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Abstract: Multiwalled carbon nanotubes (MWCNTs) have excellent electrical conductivity and good
chemical stability, and are used as counter electrodes in dye-sensitized solar cells (DSSCs). The counter
electrodes collect electrons from the external circuit and catalyze the redox reaction in the electrolyte.
Electrocatalysis is an important step for generating energy from triiodide reduction in DSSCs. In this
study, chemically treated MWCNTs were investigated for improving the photovoltaic performance
of DSSCs. The MWCNTs were modified through chemical oxidation with sulfuric acid/nitric acid
(H2SO4/HNO3) or potassium persulfate/sodium hydroxide (K2S2O8/NaOH). Nanocellulose (CNC)
was used as a dispersant to improve the photovoltaic performance and dispersibility as an alternative
material for counter electrodes in DSSCs. The counter electrodes were prepared on fluorine-doped tin
oxide (FTO) glass substrates by spin coating nanofluids. Morphological and structural investigations
were performed using scanning transmission electron microscopy (TEM), Fourier-transform infrared
(FTIR) spectroscopy, and Raman spectroscopy. The electrical conductivity and UV light absorption of
the DSSCs were analyzed to evaluate their photovoltaic performance. The results of these analyses
showed that chemical functionalization and addition of CNC were effective for increasing the
electrical conductivity and UV light absorption. Finally, all result trends were the same. Increasing
the dispersibility of the counter electrode was found to improve the reduction of I3

− at the interface
between the MWCNTs and the electrolyte, thereby, improving the energy conversion efficiency.

Keywords: multiwalled carbon nanotube (MWCNT); dye-sensitized solar cell (DSSC); chemical
treatment; nanocellulose dispersion; electrocatalysis

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted considerable attention owing to their high
efficiency, simple fabrication process, and low production cost [1–3]. DSSCs contain a sensitizing dye,
a transparent conducting substrate, nanometer-sized TiO2 film, an iodide electrolyte, and counter
electrode [4]. Improved DSSC efficiency can provide enormous economic advantages [5–9]. The
counter electrode is a significant constituent component of the DSSCs, serving an indispensable
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role in collecting electrons [10]. Pt and Pt-based metallic structures are commonly used as counter
electrodes because of their high electrochemical activity. However, Pt is relatively scarce and its use
as a counter-electrode in DSSCs is limited by its high cost and potential toxicity and purity issues.
Therefore, better alternatives are necessary for the triiodide reduction in DSSCs. Congiu et al. [11]
reported that p-DSCs with a CoS anode has an external quantum efficiency very similar to that obtained
with anodes consisting of Pr and fluorine-doped tin oxide (FTO). Moreover, p-DSC employing ERY
(erythrosine)-sensitized NiO as a photoactive cathode and a CoS anode has a conversion efficiency of
0.026% similar to that obtained with Pt–FTO anodes (0.030%). Zhang et al. [12] investigated efficient
and transparent polymers for dye-sensitized solar cells. They found that the polymer made from a
mixed acetonitrile-dichloromethane solvent showed enhanced catalytic activity for redox reactions
compared with that from a single solvent.

Multiwalled carbon nanotubes (MWCNTs) [13–15], graphenes [16–23], metals or metal
nanowires [24,25], and hybrids of these [26,27] are emerging as potential alternatives, owing to
their large surface areas.

Ma et al. [28] found that (Fe–Co)–CNFs had high electrocatalytic activity for the I3
−/I− redox

couple. These can be used as high-efficiency and low-cost counter electrodes for DSSCs which means
the graphite characteristics of fibers make them electronically conducting. MWCNTs have rapid
electron-transfer kinetics, a large surface area, and are capable of electrocatalytic activity for triiodide
reduction, which are some of its advantages over Pt [29,30]. Moreover, many studies have investigated
the stability and safety of electrolytes [31,32]. Nguyen et al. [33] found a cost effective and eco-friendly
electrolyte solvent mixture for dye-sensitized solar cells. Its performance in cells was initially less
efficient than comparison solvents, but became more stable than the others after more than 1000 h.
MWCNTs, when treated with solutions such as nitric acid, sulfuric acid, potassium permanganate,
potassium persulfate, ammonium hydroxide, and hydrogen peroxide, can act as improved electrical
conducting layers [34,35]. Lee et al. investigated the electrochemical characteristics of DSSC with
MWCNT electrodes and it was revealed that a cell conversion efficiency, a short-circuited current density,
and an open-circuit voltage can be better with containing MWCNTs [36]. Datsyuk et al. [34] studied
the effect of oxidation on the structural integrity of MWCNTs, through acidic (using nitric acid, sulfuric
acid/hydrogen peroxide) and basic (using ammonium hydroxide/hydrogen peroxide) treatments. They
found that the oxidized structures of MWCNTs exhibited better dispersion characteristics, compared
to the pristine MWCNT structures. Park et al. [37] investigated the effects of chemical treatment of
carbon nanotubes (CNTs) on the dispersion stability and electrical conductivity of CNT/polyaniline.
Owing to the major advantages of MWCNTs, various approaches have been developed for fabricating
MWCNT counter electrodes, such as screen printing [38], spray drying [39], printing/coating using
doctor blades [40], and chemical vapor deposition [41]. Moreover, cellulose is the most abundant
polymer in nature. There have been many reports on the development of cellulose-based materials over
the years. Cellulose nanocrystals (CNCs) have become widely used in many studies [42,43]. These are
rod-shaped nanoparticles obtained from the acid hydrolysis of cellulose. They are approximately 10 to
100 nm in diameter and 100 to 1000 nm in length, depending on the hydrolysis conditions and the
cellulose source. CNCs strongly interact with water through hydrogen bonding owing to the hydroxyl
groups on the cellulose molecule. In this work, we investigated efficient DSSCs containing treated
MWCNTs fabricated through wet grinding in a planetary ball-milling machine, those with CNC used
as a dispersant, and their hybrid composites with novel synergistic properties, as alternatives to Pt,
for counter electrodes for electrocatalytic triiodide reduction. The counter electrodes were deposited
as porous films on FTO-coated glass using spin coating. The performance of several carbon-coated
samples was compared to evaluate the performance improvements caused by chemical treatment and
use of dispersant.
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2. Experimental Details

2.1. Preparation of Materials

Distilled water (DW) produced by a membrane-type DW maker, which maintained the water
quality to under 10 ppm of total dissolved solids, was used in the experiments. Pristine MWCNTs
approximately 20 nm in diameter and 5 µm in length, with purity greater than 95% and impurities less
than 3% (Carbon Nanomaterial Technology Co., Ltd., Seoul, Korea) were used. The CNC used in this
research was extracted from the western hemlock plant, and was supplied by SKB Tech., Seoul, Korea.
Nitric acid (HNO3) at a concentration of 63% (Junsei Chemicals Co., Ltd., Tokyo, Japan), sulfuric acid
(H2SO4) at a concentration of 98% (Junsei Chemicals Co., Ltd., Tokyo, Japan), potassium persulfate
(K2S2O8) with greater than 99.0% purity (Sigma-Aldrich Co., Ltd., Hamburg, Germany), and sodium
hydroxide (NaOH) with greater than 97.0% purity (Junsei Chemicals Co., Ltd., Tokyo, Japan) were
used in the treatment processes.

2.2. Surface Modification of MWCNTs

In order to increase the specific surface area, flattening and fine planetary ball milling (Haji
Engineering, Seoul, Korea) was performed. It should be noted that this grinding method is an
effective way to increase the surface area, and thereby, significantly reduce the agglomeration of the
MWCNTs [44]. Spherical zirconia balls (3.0 mm) were used as the collision medium. The samples
were treated at a grinding speed of 500 rpm under wet conditions for 1 h. The grinding method is
specified elsewhere [45,46]. The functionalized MWCNTs were prepared using two different treatment
methods, namely acidic treatment and basic treatment. For acidic treatment, the surface modification of
MWCNTs was performed using a mixture of concentrated nitric acid (HNO3) and sulfuric acid (H2SO4)
in a 1:3 volume ratio. Pristine MWCNTs were suspended in the acid mixture, and ultrasonication
(1510E-DTH, Branson Ultrasonic Corporation 41, Danbury, CT, USA) was performed at 25 ◦C. Next,
oxidation was performed at 100 ◦C for 100 min on a magnetic stirrer (hot plate stirrer, SMSH-20A,
Scilab Korea, Co., Ltd., Seoul, Korea). The sample was then filtered and rinsed with DW until the pH
value reached 7.0, after which, it was dried in a furnace [46]. The sample treated with H2SO4/HNO3

was designated as A-CNT. For basic treatment, surface modification of MWCNTs was performed using
potassium persulfate (K2S2O8). The pristine MWCNTs and DW were added to a flask and dispersed
in an ultrasonic bath. Then, K2S2O8 was added to the flask and the pH of the reaction system was
adjusted to 13 by adding concentrated NaOH solution. The flask, equipped with a reflux condenser
and a magnetic stir plate, was kept at 85 ◦C after mixing for 2 h, and was then cooled down to room
temperature. The contents of the flask were separated using a membrane filter and rinsed with DW
until the pH reached 7.0. Finally, the functionalized MWCNTs were dried in a furnace [47]. The sample
treated with K2S2O8/NaOH was designated as K-CNT. The resulting products were used to prepare
the purified and ground MWCNTs. The step in fabricating effective DSSCs using MWCNT counter
electrodes is to disperse MWCNTs in a base. For enhanced dispersion, all the previously prepared
structures were dispersed ultrasonically in ethanol solution for 40 min. The concentrations of the
MWCNTs in ethanol were 0.5 wt %. The various types of samples used as the counter electrodes and
their experimental parameters are shown in Figure 1.
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Figure 1. Photos of the sample (Ground CNT, A-Ground CNT, K-Ground CNT, Ground CNT/CNC,
A-Ground CNT/CNC, K-Ground CNT/CNC): (a) Photo of the solution samples, (b) TiO2 electrode and
each coated nanoparticle FTO glass.

2.3. Counter Electrode Fabrication

Before deposition, the FTO glass (Solaronix, Aubonne, Switzerland, 8 Ω/sq) was ultrasonically
treated in ethanol, acetone, and DW—15 min for each step—to remove some contaminants like the
organic pollutants. then, the spin-coating process is used for the prepared samples on the cleaned FTO
glass at a velocity of 2000 rpm for 25 s at 25 ◦C. To evaporate the ethyl cellulose and terpineol, the
temperature of deposited MWCNTs films should be higher than 400 ◦C [48], which would cause the
MWCNTs films to peel easily from the substrate. Therefore, an annealing temperature of 350 ◦C was
used to prepare the MWCNTs counter electrodes. The fully prepared MWCNTs films on FTO were
found to be suitable for use as counter electrodes.

2.4. TiO2 Working Electrode and DSSC Fabrication

TiO2 photoanodes have been investigated in studies [49,50]. In this experiment, they were used to
compare the effects of the different counter electrodes. First, the TiO2 (average powder size 20 nm, P25
of Degussa) colloid in ethanol was mixed with terpineol and a solution of ethyl cellulose in ethanol.
The details of the fabrication procedure for the TiO2 photoanodes have been given elsewhere [51].
Using the screen-printing technique, the prepared TiO2 working electrodes were fabricated on FTO
glass with an approximate thickness of 8 to 10 µm and surface area of 1.0 × 1.0 cm2. The coated
TiO2 electrodes were calcined at 500 ◦C for 1h in air to obtain an anatase TiO2 phase. After, it was
sintered to 150 ◦C for 30 min. Then, the TiO2 working electrodes were immersed in a 0.3 mM solution
of a Ru complex dye (cis–bis (isothiocyanato) bis (2,2-bipyridyl-4,4-dicarboxylato)-ruthenium (II)
bis-tetrabutylammonium, (N719); Solaronix, Aubonne, Switzerland) in anhydrous ethanol for 24 h to
make that the dye molecules were fully covered. The dye-impregnated TiO2 electrodes were assembled
with the previous produced counter electrodes. A Surlyn polymer foil gasket (60 µm thickness) was
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used as a spacer-cum-sealant between the electrodes. The electrolyte, iodolyte AN-50 (iodide-based
redox electrolyte, Solaronix, Aubonne, Switzerland), was injected into the cell via vacuum filling,
through the hole on the counter-electrode side. Finally, Surlyn and a microscopic glass cover were
sealed with the electrolyte injection hole [48]. For all the measurements, tests were recorded within
three days and each was carried out three times in the same way. However, no significant difference
was found in any experiment.

2.5. Characterization

Transmission electron microscopy (TEM) (JEM-2100F, JEOL, Tokyo, Japan) was used for the
morphological analysis. The structural characteristics were analyzed using a FTIR (Bruker (VERTEX
80v), Billerica, MA, USA) spectroscope with spectral range between 500 and 4000 cm−1. A Raman
spectrophotometer with spectral range between 1000 and 2000 cm−1 (VERTEX 80v series, Bruker Co.,
Ltd., Hong Kong, China) was used to reveal the effects of the chemical treatment of MWCNT. The
absorbance of the samples was measured using a UV–visible spectrophotometer (X-ma 3000 Series
Spectrophotometer, Human Co., Ltd., Chungcheongbuk-do, Korea) operating at wavelengths ranging
from 190 to 1190 nm. The electrical conductivity meter (Model CM-25R, DKK-TOA Co., Ltd,
Tokyo, Japan) measured and compared the conductivity of each sample. The photocurrent–voltage
characteristics of the DSSCs were conducted under simulated solar illumination of constant light
intensity (100 mW/cm2), the light of which was made of a 150 W xenon lamp. The insolation intensity of
the irradiated light was measured by a solar simulator, PEC-L01 (Peccell, Technologies Co., Yokohama,
Japan).

3. Results and Discussion

3.1. Morphological Surface Analysis of MWCNTs

Figure 2 presents the TEM images showing the morphological characteristics of three different
MWCNTs treated with chemical oxidation. The images show that the pristine MWCNTs contained
large amounts of impurities such as catalyst residues, amorphous carbon, and other forms of impurities
(arrows in Figure 2A). The catalyst particles were evidently embedded evidently in the tips or tube
cores of the MWCNTs [52]. The impurities were removed from the MWCNTs, and the nanotube
tips were opened after the treatment processes, which can be clearly observed in Figure 2B,C. The
morphologies and tubular structures of the MWCNTs observed in Figure 2B,C illustrated that the
structures of the MWCNTs did not deteriorate after the treatment processes.
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Figure 2. TEM images of the pristine and surface modified MWCNTs: (A) Pristine CNT, (B) A-CNT,
(C) K-CNT.

The functional group confirmation was provided by the results of the Raman spectroscopy
and FTIR spectroscopy. Raman spectroscopy has historically played an important role in analyzing
structural characteristics such as for assessing the quality and structural defects of graphitic materials.
It has also become a useful tool for understanding the behaviors of electrons and phonons in graphene,
aiming at obtaining a better understanding of the information about graphene that can be obtained
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from Raman spectroscopy studies [53–56]. As shown in Figure 3, the D and G main peaks of the
pristine and surface-modified MWCNTs were observed around 1350 and 1580 cm−1 in the Raman
spectra of all composites. The D band indicates the ill-organized graphitic structure with structural
defects and sp3 hybridized carbons, whereas the G band indicates the tangential C=C stretching and
the vibrations due to the integrity of the hexagonal sp2 hybridization carbon [57]. After treatment,
the intensity of the D band was increased, compared to that of the pristine MWCNTs, in all cases,
which reveal that sp3 hybridized carbons were generated as the functional groups and were attached
to the surfaces of the MWCNTs. The intensity ratio between the D and the G bands (ID/IG) indicates
the extent of functionalization [58]. The intensity ratio (ID/IG) was increased for all surface-modified
structures of MWCNTs. It can be seen that the functional groups are successfully assembled on the
surfaces of the MWCNTs and that structural changes have occurred.
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(C) K-CNT.

FTIR is used mainly as a qualitative technique for the evaluation of a functional group. Figure 4
shows the FTIR spectra of the pristine MWCNTs and the surface-modified MWCNTs produced by
the two different methods. As shown in Figure 3, the trends of the FTIR spectra were similar; the
intensities of the peaks are different because of the different chemical treatments, which offered similar
oxygen functional groups.
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Figure 4. FTIR spectra of pristine and surface modified MWCNTs: (A) Pristine CNT, (B) A-CNT,
(C) K-CNT.

The peaks around 3430 cm−1 could be attributed to the vibration of O–H in the hydroxyl and
carboxyl groups formed after the surface treatment processes [59,60]. For A-CNT, the O–H stretching
intensity was stronger than that in K-CNT. Potassium persulfate was used as an oxidant for basic
treatment, and therefore, COOK functional groups were attached to the surfaces of the CNTs. Therefore,
the O–H stretching intensity was decreased slightly for K-CNTs, compared to A-CNTs. The bands
around 2800–2900 cm−1 were caused by the C–H asymmetric and symmetric stretching vibrations,



Coatings 2019, 9, 250 7 of 12

derived from a long alkyl chain [61]. The absorption peak around 1715 cm−1 corresponds to the COOK
from the carboxylic groups. The C=O group characteristic peak was also observed around 1635 cm−1

and could be assigned to the carbonyl group from quinine or the ring structure [62], which showed
a low intensity in all structures of MWCNTs. Appearance of a peak around 1550 cm−1 indicates the
existence of carbon double bonding (C=C), which reveals the structure of pristine MWCNTs [63], and
the peak intensity was increased in all structures of modified MWCNTs. It is possible to attribute this
increase in the peak intensity to the fact that impurities such as amorphous carbon were completely
removed from the surface of MWCNTs after the treatment processes. The peaks around 1100 cm−1

correspond to the C–O stretching mode of the carboxylic acid group, and had strong intensity in each
modified structure of MWCNTs. These peaks indicate successful generation of oxygen functional
groups on the MWCNTs. All these results show that the functional groups were assembled successfully
on the surfaces of the MWCNTs and that the structure had been changed.

3.2. Material Dispersion and Light Absorption

Generally, the dispersion characteristics of nanofluids are investigated by UV-absorption
spectra [64]. Higher absorbance values mean enhanced dispersion of CNTs in the solution. All
of the CNTs are active in the UV–visible region and show characteristic bands that correspond to
additional absorption because of the 1D van Hove singularities [65,66]. To obtain the light absorption
and dispersion characteristics of the materials, the previously produced samples were investigated
using a UV spectrometer. Figure 5 shows the dispersions of all the sample solutions that were used for
coating. Contrastingly, the UV light absorbance values of the treated CNTs were higher than those
of the untreated CNTs, in the solutions. Therefore, it could be inferred that the purification of the
CNTs removed the impurities and agglomeration of materials, thereby creating a solution with good
dispersion. The solution with CNC indicated a higher value of UV light absorbance than the solution
without CNC. These findings showed that chemical functionalization and addition of CNC could
improve the dispersion of CNTs in a solution significantly. The dispersion state results were in good
agreement with the UV light absorption measurement results.
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3.3. Electrical Conductivity

Electrical conductivity is a unique property in the fields of electromechanical devices and
microelectronics. In this study, the electrical conductivity of fluids with different MWCNT structures
was investigated. Calibration was performed with standard potassium chloride (1.41, 12.86 µS/cm)
solutions before the measurement. Figure 6 shows the electrical conductivity of fluids with 0.1 wt %
concentration of pristine MWCNTs, surface-modified MWCNT structures, and with CNC based on
DW. The electrical conductivity of the surface-modified MWCNT nanofluids was higher than that of
the pristine MWCNT nanofluids, and the electrical conductivity of the surface-modified MWCNTs
with CNC was higher than that of the other modified MWCNTs. CNC can play a significant role
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in improving the dispersion; therefore, it should be noted that the agglomeration of nanoparticles
in the base fluid is an important factor that may affect the electrical conductivity. The chemical
functionalization significantly reduced the agglomeration of MWCNTs, thereby increasing the electrical
conductivity [67]. The electrical conductivity of the pristine MWCNT nanofluid with a concentration
of 0.1 wt % was enhanced from 16.3 to 26.8, 94.7, 182.7, 190.6, and 210.0 µS/cm for A-CNT, K-CNT,
CNT + CNC, A-CNT + CNC, and K-CNT + CNC, respectively, at a temperature of 25 ◦C. The highest
electrical conductivity was obtained for K-CNT + CNC. Therefore, alkaline treatment and addition of
CNC can be considered an effective method for increasing electrical conductivity.
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3.4. DSSC Photovoltaic Performance

The electrical conductivity measurements, TEM images, and UV light absorption results showed
that the photovoltaic performance of the DSSCs with chemically functionalized CNTs and CNC
materials as counter electrodes was higher than that of the untreated CNTs. Figure 7 compares the
photocurrent–voltage characteristics (J–V curve) of MWCNTs with different counter electrodes. The
open-circuit photovoltage (Voc), short-circuit photocurrent (Jsc), fill factor (FF), and energy conversion
efficiency (η) of DSSCs with various counter electrodes are summarized in Table 1. These results
show that the photovoltaic performance characteristics of the DSSCs prepared using treated CNTs are
significantly superior to those of the DSSCs with untreated CNT counter electrodes. Furthermore, the
energy conversion efficiency values of all DSSCs are improved after adding materials, as shown in
Table 1. The enhancement of photovoltaic performance with CNT counter electrodes could be assumed
to have resulted from the following process. The introduction of treated MWCNTs provides more
active surface sites for adsorbing dye molecules, which harvests fast redox kinetics owing to greater
photo-induced electron density. The increased dispersion of the counter electrodes could promote the
I3
− reduction at the interface between the MWCNTs and electrolyte, thereby improving the energy

conversion efficiency.
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Table 1. Photocurrent–voltage (J–V) curve characteristics of dye-sensitized solar cells (DSSCs) with
various counter electrodes

Counter Electrode Jsc (mA/cm−2) Voc (V) FF η (%)

CNT 3.684 0.2738 0.3172 0.2051
A-CNT 5.066 0.5794 0.413 1.214
K-CNT 4.48 0.5796 0.4877 1.266

CNT/CNC 4.363 0.5025 0.367 0.517
A-CNT/CNC 4.812 0.5909 0.44 1.252
K-CNT/CNC 5.092 0.5592 0.04747 1.352

4. Conclusions

In this work, pristine MWCNTs, MWCNTs chemically treated using acidic/basic agents, and
MWCNTs with CNCs added—acting as counter electrodes in DSSCs—were compared to evaluate
their photovoltaic performances. The chemically functionalized CNTs and those with CNCs added
demonstrated significantly improved dispersion in solution. The highest dispersion was observed
for K-CNT + CNC, i.e., CNT subjected to basic treatment followed by the addition of CNC. From the
electrical conductivity data of the various CNTs, it was confirmed that the trend of electrical conductivity
was similar to that of dispersion. Therefore, alkaline treatment and addition of CNCs was found to
be an effective way to increase dispersion and electrical conductivity. In terms of chemical processes,
the mild alkaline oxidation process was found to be a more effective, environmentally-friendly, and
convenient method for the functionalization of CNTs, without using any organic solvents or strong
acids. The energy-conversion efficiencies of the samples also showed a trend similar to that of the
dispersion and electrical conductivity. The pristine MWCNT showed the lowest efficiency, 0.2%,
whereas K-CNT + CNC showed the highest efficiency, 1.35%. The photovoltaic performance showed
the same trend as the energy conversion efficiency. The main aim of this research was to compare
the photovoltaic performance of different MWCNTs with different chemical treatments and added
dispersants. The conversion efficiencies of these samples were low compared to the general conversion
efficiency of DSSCs, because proper conditions for photoanodes with N719 dye and triiodide/iodide
electrolyte could not be used together with typical Pt-based counter electrodes, as our focus was not
on maximizing the efficiency. If proper photoanodes are used, we expect that the efficiency will be
comparable to, or better than, the general DSSC efficiencies. This can be tested in a future study.
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