy (from 102 to 106 S m-1) [11, 12], since -electrons move mainly along the 2D 

sp2-carbon network. However, in a graphene or graphite-based carbon material, the electrical 

conductivity will depend on the connection between stacks. Likewise, the size of the graphene 



  

3 
 

sheets is also a factor to consider in terms of enhancing its development in the optoelectronic 

field. In this way, quantum confinement and edge effects make graphene nanoribbons with a 

width less than 10 nm be semiconductors [13]. Following the same mechanism, narrower 

graphene fragments like the well-known graphene quantum dots (diameters less than 100 nm) 

present strong edge effects and quantum confinement [14], generating photoluminescence 

properties [15] for many potential application including not only the aforementioned solar cells 

but also LEDs, biosensors or photocatalysis [16, 17].  

Motivated by its exceptional properties, graphene has been incorporated in different parts of 

DSSC: in the photoanode as transparent electrode, semiconducting layer or sensitizer, in the 

electrolyte or in the counter electrode [18]. Since 2008, when a small amount of graphene (1 

wt%) in PEDOT-PSS composite films was demonstrated to enhance CE activity [19], it has 

been validated as a remarkable material in its use as a DSSC counter electrode in a number of 

works [5, 6, 18, 20-26].  

This work presents the use of reduced graphene oxide materials in the preparation of counter 

electrodes for DSSC where the edge effects and quantum confinement associated with their 

small sizes and their functionalization degree could have an important role in terms of catalytic 

activity for the electro-reduction of triiodide together with a proper stability. Few-layer 

graphene oxides (FLGO) and graphene oxide quantum dots (GOQD) were obtained from multi-

wall carbon nanotubes trough a scalable and high yield method and tested in the cell separately 

where they are partially thermoreduced (complete deoxygenation is not achieved) at 450 ºC 

during the electrode preparation. Graphene domains, defects and oxygen and sulfur functional 

groups generated during the acidic oxidation process provided them with a good electron 

conduction and an increased number of active sites (most of which prevail and/or are generated 

during the reduction stage), respectively, for I3
-/I- electrocatalysis. As far as we know, this is 

the first time rGOQD are tested as counter electrodes in a DSSC, offering values that improve 
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those exhibited by few-layer graphene material. Stability tests were carried out to assess the 

resistance to degradation processes related to electrochemical cycling and seasoning effects. 

 

2. EXPERIMENTAL SECTION 

2.1 Synthesis of few layer sheets and quantum dots of graphene oxide by carbon nanotubes 

unzipping 

Multiwall carbon nanotubes (MWCNT), whose synthesis procedure is found in [27, 28], were 

obtained by catalytic methane decomposition in a rotary bed reactor. MWCNT were purified 

with concentrated HNO3 during 30 min at boiling temperature to eliminate the catalyst and 

generate oxygenated surface groups that facilitate the subsequent unzipping [29]. FLGO sheets 

and GOQD were obtained jointly from the purified MWCNT using the modified Hummers 

method for their opening and oxidation, ultrasounds for the exfoliation and suspension of the 

oxidized graphene layers in the liquid medium, and differential centrifugation for final 

separation in GO-based components [28, 30]. In order to obtain the GO suspension, 1.5 g of 

MWCNT, 1.5 g of NaNO3 (purity ≥ 99.0 %) and 69 ml of H2SO4 (96.0 %) were stirred together 

in an ice bath. 13.8 g of KMnO4 was slowly added to the mixture under vigorous stirring to 

obtain an oxidation ratio (OR = KMnO4/MWCNT; wt./wt.) of 10 [28]. After addition of 

KMnO4, temperature was kept below 20 ºC during mixing and then the solution was stirred at 

30±5 ºC for 2 h and at room temperature overnight. After oxidation, a brownish thick paste was 

formed. Then, 120 ml of deionized water was slowly added while maintaining the temperature 

below 70 ºC. Subsequently, the solution was stirred for 60 min and then diluted with 300 ml of 

deionized water. A volume of 14 ml of H2O2 (33.0 %) was added dropwise turning the solution 

colour to yellowish brown. Material exfoliation was carried out by sonication for 4 hours. The 

product (containing both FLGO and GOQD with unreacted MWCNT) was washed by 

centrifugation at 9500 rpm with HCl (10.0 %) (5 cycles of 5 min with redispersion of the 

precipitate in new solvent in each cycle), and then with deionized water (2 cycles of 2 h). The 
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precipitate was redispersed in deionized water by 5 min in a bath of ultrasounds and then 

centrifuged at 9500 rpm (4 cycles of 1 h) to obtain the GOQD fraction as supernatant. The 

precipitate was again redispersed in deionized water and centrifuged at 1000 rpm (in cycles of 

10 min) to obtain the GOQD fraction as supernatant, and unreacted MWCNT and coarse 

particles as precipitate. Finally, GOQD and FLGO  that accounted for 31 and 62 % of the 

products obtained, respectively, were dried at 65 ºC overnight.  

2.2 Physicochemical characterization of FLGO and GOQD 

Characterization of FLGO and GOQD was carried out by X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), transmission electron 

microscopy (TEM), Raman spectroscopy, atomic force microscopy (AFM) and UV/Vis and 

fluorescence spectroscopies. rFLGO and rGOQD were also characterized by XRD, XPS and 

Raman. Diffractograms of dried samples were acquired in a diffractometer (Bruker D8 Advance 

Series 2). The angle range 5º-80º was scanned using 0.02º and 4 s as counting step and time per 

step. Data were fitted using a structure analysis software (TOPAS, Bruker AXS) including peak 

deconvolution by fitting to a split pseudo-Voigt functions. Interlayer spacings (d) were 

calculated from the position of the peaks of the graphite planes: (002)* and (002) applying 

Bragg’s Law [31]. (002)* correspond to the displaced (002) plane [28]. Mean crystallite size 

(Lc, perpendicular to the graphene layer) was calculated using the Scherrer formula with a value 

of K = 0.89 [31]. The average number of (002) and (002)* graphene layers (n) was estimated 

as n = (Lc/d)+1 [28].  

Raman spectrum of samples was acquired in a confocal Raman microscope (Horiba Jobin-

Yvon: LabRAM HR800 UV) equipped with a CCD detector. Scans (21 per sample) were 

measured from 600 to 3000 cm-1, with exposure times of 5 s, using an Ar laser at 532 nm (2.33 

eV), power of 20 mW and a 50X objective. Peak assignment was made according to previous 

work [28]. ID/IG ratios of oxidized and reduced GO samples were calculated from the peak 

intensities corresponding to disordered (D) and graphitic (G) carbon.  
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XPS analyses were carried out with a spectrometer (ESCAPlus OMICROM) equipped with a 

hemispherical electron energy analyser. It was operated at 15 kV and 10 mA using a MgKα X-

ray source 1253.6 eV in the non-monochromatic mode and under vacuum (< 5 × 10−9 Torr). 

Survey scans (1 sweep/200 ms dwell) were acquired between 1200 eV and 0 eV. Pass energy 

of 50 eV and 20 eV were used for the scans of survey and C1s region, respectively. C1s binding 

energy (BE) was referenced at 284.5 eV for calibration. The CASA XPS data processing 

software allowed peak fitting and quantification.  

TGA profiles were obtained in a thermobalance (NETZSCH TG 209 F1 Libra, Selb, Germany) 

from a sample amount of 8±1 mg and using a heat rate of 5 ºC min−1 from room temperature to 

1000 ºC and N2 (50 ml min−1).  

Morphology of GOQD and FLGO was analyzes using a TEM microscope (Tecnai F30; FEI) 

equipped with a cannon of 300 KeV and a maximum resolution of 1.5 Å. Topography of GOQD 

was visualized using a Multimode 8 scanning probing microscopy (Veeco-Bruker) in tapping 

mode. Image processing and particles analysis were performed with Gwyddion software. 

Optical properties of the GOQD suspension at ambient conditions was characterized in 10 mm 

pathlength quartz cuvettes using a UV-VIS spectrophotometer (Shimadzu UV-2401PC) and a 

spectrofluorometer (FluoroMax-P, HORIBA Jobin Yvon). Sample was excited at 355 nm for 

GOQD). 

2.3 Dye-sensitized solar cell electrochemical tests 

Working and counter electrodes were prepared on F-doped SnO2 glass (sheet resistance: 15 

Ω/□) substrates (FTO). The photo-anode was prepared by first spraying a thin film of TiO2 

aqueous solution, obtained from TiCl4 (40 mM), and subsequent spray coating deposition of 

TiO2 paste from commercial powder (Degussa P90) dispersed in water and iso-propyl alcohol 

(50% v/v) and Triton surfactant, onto the substrate [32]. Afterwards, electrodes were sintered 

at 450 ºC for 30 minutes; the sintering process allows the titanium dioxide nanocrystals to melt 

partially together in order to ensure electrical contact and mechanical adhesion on the FTO. 
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Dye sensitization was carried out by immersing the sintered electrodes in 0.5 mM ruthenium 

dye (N719, Solaronix, cis-diisothiocyanato-bis(2,2’-bipyridyl- 4,4’-dicarboxylato) 

ruthenium(II) bis(tetrabutylammonium)) solution in ethanol for about 18 hours.  

The electrolyte consisted of 0.4 M LiI, 0.04 M I2, 0.3 M 4-tertbutylpyridine (TBP) and 0.4 M 

tetrabutylammonium iodide (TBAI) in acetonitrile.  

Carbon materials (FLGO and GOQD) were mixed with a 15% w/w of TiO2 (Degussa P90) as 

binder. The powders were dispersed in ethanol. Counter electrodes were prepared by spraying 

the slurry of graphene based materials onto FTO/glass substrates, and then electrodes were 

sintered in inert atmosphere at 450 ºC for 10 minutes. Under this treatment, FLGO and GOQD 

are partially reduced so they are labeled as rFLGO and rGOQD, respectively.  

A spacer thick 60 μm (Surlyn® SX1170-60, Solaronix SA) was used to allocate the electrolyte 

between the photo-anode and the counter electrode. Generally, the spacing between these 

electrodes is about 30 μm in the state-of-art DSSCs to avoid ohmic constraints. Nonetheless, 

being the aim of this work to compare different materials in the same conditions, we have 

preferred to use a suitable amount of liquid electrolyte in between the two electrodes in order 

to avoid short circuit effects and improve reproducibility of the cells. 

Current-voltage curves of the devices were recorded under simulated AM 1.5 solar illumination 

(Osram, 300 W) at 25 ºC. The incident light intensity was adjusted to 100 mW cm-2 by using a 

photometer (3M Photodine Inc.). The cells operating under simulated solar illumination were 

connected to an Autolab Potentiostat/Galvanostat (Metrohm) equipped with a frequency 

response analyzer (FRA). The active area of the cells was 0.28 cm2 (circle of 6 mm diameter). 

EIS measurements were carried out at room temperature in the frequency range 100 mHz - 100 

kHz at open circuit voltage (OCV); the amplitude of potential pulse was 0.01 V.  
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3. RESULTS AND DISCUSSION 

3.1 Materials synthesis and characterization 

A solution containing GO-based materials was obtained as a result of the oxidation/exfoliation 

process of MWCNT (see TEM pictures of MWCNT in Fig. S1 in the Supplementary 

Information). These materials -unreacted MWCNT, FLGO and GOQD- were separated by 

degressive differential centrifugation according to a methodology previously developed for the 

effective fractionation of the resulting GO materials of the exfoliation of fishbone carbon 

nanofibers [33]. Centrifugation by degressive rates minimized the entrainment of small 

particles and maximized its weight yield. Due to a different arrangement of the graphite crystals 

in nanofibers and nanotubes, the size distribution of GO materials obtained after the 

oxidation/exfoliation process is different in each case. While fishbone CNF consist of an 

arrangement of small graphene cones, MWCNT present large concentric graphene sheets 

forming a tubular structure. The layered morphology of FLGO and GOQD obtained from 

MWCNT can be seen in Fig. 1, where the profiles of height and size of the latter are included 

for some representative dots observed by AFM. FLGO sheets (Fig. 1a-b) showed transparent 

and flake-like shape individuals with a low number of layers as reported before [28]. Likewise, 

no formation of straight graphene nanoribbons was detected due to the entanglement thereof, 

what was already claimed by Kosynkin et al. [34], and the low selectivity of this method to the 

longitudinal nanotube unzipping [35]. In the case of GOQD (Fig. 1c and inset), small graphene 

sp2 nanodomains can be visualized by AFM. As happened with graphene dots obtained from 

nanofibers [33], they overlap forming a continuous membrane due to the drying process. GOQD 

presented diameters and heights below 100 nm and 10 nm, respectively, according to their 

height profiles (Fig. 1d).  



  

9 
 

(a)   (b)  

(c)   (d) 

0 20 40 60 80 100
0

2

4

6

8

10

H
ei

gh
t (

nm
)

Diameter (nm)

 12
 11
 10
 9
 8
 7
 6
 5
 4
 3
 2
 1

 

Figure 1. a-b) TEM images of FLGO; c) AFM images and d) height profiles of GOQD (of 

those numbered in the inset in c)). 

 

The oxidative process resulted in the bond cleavage of the sp2 graphene network in the nanotube 

outer wall and the intercalation of oxygenated groups between layers, enabling their subsequent 

separation or exfoliation. As a result of this intercalation, graphene oxide stacks, whose 

characteristic (002)* plane is located at 2θ = 10.9º-11.9º, were clearly observed in the XRD 

patterns of FLGO and GOQD shown in Fig. 2. Structural data calculated for this one and for 

(002) plane, also observed by XRD, are listed in Table 1 (peak position and FWHM can be 

found in Table S1 in the Supplementary Information). The d spacings were 0.745 and 0.810 nm 

in FLGO and GOQD, respectively, which double that measured in the starting MWCNT (0.337 

nm). The presence of graphene/graphite (002) or graphene oxide (002)* stacks evidences that 

sheets might continue separating into isolated layers which, obviously, do not present this 
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reflection. In addition, (100) and (101) planes about Bragg angles of 42.9º and 44.5º, 

respectively, are also found in the spectra. (100) plane corresponds to graphene in-plane 

reflections and it is more intense the larger the sp2 domains are [29]. In case of (101) plane, this 

crosses the graphene stacking obliquely and it increases as the number of layers does [36]. 

Regarding their transversal sizes, graphene oxide stacks present similar values of Lc (3.3-

3.5 nm) and around 5 graphene layers in FLGO and GOQD. Small non-oxidized graphene 

stacks (1.1 nm and 4 graphene layers in average) were deconvoluted in GOQD diffractogram 

(in FLGO they were even smaller making their deconvolution impossible). In any case, both 

materials did not show the presence of stacks of graphene (oxidized or not) with a number of 

layers above 5. The thermal reduction that both materials suffer during the electrode preparation 

(rFLGO and rGOQD) recovered the (002) peak at the expense of (002)* due to the approach of 

the graphene layers after the removal of intercalated oxygenated groups. A small restacking of 

the exfoliated graphene layers occurred as indicated by the increment in the calculated number 

of layers (around 7) as well as in the slight increase of the (101) peaks in rFLGO and rGOQD. 

However, no large structural differences were detected by Raman spectroscopy (spectra in Fig. 

3) after reduction, according to their ID/IG ratios listed in Table 1 (in the range 0.89-1.00). A 

reduction temperature of 450 ºC was not found to be enough in order to achieve significant 

structural changes by Raman [37]. However, in case of deconvolution of the first-order Raman 

spectra, as previously reported in [28], the ID/IG ratio for GOQD would be obviously lower. In 

this regard, rGOQD presents a slightly lower number of defects although it could be due to the 

stacking suffered by the sample as observed in the 2D growth (I2D/IG is proportional to the 

number of graphene layers). D+D’ is only observed in samples with significant amounts of 

defects [38] (observed in all samples but more accentuated in rGOQD). These defects are 

derived from its limited size (< 100 nm) and, as a consequence, a higher ratio of edge-to-basal 

carbon atoms.  
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Figure 2. XRD patterns of FLGO, GOQD, rFLGO and rGOQD. 
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Figure 3. Raman spectra for FLGO, rFLGO, GOQD and rGOQD (peak fitting according to 

[28]). 

 

Table 1. Structural parameters of FLGO, GOQD, rFLGO and rGOQD determined by XRD and 

Raman. 

Sample 
XRD Raman 

Plane d (nm) Lc (nm) n ID/IG 

FLGO (002)* 0.745 3.3 5.4 0.94 

rFLGO (002) 0.352 2.1 6.9 1.00 

GOQD 
(002)* 0.810 3.5 5.4 

0.92 
(002) 0.350 1.1 4.1 

rGOQD (002) 0.349 2.3 7.6 0.89 
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Atomic compositions measured by XPS for FLGO and GOQD are shown in Table 2. O- and S-

based functionalities, which are more numerous in GOQD, are due to the oxidation process and 

disrupt the electronic conduction on the sp2 carbon network in graphene. The 

oxidation/exfoliation process generates graphene oxide sheets with contents of O and S varying 

from 24.1-29.4 and 3.5-9.6 at. %, respectively. From C1s region deconvolution (Fig. 4a), three 

components were determined: an asymmetric peak [39] of sp2 graphitic carbon (C=C) and sp3 

hybridized carbon (C-C) at 284.5 eV, C-O bonds in hydroxyls or epoxides and C-S in sulfonic 

acid and organosulfates at 286.4-286.7 eV, and C=O bonds in carbonyls or carboxyl groups at 

288.4-288.7 eV. Although GOQD had a higher amount of oxygen, this is also bonded to S in 

sulfur groups. Not in vain, GOQD presents a much larger amount of organosulfates than FLGO. 

The oxygen content in GOQD is expected to be lower due to a lower relative contribution of 

in-plane oxygenated groups (hydroxyls and epoxides) as expense of out-plane groups 

(carbonyls and carboxyls) in thinner graphene domains [33]. In addition, the contribution of the 

-* transitions was only found in the case of GOQD at 290.8 eV. The latter is associated with 

aromatic and unsaturated bonds, which consider a similar value of sp2 carbon (C=C/C-C) than 

that measured in FLGO, indicates a possible better electronic conductivity in GOQD. Quantum 

dots exhibited also photoluminescence due to quantum confinement effects attributed to its 

smaller size (below 100 nm). As for the S functionalization, the doublets (p3/2 and p1/2) of two 

components were identified in the XPS S2p region (Fig. 4c): sulfonic acid (-SO3
-) at 168.1 eV 

(p3/2) and organosulfates (-SO4) at 169.1 eV (p3/2) bonded to the graphene carbon structure [40]. 

Although there is a noticeable difference in the sulfur content of both GO fractions, this is due 

to a higher content of organosulfates in GOQD. Regarding the reduction effect, FLGO and 

GOQD which presented C/O ratios of 3.0 and 2.0, respectively, were reduced by the 52 and 40 

% removal of oxygen-containing functional groups (both in-plane and out-plane groups) 

resulting in C/O ratios in rFLGO and rGOQD of 7.6 and 4.4, respectively. The highest oxygen 
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content in the case of rGOQD also comes from its participation in the remaining organosulfates 

groups. Indeed, an abrupt desulfurization also occurred after the thermal treatment: rFLGO did 

not presented S in its composition while rGOQD remained a 1.9 at. % in form of organosulfates. 

In any case, the reduction of GO materials was accompanied by sp2-carbon recovery and the 

appearance of the π-π* transition in rFLGO. 
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Figure 4. Deconvoluted XPS regions: a) C1s of FLGO and GOQD; b) C1s of rFLGO and 

rGOQD; c) S2p of FLGO and GOQD; d) S2p of rFLGO and rGOQD. 

 

Table 2. Surface atomic composition (XPS). 

 Survey (at. %) C1s (%) S2p (%) 

 C O S C/O C=C/C-C C-O/C-S C=O π-π* C-SO3
- C-OSO3

- 

FLGO 71.3 24.1 3.5 3.0 63.9 27.2 8.9 0.0 80.9 19.1 
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rFLGO 88.4 11.6 0.0 7.6 74.5 14.1 5.8 5.6 0.0 0.0 

GOQD 59.6 29.4 9.6 2.0 60.8 24.6 11.4 3.2 18.4 81.6 

rGOQD 76.5 17.5 1.9 4.4 73.5 19.3 3.5 3.7 0.0 100.0 

 

According to the TGA and DTG profiles shown in Fig. 5a and 5b, respectively, two main weight 

losses were appreciated. A 5 and 15 % of weight loss were registered before 150 ºC for FLGO 

and GOQD, respectively, which are attributed to the release of water molecules trapped 

between graphene oxide layers during their synthesis. Subsequently, a broad band due to the 

liberation of labile groups of O and S is appreciated from 150 ºC to 300 ºC [41]. However, a 

widening of this band towards higher temperature is seen for GOQD, and can be attributed to 

the loss of organosulfate groups (still present after reduction according to the XPS data). After 

350 ºC, the removal of more stable O-functionalities takes place. 
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Figure 5. TGA and DTG of FLGO and GOQD under N2 with a ramp rate of 5 ºC min−1. 
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3.2 DSSC electrochemical characterization 

Fig. 6 shows the photocurrent-voltage (j-V) characteristics obtained for DSSCs assembled with 

rFLGO and rGOQD as counter electrodes, and Table 3 summarizes the most important 

photovoltaic parameters. Two different CE thicknesses were assessed, 15 and 25 µm.  In 

conventional Pt counter electrodes, the film thickness has shown to have no significant effect 

on the j-V curve according to Fang and coworkers [42]. In this work, the thickness of rFLGO 

has shown a slight influence on the short-circuit current while the amount of rGOQD affects 

the j-V in the region closer to open circuit potential (OCP). In the first case, a larger amount of 

rFLGO (thicker electrode of 25 µm) results in a larger density of carbon active sites where the 

triiodide can be effectively reduced to iodide, thus enhancing the performance of the DSSC. In 

the case of rGOQD, it is the fill factor that is more sensitive to the variation of thickness, 

increasing from 0.48 to 0.52 when the thicker electrode is used. This can be attributed to 

differences in electrical conduction of the rGOQD thin film, that influence the series resistance 

of the cells, rather than an increase of catalytic active sites as in the case of rFLGO. 

    

Figure 6. DSSC polarization curves with (a) rFLGO or (b) rGOQD at the counter electrode. 
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By comparing the different j-V curves, it appears that rGOQD based counter electrodes perform 

13% better than rFLGO. Despite the larger oxygen and sulfur content of rGOQD, the 

morphology of quantum dots appears to favor the electro-reduction of triiodide to iodide at the 

counter electrode. The lower C/O ratio for rGOQD (4.4) compared to rFLGO (7.6) indicates a 

greater oxygen content and a higher density of edge to basal atoms in the former, available to 

reduce the triiodide species at the surface of the counter electrode. In the annealing step of the 

electrodes, the sulfonic acid groups and most labile oxygen groups are removed at 450 ºC. The 

rGOQD possess more functional groups, including the remnant of organosulfates, in addition 

to a lower carbon sp2 content due to its smaller size, which translates into a greater number of 

electrocatalytic sites for the electro-reduction of triiodide to iodide, including both network 

defects and edges.  

A Pt counter electrode was prepared and assembled in the same way that the rest of the cells 

for the sake of comparison, and the results are included in Table 3. Notice that the performances 

here reported are in line with our previous works concerning other carbon materials [43]. In the 

present work, we have preferred to use a simple photoanode configuration to avoid side effects, 

and a thick spacer to contain the electrolyte in order to improve reproducibility and stability, 

focusing our attention on the behavior related only to the counter electrode. Possibly, using a 

more efficient but complex photoanode and a thinner spacer to contain the electrolyte should 

lead to higher efficiency values, much closer to the state of the art. 

The reaction kinetics of Pt are much faster than those observed for the carbon materials, as 

evidenced by the better efficiency (η) and short-circuit current (jsc), which is related to a much 

lower charge transfer resistance (Rct). Whereas, the OCP is between 20 and 34 mV higher for 

the DSSCs assembled with carbon materials in the CE compared to Pt CE.  

 

Table 3. Performance characteristics of DSSC with different counter electrodes. 
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Counter 

electrode 

η [%] OCP [V](a) jsc [mA cm-

2](b) 

FF [-](c) Rct [Ω 

cm2](d) 

rFLGO15 2.1 0.776 5.1 0.53 52.1 

rFLGO25 2.2 0.770 5.3 0.54 35.7 

rGOQD15 2.3 0.772 6.2 0.48 107 

rGOQD25 2.5 0.784 6.1 0.52 64.8 

Pt 3.6 0.749 8.0 0.60 10.5 

a) Open circuit potential; b) Short circuit current; c) Fill factor; d) Charge transfer resistance 

 

The stability of DSSC has often been overlooked and it has become an unknown characteristic 

in the research and development of new component formulations, even though it is a very 

relevant aspect for commercialization [44]. There are not standardized procedures to assess the 

stability and degradation processes. In this work, we have analyzed two different aspects in 

DSSC stability: the electrochemical stability and the seasoning effect, both relying on the 

behavior of the counter electrode, among others. 

The electrochemical stability of CEs based on rFLGO and rGOQD was assessed by continuosly 

cycling the DSSCs up to a total of 100 cycles at a scan rate of 100 mV s-1 between open circuit 

and short circuit potentials and under illumination. The j-V curves before and after cycling are 

represented in Fig. 7. A slight decrease of short-circuit current is exhibited after cycling for the 

carbon materials, being more evident in the case of the rGOQD based DSSC. In the literature, 

few works report the electrochemical stability of CEs upon potential cycling, generally 

employing a three electrode cell configuration to establish the eletrochemical behavior of Pt.  
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Figure 7. Effect of potential cycling between short circuit and open circuit potentials under 

illumination on the polarization curve. (a) rFLGO, (b) rGOQD, (c) Pt 

 

The efficiency of DSSCs assembled with rFLGO or rGOQD counter electrodes barely changes 

after potential cycling (decrease < 5%), whereas the one based on Pt CE exhibits a 20% loss. 

Syrrokostas and coworkers ascribed the degradation of Pt to its slow dissolution in the 

electrolyte with time [45]. This source of performance loss seems negligible in the case of 

carbon based electrode due to their chemical and electrochemical stability under the working 
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conditions of the cell. Unlike Pt, carbon materials exhibit a larger electrochemical stability 

towards I2 in the potential window of operation of a DSSC [22].  

 

Table 4. Performance characteristics of DSSC with different counter electrodes after 100 

cycles between open circuit and short circuit potentials. 

Counter 

electrode 

η [%] OCP [V](a) jsc [mA cm-

2](b) 

FF [-](c) Rct [Ω 

cm2](d) 

rFLGO15 2.3 0.765 5.3 0.57 37.4 

rFLGO25 2.2 0.760 5.2 0.56 28.5 

rGOQD15 2.3 0.770 6.1 0.49 89 

rGOQD25 2.4 0.786 5.8 0.53 57.1 

Pt 2.9 0.749 7.8 0.50 19.5 

a) Open circuit potential; b) Short circuit current; c) Fill factor; d) Charge transfer resistance 

 

Other technique to assess the stability of DSSCs is by monitoring the performance of a cell 

during a seasoning period, which has been more often used in the published literature. 

Typically, cells are stored in the dark at room temperature and open circuit potential. Different 

phenomena contribute to the loss in performance under such conditions, like dye degradation, 

or reaction of components with the electrolyte, like the counter electrode or the sealing 

materials. Fig. 8(a-c) shows j-V curves of different DSSCs assembled with rFLGO, rGOQD 

and Pt at the CE and the variation with time. Between one curve and the subsequent one, the 

cells were stored under the same conditions of temperature, darkness, relative humidity and 

pressure. The only differing aspect among them was the counter electrode, since the cells were 
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assembled using reproducible photoanodes, the same electrolyte and sealing materials and 

closing clamp force.  

   

    

Figure 8. Effect of passive seasoning (keeping the cell in the dark at OCP) on the polarization 

curves for (a) rFLGO, (b) rGOQD and (c) Pt at the counter electrode. (d) Peak power density 

evolution upon seasoning, relative to initial power. 

 

All cells present a decrease of performance upon seasoning, mainly accounting from the loss 

of short-circuit current density since the open circuit potential slightly increases with time. This 

can be better analyzed by the comparison of the evolution of maximum power density of each 
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cell with time, referred to the initial value, as depicted in Fig. 8(d). After prolonged seasoning 

of more than 100 hours, the DSSC based on Pt CE shows a larger decrease of power, with a 

loss accounting for more than 50%. Koo and coworkers attributed the loss of efficiency in 

ageing of Pt to the increase of charge transfer resistance related to CE-electrolyte interface [46]. 

Both rGO-based CE exhibited in our case a better stability, with a decay in the order of 40% 

after more than 200 h. The decay is mainly attributable to the loss of short-circuit current, which 

could be ascribed in part to a loss of active sites in the CE. However, as several degradation 

processes occur simultaneously, the power loss could also be caused by electrolyte or 

photoanode degradation phenomena. In any case, it is clear that the DSSC assembled with rGO-

based CE exhibit superior stability than Pt, regardless the source of degradation. 

 

4. CONCLUSIONS 

 In this work, the successful preparation of few-layer graphene oxide and graphene oxide 

quantum dots from multiwall carbon nanotubes is reported and applied as counter electrodes of 

dye-sensitized solar cells. The cells assembled with rGOQD exhibited a 13% superior 

performance than rFLGO despite the larger content of oxygen, which may cause a poorer 

electron conduction. This indicates that the small size of the dots, as evidenced by atomic force 

microscopy and Raman spectroscopy, had an important role in the catalytic activity of carbon 

sites for the electro-reduction of triiodide to iodide. Moreover, the electrochemical stability was 

assessed by potential cycling and the chemical resistance was evaluated by seasoning of the 

cells. A comparison was carried out with a Pt-based counter electrode. The enhanced behavior 

in terms of resistance to degradation processes compared to Pt point out to a promising 

application of graphene-based counter electrodes for the efficient conversion of solar energy to 

electricity in DSSC. 
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