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ABSTRACT

This work enlightened the synthesis of graphenated-carbon nanotubes sheet (g-CNT) 
using the floating-catalyst chemical vapor deposition method (FCCVD) for dye-sensitized 
solar cell (DSSC) application. The carbon injection flow rate in the experiment was 
varied to 6, 8, and 10 ml/h. The morphological findings revealed that the g-CNT formed a 
highly conductive network. Excellent conductivity was obtained for the sample g-CNT8 
(34.5 S/cm) compared to the sample g-CNT6 (11.2S/cm) and CNT10 (4.76 S/cm). 

This excellent feature is due to the hybrid 
structure of the g-CNT8, which creates 
efficient electron transfer in the materials 
resulting in higher conductivity. The hybrid 
structure provides a high surface area that 
improves conductivity. Therefore, the 
g-CNT sheet is an excellent candidate to 
replace the conventional platinum used as 
a counter electrode (CE) in DSSC.

Keywords: Carbon-based counter electrode, DSSC, 

g-CNT sheet
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INTRODUCTION 

Brian O’Regan and Micheal Grätzel founded the dye-sensitized solar cells (DSSC) 
in 1991 (Andualem & Demiss, 2018) due to the advantages of DSSC, including easy 
fabrication, low-cost, light, and affordable sources of renewable energy (Muhammad et 
al., 2020; Lokman et al., 2021; Sharif et al., 2022). The main components of the DSSC 
structure are a photoanode, sensitizer, redox-mediator, and counter electrode (CE). The 
CE accumulates the electrons from the external circuit connected to the cell and reduces 
the redox pair reaction in the mediator. The oxidized redox pair is reduced by adding 
electrons from the CE surface. A large surface area at the interface region is required to 
provide more active reaction sites for this mechanism to work. Conventional platinum 
(Pt) CE is extensively used due to its outstanding conductivity and electrocatalytic ability 
(Hagfeldt et al., 2010). However, Pt-based CE is very expensive and highly resistant when 
corroded in an iodine electrolyte, which decomposes the Pt into PtI4 (Olsen et al., 2000). 
These led many researchers to explore other low-cost materials with low resistance and 
excellent electrocatalytic ability. Nevertheless, many electrode materials with good catalytic 
properties do not have the competence for electron transfer.

Recently, extensive studies have investigated carbon-based CE materials, such as 
carbon nanotubes (CNT), carbon fibers, carbon black, graphene, and graphite (Yella et al., 
2011) (Devadiga et al., 2021). Carbon materials are attractive as CE materials in DSSC 
due to their low-cost, impressive electrocatalytic activity, high corrosion resistance, and 
superior conductivity (Wu et al., 2017). Biswas et al. (2019) reported graphene/CNT-based 
CE and observed an efficiency of 4.66 % of that using Pt-based CE of 5.66 %. The hybrid 
carbon exhibits a promising potential to replace Pt-based CE in DSSC (Samantaray et al., 
2020). Therefore, initiating the hybrid carbonaceous materials will effectively improve the 
charge transfer of conducting electrons (Chang et al., 2013; Yu et al., 2019). 

Previously, our group has reported on the synthesis and characterization of a novel 
three-dimensional (3D) graphenated-carbon nanotube cotton (g-CNT) hybrid (Ismail et al., 
2019). The g-CNT was synthesized without substrate using a single-step floating-catalyst 
chemical vapor deposition (FCCVD). The report showed a direct growth of hybrid g-CNT 
cotton and its injection flow rate on the g-CNT cotton development for applying gas sensors. 
The outcome revealed that the synthesized g-CNT hybrid could be applied as an electrode 
in electronic devices. Similar research on the g-CNT hybrid has been presented, including 
bilayer graphene/multiwalled-CNT(MWCNT) (Wahyuono et al., 2019) and graphene 
nanosheet/MWCNT (Ratul et al., 2019). However, studies on g-CNT sheet material for 
DSSC applications are scarce. 

We predicted that the hybrid properties of the g-CNT sheet structure would provide 
a way to optimize the hybrid structure. It facilitates the charge transport for excellent 
conductivity than any of the two materials could achieve independently. Wan et al. (2013) 
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fabricated G/CNT nanowires via in situ joule heating and found an approximate resistance 
of 104 kΩ. (Wahyuono et al., 2019) demonstrated bilayer graphene/MWCNT and found 
that the electrode conductivity and the catalytic activity of graphene/MWCNT reduced the 
redox species within the electrolyte of the DSSC. Biswas et al. (2019) fabricated graphene 
nanosheet/MWCNT and found a sheet resistance of 123 Ω/sq, in which the graphene-
MWCNT hybrid increased the conductivity. This work investigated the effect of g-CNT 
sheet morphology on its electrical conductivity. In the experiment, we synthesized the 
g-CNT sheet via a single-step process of the FCCVD method. The injection rate of the 
carbon source is expected to be a parameter in the synthesis that influences the materials' 
morphology. For comparison, a standard CNT sheet was used to prove our hypothesis. 

MATERIALS AND METHODS 

Synthesis of the g-CNT Sheet by FCCVD

This experiment synthesized g-CNT and CNT sheets via the FCCVD method. A similar 
synthesis of our CNT was also reported in the literature (Yusuf et al., 2021; Ismail et al., 
2019; Ibrahim et al., 2019; Ismail et al., 2018; Adnan et al., 2015). We introduced mix 
gases of argon, Ar (200 sccm) and hydrogen, H2 (100 sccm) as the carrier gas, thiophene 
as the promoter, ferrocene as the catalyst (2.4 wt %), and ethanol as the carbon feedstock. 
Firstly, the promoter was mixed in ethanol and sonicated for dispersion. The synthesis was 
started with argon flow at 200 sccm to eliminate the oxygen from the furnace reactor at 
600°C until it reached 1150°C and then changed to H2 gas flow at 100 sccm. The synthesis 
was then carried out using an electronic syringe pump to inject the carbon feedstock for 2 
hours. Other synthesis parameters were fixed, such as temperature, catalyst, and gas flow 
rate. The carbon injection flow rate was varied; 6 and 8, and 10 ml/h. H2 gas was stopped 
during the cooling process, and argon gas flow was used. The samples were produced in 
cotton bulk form during the synthesis. After the synthesis, it was compressed into a sheet 
form, as shown in Figure 1. The g-CNT and CNT sheets were then cut into the dimension 
of 1 cm2 for characterization. The samples were nominated as follows; g-CNT 6 ml/hr as 
g-CNT6, g-CNT 8 ml/hr as g-CNT8, and CNT 10ml/hr as CNT10. 

Material Characterizations

The morphology of the samples was studied by FESEM (FEI NovaNanoSem 230) and 
HRTEM (Jeol JEM-2100F). The graphitized samples were characterized by Raman 
spectroscopy (WITec model Alpha 300R) at 532 nm excitation wavelength. The electrical 
conductivity was measured using a four-point probe (Loresta-GX MCP-T700, Mitsubishi 
Chemical Analytech). The thermal stability was measured by thermogravimetric analysis 
(TGA) (Mettler Toledo) at a heating rate of 20°C/min and temperature of 1000°C under 
oxygen conditions. 
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RESULTS AND DISCUSSION

Morphological Study of g-CNT Sheet 
Analysis  

The FESEM images of g-CNT6 and g-CNT8 
in Figures 2a and 2b display a similar 
structure. They formed a long, thread-like 
structure and twisted with one another to 
form the cotton structure of the samples. 
The respective average diameter (obtained 
from Image J software) of 0.04 µm and 
0.65 µm for samples g-CNT6 and g-CNT8 
consists of g-CNT foliates growing from 
the sidewalls of multi-wall CNTs. Figure 
2a shows the density of foliates with some 
clusters of nanotubes, while Figure 2b shows 
packed foliates and nanotubes clusters. The 
structure difference is attributed to the 
different injection rates during synthesis. 

Figure 1. Synthesized g-CNT cotton was pressed into 
the g-CNT cotton sheet

The morphology of CNT10 obtained an average diameter of 0.34 µm and non-uniform 
nanotube growth owing to inadequate sulfur during the reaction (Ismail et al., 2019). 

The morphology was observed to form an excellent conductive network of g-CNT. 
The networks provide a shorter route for electron transfer to increase conductivity. The 
fundamental advantage of the hybrid g-CNT structure is the high surface area of the three-
dimensional framework of the CNTs (Parker et al., 2012). The high edge density of graphene 
can significantly increase the total charge capacity per unit of nominal area compared to 
other carbon nanostructures (Parker et al., 2012). The HRTEM image in Figures 2d and 
2e showed the graphene foliates with both edges and basal planes of the CNT having an 
average foliate size of 137.88 nm.

(b)

1 µm

(a)

1 µm
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Raman Spectra Analysis

The Raman spectra show the dominant peak 
at 2673 cm-1 (2D band), D and G bands at 
1325 cm-1 and 1572 cm-1, respectively, in 
Figure 3. An increase in the G band peak 
at 1572 cm-1 is due to the foliate structures 
present at the sidewalls of CNT. The high 
D peak intensity in graphitic materials was 
reported in the literature (Ni et al., 2006). 
Meanwhile, the 2D band peak of sample 
g-CNT8 was increased due to single-layer 
graphene. 

The I D/ I G ra t io  for  synthesized 
nanomaterial was 1.06 (g-CNT8, 0.98 

(d)

Graphene foliates

50 nm

(c)

1 µm

50 nm

Graphene foliates

(e)

Figure 2. FESEM images of (a) g-CNT6, (b) g-CNT8, 
(c) CNT10, and HRTEM images of (d) g-CNT6, 
(e) g-CNT8.

(g-CNT6), and 0.99 (CNT10) (Ismail et al., 2019; Abdullah et al., 2021). The intensities 
of ID/IG indicated the lower quality of sp2 carbon structures when the ratio of ID/IG is high 
(Wepasnick et al., 2010). The higher ratio of defects can improve the exchange current 
density and electrical conductivity at the interface to improve the catalytic activity of redox 
reaction according to the catalytic function of CE in DSSC (Chang et al., 2013; Yu et al., 
2019). The high ratio is attributed to the growth of graphene foliates at the CNT sidewalls, 
as agreed in Figure 2. It was also due to graphene structures being higher than the defect. 
These would help electron mobility move easily through the graphitic interfacial layer 
because of lower barrier resistance (Ismail et al., 2019). 

The absence of radial breathing modes (RBM) peaks at lower wavenumber, suggesting 
that the samples are multi-walled CNT (Adnan et al., 2015; Ibrahim et al., 2019). It is 
agreed from the microstructural analysis. 
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Thermogravimetric Analysis

The TGA shown in Figure 4 provides the 
details of the decomposition temperature of the 
samples. The TGA analysis can help find the 
optimal firing temperature for the preparation 
of the counter electrode. The initial weight 
begins to lose approximately 400°C because 
of the elimination of absorbed water and the 
oxidation of volatile carbon content (Adnan 
et al., 2015). The rapid weight loss between 
the temperature of 620 to 860°C was caused 
by the oxidation of the amorphous carbon. 
The decomposition seem comparable with 
result obtained from the previous work 
(Ismail et al., 2019). In the sample g-CNT6, 
the thermal stability was observed from 30°C 
up to 700°C, and after 710°C, weight loss 
started to decrease significantly. The thermal 
stability for sample g-CNT8 begins from 30°C 
up to 610°C, and beyond this temperature, it 
begins to lose weight. However, for CNT10, 
the thermal stability decreased at 500°C. 
These decomposition was similar as reported 
by (Ibrahim et al., 2019) which indicated 
that CNT10 are stable up to ~500 °C. We 
observed that the CNT sheets possess high 
thermal stability, with g-CNT6 being the most 
thermally stable. The remaining weight after 
being sintered at 1000°C was approximately 
2.54 wt%, while the g-CNT8 displays 2.71 
wt% and CNT10 5.58 wt%. 

Figure 3. Raman spectra of g-CNT6, g-CNT8, and 
CNT10. 

Figure 4. TGA results for g-CNT6, g-CNT8, and 
CNT10. 

Electrical Conductivity Analysis

The electrical properties shown in Table 1 provide information regarding the samples’ 
electrical conductivity, resistivity, and sheet resistance. The measurement was conducted 
using rectangular probes, and the samples were cut into a dimension of 1 cm2. The results 
showed that g-CNT8 possessed higher electrical conductivity (34.5 S/cm) than g-CNT6 
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(11.2 S/cm) and CNT10 (4.76 S/cm). The lower sheet resistance obtained from sample 
g-CNT8 (0.9 Ω/sq) compared with g-CNT6 (3.0 Ω/sq) and CNT10 (6.78 Ω/sq) resulted 
in higher conductivity. The existing literature reported that the increase in diameter would 
decrease the resistivity (Collins et al., 1997). These agree with our FESEM images from 
Figure 2, in which g-CNT6 and g-CNT8 samples have increased diameters of the g-CNT 
sheets.

Furthermore, due to the growth of graphene foliates at the sidewalls of CNT, the 
chemical bond of these materials creates a more charge transfer resulting in higher 
conductivity (Parker et al., 2012). In DSSC applications, such excellent electrical 
conductivity performance can promote faster redox reactions and efficiently regenerate the 
electrons to supply back into the cell. From this measurement, the sample g-CNT8 can be 
a potential material to substitute platinum as the conventional CE for DSSC. 

CONCLUSION 

In conclusion, g-CNT and CNT sheets were successfully synthesized via the FCCVD 
method. The morphology structure of the g-CNT sheet revealed foliates growing out 
from the sidewalls of multi-walled CNT. The g-CNT6 showed more stability than the 
g-CNT8 and CNT10. High conductivity was obtained for the sample g-CNT8 (34.5 S/
cm) compared to the sample g-CNT6 (11.2 S/cm) and CNT10 (4.76 S/cm). The hybrid 
structure of the g-CNT sheet creates efficient charge transfer in the materials resulting in 
higher conductivity. Thus, the g-CNT sheet, especially g-CNT8, can potentially substitute 
platinum as the conventional CE in DSSC.
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Table 1
Electrical conductivity analysis 

Sheet resistance
(Ω/sq) 

Resistivity
(Ω.cm)

Conductivity
(S/cm)

g-CNT6 3.00 8.93 ×10-2 11.2
g-CNT8 0.90 2.90 × 10-2 34.5
CNT10 6.78 0.21 4.76
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