
Vol.:(0123456789)1 3

Graphene Technology 
https://doi.org/10.1007/s41127-019-00024-x

ORIGINAL ARTICLE

Improved DSSC photovoltaic performance using reduced graphene 
oxide–carbon nanotube/platinum assisted with customised triple‑tail 
surfactant as counter electrode and zinc oxide nanowire/titanium 
dioxide nanoparticle bilayer nanocomposite as photoanode

Suriani Abu Bakar1,2 · Fatiatun1,2 · Azmi Mohamed1,3 · Muqoyyanah1,2 · Norhayati Hashim1,3 · 
Mohamad Hafiz Mamat4,5 · Mohd Khairul Ahmad6 · Putut Marwoto7

Received: 10 September 2018 / Revised: 7 January 2019 / Accepted: 6 March 2019 
© Springer Nature Switzerland AG 2019

Abstract
In this work, reduced graphene oxide (rGO) was produced from graphene oxide (GO) by a reduction process, which utilised 
hydrazine hydrate as reducing agent. GO was initially synthesised by electrochemical exfoliation assisted with customised 
triple-tail sodium 1,4-bis(neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-silphonate (TC14) surfactant. The 
produced TC184-rGO solution was subsequently hybridised with multiwalled carbon nanotubes (MWCNTs) from waste 
palm oil. The produced TC14-rGO and TC14-rGO/MWCNTs hybrid solution was fabricated as thin films by spray coating 
method. Afterwards, Pt nanoparticle (NP) coating was fabricated. The films were used as counter electrode (CE) for dye-
sensitised solar cell (DSSC) application. Three other CEs, namely TC14-rGO, TC14-rGO/MWCNTs hybrid and TC14-rGO/
Pt hybrid, were fabricated for comparison. Zinc oxide nanowire (NWR)/titanium dioxide nanoparticle (NP) bilayer was 
utilised as photoanode and fabricated via sol–gel immersion and squeegee method. Solar simulator measurement showed 
that the highest DSSC performance was exhibited by TC14-rGO/MWCNTs/Pt hybrid, which presented an energy conver-
sion efficiency, open-circuit voltage, short-circuit-current density and fill factor of 0.0842%, 0.608 V, 0.285 mA/cm2 and 
0.397, respectively. The combination of TC14-rGO/MWCNTs/Pt hybrid CE and ZnO NWR/TiO2 NP bilayer photoanode 
improved the DSSC performance due to the large surface area of TC14-rGO and MWCNTs, the high electrical conductivity 
of MWCNTs and the high quality and less agglomeration of thin rGO film assisted with triple-tail TC14 surfactant. The 
ZnO NWR/TiO2 NP bilayer photoanode also demonstrated a large surface area that can optimally adsorb dye molecules and 
increase the photo-exciton electrons, which further improve the DSSC performance.
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1  Introduction

Since 1991, dye-sensitised solar cells (DSSC) have been 
the most popular third-generation solar cells, and they are 
widely developed as alternatives to silicon-based solar 
cells because of their advantages of simple fabrication, 
high-energy-conversion efficiency (η), environmental 
safety and low production cost [1–3]. DSSC also perform 
better than conventional solar cells, and they can convert 
solar energy to electricity. DSSC consist of four compo-
nents: photoanode, dye, electrolyte and counter electrode 
(CE). DSSC application has obtained considerable atten-
tion due to its role as a mediator in generating a sensitiser 
after electron injection and its key role in regulating the 
DSSC device performance [4].

Graphene is a promising alternative for Pt [5] due to 
its excellent properties, such as high thermal and elec-
trical conductivity [6, 7], high chemical and mechanical 
robustness [8] and high surface area (2630 m2 g−1) [9, 10]. 
Graphene also presents low production cost, simple prep-
aration, high optical transparency, good electrocatalytic 
activity, environmental safety and high η for DSSC appli-
cation [4, 11, 12]. Graphene can be synthesised by using 
physical approaches, such as micromechanical exfoliation, 
epitaxial growth on silicon carbide and chemical vapour 
deposition (CVD) [13]. CVD exhibits low efficiency and 
high energy consumption because the synthesis process 
requires a high temperature of ~ 1000 °C [13].

Platinum is widely used as a CE because of its high 
conductivity and catalytic activity [14]. Unfortunately, Pt 
is expensive, corrosive in liquid electrolyte and limited 
in nature. Thus, Pt usage must be replaced and reduced. 
Carbonaceous materials, such as graphene [5], multiwalled 
carbon nanotubes (MWCNTs) [15] and carbon black [16], 
are preferred alternative CE materials for conventional Pt 
CE films. In addition to graphene, its derivative graphene 
oxide (GO) has been developed as a CE material due to 
its easy fabrication, high electrical conductivity and large 
surface area [17]. GO can be synthesised through chemical 
approaches, such as Hummers’ method [18] and electro-
chemical exfoliation [19]. Hummers’ method presents high 
cost production due to high chemical consumption and 
long production time [20]. Therefore, the electrochemi-
cal exfoliation is preferred for GO synthesis because of 
its environmental safety, less chemical content, simplicity 
and low production cost. This method also shows potential 
for large-scale production in single synthesis time [21].

Several solvents, such as dimethylformamide, propyl-
ene carbonate, acetonitrile, nitric acid and sulphuric acid 
[22, 23], are commonly used as electrolytes during elec-
trochemical exfoliation. However, water-based electro-
lytes are more environmentally friendly than acidic and 

sulphuric electrolytes [24]. In water-based electrolytes, a 
surfactant plays a key role in electrochemical exfoliation 
for intercalation process and consequently determines the 
quality of produced GO [25]. Surfactants are also used 
as stabilisers and dispersing agents for the exfoliated GO 
[26]. Several kinds of surfactants, such as commercially 
available single-tail sodium dodecylbenzene sulphonate 
(SDBS) [27], single-tail sodium dodecyl sulphate (SDS) 
[28] and single-tail poly(sodium 4-styrenesulfonate) 
[29], are commonly used to assist in GO synthesis. Sin-
gle-tail SDBS and SDS surfactants are also used to dis-
perse MWCNTs in natural rubber latex (NRL), which is 
utilised to reduce the interfacial tension in MWCNTs-
NRL nanocomposites [25, 30, 31]. Single-tail SDS and 
customised triple-tail sodium 1,4-bis(neopentyloxy)-
3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-silphonate 
(TC14) surfactants were previously used to assist in the 
GO synthesis; the TC14 surfactant achieves better exfolia-
tion process than that of single-tail SDS, thereby present-
ing less agglomeration and higher electrical conductivity 
of produced TC14-GO [24].

In the current study, a customised triple-tail TC14 sur-
factant was also used to assist the GO synthesis due to its 
better exfoliation process than that of single-tail surfactant. 
The customised triple-tail TC14 surfactant offers triple inter-
action, which achieves good exfoliation process and disper-
sal and produces high-quality GO. The produced TC14-GO 
was subsequently reduced by utilising hydrazine hydrate as 
reducing agent to produce reduced GO (rGO). Hydrazine 
hydrate is preferred because of its better performance to 
reduce oxygen content and produce fine rGO [32] than those 
of other reducing agents, such as sugar [33], heparin [34], 
protein bovine serum albumin [35] and polydiallyldimeth-
ylammonium chloride [36].

The produced TC14-rGO was combined with Pt and other 
carbonaceous materials, such as MWCNTs, due to that its 
sp2 structure is similar to them. MWCNTs also show high 
chemical stability, electrical conductivity, mechanical prop-
erties and thermal conductivity [37–39]. According to the 
roll wall number, CNTs possess three structures, including 
SWCNTs [40, 41], MWCNTs [41–43] and double-walled 
carbon nanotubes [44]. SWCNTs and MWCNTs structures 
are widely developed as CEs for DSSC application because 
of their good electronic properties. In the current study, 
MWCNTs from waste palm oil (WPO) [45] were composited 
with the TC14-rGO and Pt to form TC14-rGO/MWCNTs 
and TC14-rGO/MWCNTs/Pt hybrids as CE thin films due 
to their lower production cost than those of other MWCNTs 
from conventional precursors and SWCNTs. The TC14-
rGO and MWCNTs from WPO were utilised to reduce the 
amount of Pt as CE materials because of their environmental 
safety, economy, higher surface area and higher chemical 
stability than those of pristine Pt [38, 46, 47]. Afterwards, 
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TC14-rGO and TC14-rGO/MWCNTs hybrid was transferred 
on fluorine-doped tin oxide (FTO) substrate by spray coating 
method. The sputter coater method was used to coat Pt on its 
surface. The spray coating method offers a simple process, 
and it can be easily used in large-scale production [48].

Several semiconductor materials, such as ZnO [49, 50], 
TiO2 [51], SnO2 [52], SrTiO3 [53] and Nb2O5 [54], are used 
as photoanodes. Among these compounds, ZnO and TiO2 
are intensively developed as photoanode materials due to 
their high chemical and thermal stabilities, direct wide band 
gap energy of ~ 3.37 eV for ZnO and ~ 3.20 eV for TiO2 and 
large surface area [55, 56]. These properties are important 
for photon energy absorption and photoanode dye adsorp-
tion [57]. ZnO presents low cost, high electron mobility 
(115–155 cm2 V−1 s−1) and high electrical conductivity. 
Thus, this material is suitable for application as photoanode. 
Several successfully produced ZnO morphology structures 
are nanowires (NWRs) [58], nanoflakes [59], nanosheets 
[60] and nanorods (NRs) [61]. According to properties, the 
aligned ZnO NWRs are widely preferred as photoanode 
structures due to their larger surface area, stronger emission 
intensity, higher photocurrent action, higher electrical con-
ductivity and higher η than those of ZnO NRs and nanosheet 
structures [62, 63].

ZnO NWRs can be synthesised by using sol–gel immer-
sion [64, 65], CVD [66], electrochemical deposition [67] 
and physical vapour deposition [68]. Among these meth-
ods, sol–gel immersion is mostly preferred to fabricate ZnO 
NWRs because of its low production cost, environmental 
safety, simple fabrication and ease in controlling the NWR 
growth [69, 70]. In addition to ZnO, TiO2 is also devel-
oped as photoanode material due to its excellent chemical 
stability under visible irradiation and nontoxicity [71, 72]. 
Therefore, ZnO is also composited with TiO2 as photoanode 
for DSSC application. The composite of TiO2 nanoparticles 
(TiO2 NPs) with ZnO NWRs can reduce the agglomeration 
of Zn2+/dye, thereby accelerating electron injection in pho-
toanode [73]. ZnO NWR/TiO2 NP bilayer is widely applied 
as a photocatalyst [74] and humidity sensor [75] in water 
treatment [76] and photoelectrochemical applications [77].

In the current study, we propose a novel combination of 
rGO synthesised by using customised triple-tail TC14 sur-
factant with MWCNTs and Pt as CE and ZnO NWR/TiO2 
NP bilayer as photoanode thin film for DSSC application. 
The TC14-rGO/MWCNTs/Pt hybrid CE presents the highest 
DSSC performance due to its higher surface area and bet-
ter electrical conductivity than those of pristine TC14-rGO, 
TC14-rGO/MWCNTs hybrid and TC14-rGO/Pt hybrid CE 
thin films. High electrical conductivity, which indicates the 
fast electron movement of TC14-rGO/MWCNTs/Pt hybrid 
CE film, is promoted by MWCNTs and Pt compared with 
that of pristine TC14-rGO. The novel structure of ZnO 
NWR/TiO2 NP bilayer photoanode enhances the photoanode 

performance when using TiO2 NPs to increase dye adsorp-
tion. Consequently, the DSSC efficiency is improved. The 
CE and photoanode thin films were characterised to inves-
tigate their morphological, structural, optical, electrical 
and DSSC performances by using field emission scanning 
electron microscopy (FESEM), energy dispersive X-ray 
(EDX), high-resolution transmission electron microscopy 
(HRTEM), micro-Raman spectroscopy, X-ray diffraction 
(XRD), UV–Vis spectroscopy, four-point probe, solar sim-
ulator, electrochemical impedance spectroscopy (EIS) and 
cyclic voltammetry (CV) measurement.

2 � Materials and methods

The rGO CE was produced from GO solution via reduction 
using hydrazine hydrate (Merck, 80% soluble in water) as 
reducing agent. Prior to rGO production, GO was synthe-
sised by electrochemical exfoliation. Two pieces of graphite 
rod (99.99%, Good Fellow Company, Germany) with a diam-
eter and length of 10 and 150 mm, respectively, were uti-
lised as sources for GO production. FTO (thickness, 1.1 mm) 
was used as the substrate. The ZnO NWR/TiO2 NP bilayer 
photoanode was fabricated via three steps that involved the 
fabrication of MgZnO-seeded catalyst, ZnO NWRs and TiO2 
NPs. Firstly, MgZnO was prepared by mixing zinc acetate 
dehydrate [Zn(CH3COO)2∙2H2O, 99.5%; EMSURE], mag-
nesium nitrate hexahydrate [Zn(NO3)3∙6H2O, 99%; across 
organic], 2-methoxyethanol (C3H8O2) and monoethanola-
mine (C2H7NO). Secondly, the Zn (NO3)2 and hexamethyl-
enetetramine (HMT) were used to fabricate ZnO NWRs on 
MgZnO-seeded catalyst. Thirdly, TiO2 NPs were prepared 
by mixing commercial titanium (IV) oxide nanopowder 
(Sigma-Aldrich; particle size, ~ 21 nm), ethanol and tita-
nium tetraisopropoxide (TTIP). Acetonitrile, butyl alcohol 
and N719 (Solaronix) were used to produce di-tetrabutyl-
ammonium cis-bis(isothiocyanato) bis(2,2′-bipyridyl-4,4′-
dicarboxylato) ruthenium (II)–N719 dye (Sigma-Aldrich). 
Dimethyl-propyl-benzimidazole iodide (DMPII) was utilised 
as electrolyte and prepared from iodolyte AN 50 (Solaronix), 
veloron nitrile (Sigma-Aldrich), DMPII (Solaronix), butyl 
pyridine (Sigma-Aldrich) and guanidine thiocyanate (QreC).

2.1 � CE fabrication

GO was synthesised by electrochemical exfoliation assisted 
with customised triple-tail TC14 surfactant. GO was syn-
thesised in a water-based electrolyte solution (0.1 M) con-
taining a surfactant. The graphite rods were then partially 
immersed in the electrolyte at room temperature for 24 h and 
connected to a 7 V potential. The produced GO was reduced 
by utilising hydrazine hydrate as reducing agent to produce 
rGO. This process was carried out for 24 h at ~ 95 °C, and 
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the ratio of hydrazine hydrate and GO solution was 1:100. 
The produced rGO was hybridised with 1 wt.% of MWC-
NTs. Afterwards, spray coating method was performed to 
fabricate TC14-rGO and TC14-rGO/MWCNTs hybrid thin 
films onto FTO substrate that were subsequently annealed 
for 1 h at 400 °C in ambient argon condition. The sputter 
coater method was used to fabricate TC14-rGO/Pt hybrid 
and TC14-rGO/MWCNTs/Pt hybrid thin films with Pt at 
thickness of ~ 10 nm.

2.2 � Photoanode fabrication

ZnO NWR/TiO2 NP bilayer photoanode was fabricated via 
three steps, which involved the fabrication of MgZnO-seeded 
catalyst, ZnO NWRs and TiO2 NPs. Firstly, MgZnO-seeded 
catalyst (0.4 M) was prepared using 10 ml of C3H8O2, 0.88 g 
of Zn(CH3COO)2∙2H2O and 0.44 g of Zn(NO3)3. The dopant 
and stabiliser used were 6H2O and 0.25 ml of C2H7NO, 
respectively. The MgZnO-seeded catalyst was fabricated 
by spin-coating technique [78, 79] on 2 × 1 cm2 FTO sub-
strate for 60 s at 3000 rpm and annealed for 1 h at 500 °C. 
Secondly, the ZnO NWRs were grown on the surface of 
the MgZnO-seeded layer by sol–gel immersion. Zn(NO3)2 
(1.4875 g) and HMT (0.7045 g) were mixed with deionised 
water (200 ml) to prepare 0.025 M of ZnO solution. The 
ZnO NWRs were grown at 90 °C for 24 h in a water bath 
and dried at 95 °C for 30 min prior to annealing at 400 °C 
for 30 min. Thirdly, the TiO2 paste was coated on the surface 
of ZnO NWRs by using the squeegee method. Commercial 
titanium (IV) oxide nanopowder (3.5 g), TTIP (0.5 ml) and 
ethanol (15 ml) were mixed to prepare the TiO2 paste. The 
prepared samples were dried at 150 °C for 10 min prior to 
annealing at 450 °C for 1 h.

2.3 � DSSC fabrication

ZnO NWR/TiO2 NP bilayer photoanode was immersed in 
N719 dye (0.3 mM) at room temperature for 24 h. After-
wards, the electrolyte [iodide-tri-iodide (I−/I3−)] from 
DMPII was injected between the photoanode and CE. The 
ZnO NWR/TiO2 NP bilayer photoanode and CE samples 
(TC14-rGO, TC14-rGO/MWCNTs hybrid, TC14-rGO/Pt 
hybrid and TC14-rGO/MWCNTs/Pt hybrid) were charac-
terised using FESEM-Hitachi Su8020, EDX-Horiba EMAX, 
micro-Raman spectroscopy (Renishaw InVia micro-Raman 
System and Horiba Scientific), XRD (D8 Advance), UV–Vis 
spectroscopy (Cary 60) and four-point probe measurement 
(Keithley 2636A). Finally, solar simulator measurement was 
used to determine the DSSC performance under simulated 
sunlight illumination (AM 1.0). The DSSCs performance 
was also determined by using EIS and CV analysis.

3 � Result and discussion

The FESEM images of fabricated ZnO NWR/TiO2 NP 
bilayer as photoanode material are shown in Fig. 1. The 
homogeneous grains of MgZnO NPs (diameter, 11–23 nm) 
were successfully fabricated and used as seeded catalyst 
layer for ZnO NWR growth (Fig. 1a). Side view obser-
vation indicated that the MgZnO-seeded catalyst exhib-
its high density and thickness of 865–937 nm (Fig. 1c). 
The high density of hexagonal ZnO NWRs with a small 
diameter (40–79 nm) is due to the dense and homoge-
neous grain size of seeded catalyst [80], as observed 
from the top view (Fig. 1b). In side view, ZnO NWRs 
(Fig. 1c) present well-aligned ZnO NWRs with a thick-
ness of ~ 1.40–1.60 µm; they grow perpendicular to the 
MgZnO-seeded catalyst. The applied TiO2 NPs on ZnO 
NWRs (Fig. 1d) show high density and homogeneous 
diameter at 17–27 nm. ZnO NWR/TiO2 NP bilayer pre-
sents a total thickness of ~ 8.58–9.15 μm with the TiO2 NP 
thickness of 6.98–7.55 μm (Fig. 1e).

Figure 2 demonstrates the FESEM images and EDX 
analysis of various fabricated CE thin films. TC14-rGO 
(Fig. 2a) displays a thin layer at the edge plane (yellow 
arrow) and less agglomeration and sheet-like structure, 
which may be due to the improved exfoliation, disper-
sion and stabilisation promoted by triple-tail TC14 sur-
factant and successful O functional group reduction [81]. 
The successful reduction was confirmed by EDX analysis 
(Fig. 2b), which showed that the TC14-rGO presents lower 
O content (35.81%) than C content (64.19%). These results 
are also consistent with the HRTEM analysis results 
(Fig. 2c, d), in which the TC14-rGO presents four trans-
parent and smooth thin layers caused by the decreased O 
content in the TC14-rGO produced by reduction [82, 83].

The composite of TC14-rGO with MWCNTs (Fig. 2e) 
presents a well-dispersed and scattered TC14-rGO/MWC-
NTs hybrid on the FTO surface. The conjugated network 
of MWCNTs (red arrows) acts as connecting wires and 
filler vacancies between TC14-rGO layers (yellow arrows) 
[84]. The thin layer of TC14-rGO is also observed on the 
TC14-rGO/MWCNTs hybrid film. The EDX result sug-
gested that the TC14-rGO/MWCNTs hybrid (Fig. 2f) pre-
sents a higher atomic percentage of C (75.63%) than that 
of pristine TC14-rGO (64.19%). This finding may be due 
to the contribution of MWCNTs hybridised with TC14-
rGO. Figure 2g shows the TC14-rGO/Pt hybrid film. The 
Pt NPs are evenly distributed on the TC14-rGO thin film. 
The Pt NPs are also distributed homogenously on the sur-
face of TC14-rGO/MWCNTs/Pt hybrid thin film, as shown 
in Fig. 2i. EDX analysis further confirmed the presence of 
Pt NPs on the TC14-rGO/Pt and TC14-rGO/MWCNTs/
Pt hybrid samples. The atomic percentage of Pt in the 
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TC14-rGO/Pt hybrid (Fig. 2h) and TC14-rGO/MWCNTs/
Pt hybrid (Fig. 2j) is 0.70% and 1.28%, respectively. The 
low Pt percentage verified the thin Pt coating (10 nm) on 
the samples.

The micro-Raman spectra of ZnO NWRs and CE thin 
films presented in Fig. 3 can be used to investigate the 
structural properties of the materials [85]. As shown in 
Fig. 3a, the ZnO NWRs show four peaks, which consist 
of E2 high–E2 low, A1 (TO), E2 (high) and E1 (low) peaks 
occurring at the range of 300–680 cm−1. The prominent 
peak of ZnO NWRs at 445 cm−1 [E2 (high)] indicates a 
wurtzite structure and good ZnO NWR crystallinity. The 
low peak intensities observed at 333 cm−1 (E2 high–E2 
low) and 382 cm−1 (A1 (TO)) show low defects in the 
produced sample [86]. The high crystallinity and low O 

vacancy of ZnO NWRs were proven by the low peak inten-
sity of E1 (low) at 587 cm−1 [68, 87].

The micro-Raman spectra of various CE thin films 
(Fig. 3b) were used to investigate the disordered structure 
of carbonaceous materials. The TC14-rGO presents D- and 
G-bands at 1368 and 1590 cm−1, respectively. The D-band 
reveals vibrations of sp3 carbon atoms and indicates the 
defects in carbon lattice [88]. The vibrations of sp2-bonded 
carbon atoms detected by G-band also provide information 
about the exfoliated sheet layers through electrochemical 
exfoliation [89]. In the current study, the ID/IG ratio from the 
micro-Raman spectra can be used to determine and predict 
the existence of defects and the number of the sp2 domains 
on the carbon samples [90]. The TC14-rGO shows high ID/IG 
ratio (0.92), which may be attributed to the distortion of 

Fig. 1   FESEM images of; a 
MgZnO-seeded catalyst, b top, 
c side view of ZnO NWRs, d 
top, e side view of ZnO NWRs/
TiO2 NPs bilayer as photoanode 
films
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Fig. 2   FESEM images with 
EDX analysis of a, b TC14-
rGO, HRTEM images of c, d 
TC14-rGO, FESEM images 
with EDX analysis of e, f 
TC14-rGO/MWCNTs hybrid, 
g, h TC14-rGO/Pt hybrid, i, j 
TC14-rGO/MWCNTs/Pt hybrid 
as CE thin films
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graphitic domains during the reduction process [91]; this 
ratio also indicates the amount of new graphitic crystal-
lites [92]. Furthermore, the TC14-rGO shows a 2D-band at 
2766 cm−1, which reveals the number of rGO layers [93].

The TC14-rGO/MWCNTs hybrid presents narrower 
D- (55.04 cm−1) and G-bands (39.60 cm−1) than those of 
TC14-rGO (325.30 and 66.53 cm−1, respectively). This find-
ing may be due to the narrow D- and G-bands of pristine 
MWCNTs. The TC14-rGO/MWCNTs hybrid also shows a 
shifting of D- (1351 cm−1), G- (1580 cm−1) and 2D-bands 
(2690 cm−1) to a lower wavelength than those of pristine 
TC14-rGO (1368, 1590 and 2766 cm−1, respectively). This 
result is considered due to the π-stacking interaction between 
the TC14-rGO sheets and sidewalls of MWCNTs [94]. The 
ID/IG ratio decreases to ~ 0.35 when the TC14-rGO is com-
posited with the MWCNTs. The low ID/IG ratio may be con-
tributed by the low ID/IG ratio of pristine MWCNTs, which 
are consisted of high sp2 structure [95]. The MWCNTs mate-
rials do not exhibit high O content, thereby demonstrating 

small defects. Additionally, the ID/IG ratio decreases. There-
fore, with consideration of the ID/IG ratio, the TC14-rGO/
MWCNTs hybrid may present lower disorder structure than 
that of pristine TC14-rGO.

The TC14-rGO/Pt hybrid also shows a shifted D-band 
peak (1362 cm−1) to a lower wavelength than that of TC14-
rGO (1368 cm−1). This finding may be due to the good 
interaction and successful hybridisation between TC14-
rGO sheets and Pt [96]. The TC14-rGO composited with Pt 
presents slightly higher ID/IG ratio (0.93) than that of pris-
tine TC14-rGO (0.92). The TC14-rGO/MWCNTs/Pt hybrid 
also shows lower D- (1343 cm−1) and G-band (1574 cm−1) 
wavelengths than those of TC14-rGO/MWCNTs hybrid 
(1351 and 1580 cm−1, respectively). These results indicate 
the good interaction between TC14-rGO, MWCNTs and Pt 
in the TC14-rGO/MWCNTs/Pt hybrid sample. The TC14-
rGO/MWCNTs/Pt hybrid sample also presents a higher ID/IG 
ratio at of ~ 0.43 than that of TC14-rGO/MWCNTs hybrid 
(0.35). A summary of the micro-Raman analysis on TC14-
rGO, TC14-rGO/MWCNTs hybrid, TC14-GO/Pt hybrid and 
TC14-rGO/MWCNTs/Pt hybrid as CE materials is presented 
in Table 1.

Fig. 3   Micro-Raman spectra of a ZnO NWRs, b various CE thin 
films

Table 1   Micro-Raman spectral analysis of TC14-rGO, TC14-rGO/
MWCNTs hybrid, TC14-rGO/Pt hybrid and TC14-rGO/MWCNTs/Pt 
hybrid as CE thin films

Sample Raman shift (cm−1) ID/IG

D-band G-band 2D-band

TC14-rGO 1368 1590 2766 0.92
TC14-rGO/MWCNTs hybrid 1351 1580 2690 0.35
TC14-rGO/Pt hybrid 1362 1595 2835 0.93
TC14-rGO/MWCNTs/Pt hybrid 1343 1580 2681 0.43

Fig. 4   XRD patterns of ZnO NWRs and ZnO NWRs/TiO2 NPs 
bilayer as photoanode materials
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The XRD patterns of ZnO NWRs and ZnO NWR/
TiO2 NP bilayer photoanode films are presented in Fig. 4. 
According to the XRD pattern, the eight diffraction peaks 
[(100), (002), (101), (102), (110), (103), (200) and (112)] 
in the ZnO NWRs are in the range of 10°–80°. These 
peaks confirm the hexagonal-wurtzite structure of ZnO 
NWRs and show good agreement with that of pure anatase 
TiO2 (PDF 01-075-9187). The ZnO NWRs demonstrate 
the most prominent and intense peak at 34.8° (002), which 
indicates the perpendicular direction of the as-grown ZnO 
NWRs to the substrate [97]. The ZnO NWRs also pre-
sent good crystallinity film due to sharp and high (002) 
peak intensity. However, the ZnO NWRs also exhibit an 
increased grain boundary density, which is proven by the 
appearance of other low-intensity peaks at (100), (110), 
(200) and (112). This finding may be attributed to the 
imperfect alignment of ZnO NWRs on the substrate. The 
full width at half maximum (FWHM) and crystallite size 
of ZnO NWRs can also be determined from the XRD spec-
tra by using Scherer’s equation [98]. The good crystallin-
ity of ZnO NWRs is revealed by the small FWHM value 
(0.23°) at 2θ (34.84°) and large crystallite size (35 nm). 
The diffraction peaks of ZnO NWR/TiO2 NP bilayer show 
both ZnO and anatase TiO2 peaks. The XRD pattern shows 
six diffraction peaks at (101), (004), (200), (105), (211) 
and (107) and confirms the presence of anatase TiO2 NP 
peaks. The ZnO NWR/TiO2 NP bilayer exhibits a promi-
nent and intense peak at 25.68° (101), which is in good 
agreement with the XRD pattern of pure anatase TiO2. 
The (002) peak of ZnO NWRs can also be observed in the 
ZnO NWR/TiO2 NP bilayer films whose intensity is lower 
than that of pure ZnO NWRs. This finding is due to the 
interaction between ZnO NWRs and anatase TiO2 in the 
ZnO NWR/TiO2 NP bilayer thin film. The ZnO NWR/TiO2 
NP bilayer presents an increased FWHM and decreased 
crystallite size at ~ 0.40° and ~ 20 nm, respectively.

The transmittance and band gap energy of various CE thin 
films were determined by UV–Vis analysis. The TC14-rGO 
presents the highest transmittance of ~ 92% at λ of 550 nm in 
the range of 400–800 nm due to its transparent, less agglom-
erated and thin four-layer sheet film (Fig. 5). This finding 
may be due to the improved exfoliation promoted by triple-
tail TC14 surfactant and the successful reduction process. 
The TC14-rGO/MWCNTs hybrid shows lower transmittance 
of ~ 89% than that of pristine TC14-rGO (~ 92%); the dif-
ference is attributed to the increased TC14-rGO/MWCNTs 
hybrid film thickness. The transmittance of the Pt-coated 
film either on TC14-rGO/Pt hybrid and TC14-rGO/MWC-
NTs/Pt hybrid decreases to ~ 42% and ~ 34%, respectively. 
This finding is due to the darker and thicker film of TC14-
rGO/Pt hybrid and TC14-rGO/MWCNTs/Pt hybrid than 
those of pristine TC14-rGO and TC14-rGO/MWCNTs 
hybrid films from Pt coating (~ 10 nm).

The band gap energy of CE materials can be determined 
from the transmittance value, which was calculated using 
the Tauc’s plot with linear extrapolation (Fig.  6) [99]. 
The TC14-rGO (Fig. 6a) shows a high band gap energy 
of ~ 3.98 eV, which decreases to ~ 3.96 eV after being com-
posited with the MWCNTs (Fig. 6b). This finding is due 
to the low O content of MWCNTs; it also indicates the 
better electrical conductivity of the TC14-rGO/MWCNTs 
hybrid than that of pristine TC14-rGO. The TC14-rGO/Pt 
and TC14-rGO/MWCNTs/Pt hybrid composites demon-
strate decreased band gap energy of ~ 3.92 and 3.89 eV, as 
obtained from the Tauc’s plot (Fig. 6c, d), respectively. The 
lowest band gap energy of TC14-rGO/MWCNTs/Pt hybrid 
is attributed to the highest electrical conductivity and the 
fastest electron movement of CE in DSSC application.

Figure 7 demonstrates the electrical properties of ZnO 
NWRs and various CE thin films. The ZnO NWRs (Fig. 7a) 
present high electrical conductivity of ~ 2.9 × 10−1 S cm−1, 
which may be due to their high surface area. High sur-
face area leads to easy and fast electron movement in the 
ZnO NWR photoanode film, thereby improving electrical 
conductivity. The highest electrical conductivity of CE 
thin film is shown by the TC14-rGO/MWCNTs/Pt hybrid 
(~ 1.01 S cm−1), TC14-rGO/Pt hybrid (~ 6.6 × 10−1 S cm−1), 
TC14-rGO/MWCNTs hybrid (~ 6.5 × 10−1  S  cm−1) and 
TC14-rGO (~ 5.6 × 10−1 S cm−1) in sequence, as demon-
strated in Fig. 7b. The TC14-rGO composited with the 
MWCNTs and Pt presents the most excellent electrical con-
ductivity (~ 1.01 S cm−1) among the CE materials, which 
indicates the fastest electron movement and its suitability as 
a CE in DSSC application. This result is influenced with the 
good exfoliation process of triple-tail TC14 surfactant, which 
further produces high-quality TC14-GO. The lowest band 
gap energy of TC14-rGO/MWCNTs/Pt hybrid (~ 3.89 eV) 
and high electrical conductivity of pristine MWCNTs 

Fig. 5   UV–Vis spectra of various CE thin films
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(~ 1.37 S cm−1) [100] and Pt (~ 3.87 S cm−1) [17] also affect 
the highest electrical conductivity of TC14-rGO/MWCNTs/
Pt hybrid CE film. The TC14-rGO/MWCNTs hybrid shows 
higher electrical conductivity (~ 6.5 × 10−1 S cm−1) than 
that of pristine TC14-rGO (~ 5.6 × 10−1 S cm−1). This result 
illustrates that MWCNTs improve the electrical properties 
of TC14-rGO in the TC14-rGO/MWCNTs hybrid sample.

The DSSC performance of ZnO NWR/TiO2 NP bilayer 
as photoanode and various CE thin films were plotted as 
photocurrent density–voltage curves (Fig. 8). Among the CE 
materials, TC14-rGO/MWCNTs/Pt hybrid exhibits the high-
est DSSC performance with η, open-circuit voltage (Voc), 
short-circuit-current density (Jsc) and fill factor FF values 
of 0.084%, 0.608 V, 0.285 mA/cm2 and 0.397, respectively. 
The TC14-rGO/MWCNTs/Pt hybrid also demonstrates the 
highest Voc and Jsc values among the CE materials. The high-
est Voc value of TC14-rGO/MWCNTs/Pt hybrid CE with 
ZnO NWR/TiO2 NP bilayer photoanode may be due to the 
large surface area of MWCNTs and TC14-rGO promoted by 
triple-tail TC14 surfactant and the high catalytic activity of 
Pt. Thus, MWCNTs and Pt improve the electrical properties 

of TC14-rGO. The high surface area of ZnO NWRs and 
TiO2 NPs indicates high dye adsorption, which enhances 
the photo-exciton electrons, increases the electron number 
in ZnO NWR/TiO2 NP bilayer photoanode and improves 
the Voc value. The high electrical conductivity of electron 
transfer from photoanode materials to the FTO substrate also 
contributes to the enhancement of Voc value.

The highest Jsc value of TC14-rGO/MWCNTs/Pt hybrid 
is influenced with the lowest band gap energy (~ 3.89 eV) 
and higher catalytic activity of TC14-rGO/MWCNTs/Pt 
hybrid than that of other CE materials in the reduction of I−

3
 

to Iˉ during the DSSC process, which further improves the 
DSSC performance. The high surface area of MWCNTs and 
rGO assisted with triple-tail TC14 surfactant in the TC14-
rGO/MWCNTs/Pt hybrid can optimally generate a dye sen-
sitiser after electron injection and accelerate electron move-
ment. Consequently, the DSSC photovoltaic performance is 
enhanced. The thick ZnO NWR/TiO2 NP bilayer also indi-
cates optimal dye adsorption, increases the light-harvesting 
efficiency in the photoanode and enhances the Jsc value in 
DSSC application [55]. The TC14-rGO/Pt hybrid shows 

Fig. 6   Band gap energy of a TC14-rGO, b TC14-rGO/MWCNTs hybrid, c TC14-rGO/Pt hybrid, d TC14-rGO/MWCNTs/Pt hybrid as CE thin 
films
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lower η (0.0788%) with Jsc, Voc and FF of 0.265 mA/cm2, 
0.597 V and 0.407 than that of the TC14-rGO/MWCNTs/Pt 
hybrid CE thin film. This result may be due to the high band 
gap energy (~ 3.92 eV) and low surface area of TC14-rGO/Pt 
hybrid, which affect the slow dye regeneration after electron 
injection and shows a slow route of electrolyte regulation 
during the DSSC process [4]. According to these results, the 
utilisation of MWCNTs and Pt enhances the DSSC perfor-
mance of TC14-rGO CE thin film.

Furthermore, the composite of TC14-rGO with the 
MWCNTs shows higher η (0.0148%) with Jsc, Voc and FF 
values of 0.140 mA/cm2, 0.509 V and 0.181 than that of 
pristine TC14-rGO CE thin film (0.0073%, 0.074 mA/cm2, 
0.418 V and 0.206), respectively. This finding is attributed 
to the increased surface area and electrical conductivity of 
TC14-rGO/MWCNTs hybrid (~ 6.5 × 10−1 S cm−1). The 
conjugated network of MWCNTs can be used as connect-
ing wires and filler vacancies between agglomeration-free 
TC14-rGO layers, which accelerate the electron movement 
during the DSSC process and improve the DSSC perfor-
mance. The Jsc, Voc, FF and η values of various CEs with 
ZnO NWR/TiO2 NP bilayer as photoanode in the DSSC 
application are summarised in Table 2.

The ZnO NWR/TiO2 NP bilayer as photoanode presents 
high thickness and surface area, which enhance the dye 
adsorption promoted by TiO2 NPs. High photoanode dye 
adsorption can increase the light-harvesting efficiency and 
enhance the photo-exciton electrons during DSSC applica-
tion. The photo-exciton electrons are subsequently converted 
into electric current, and these results can be observed in 
the high-energy-conversion efficiency of ZnO NWR/TiO2 
NP bilayer photoanode and TC14-rGO/MWCNTs/Pt hybrid 
CE. The ZnO NWRs also present high electrical conduc-
tivity (~ 2.9 × 10−1 S cm−1), which results in rapid elec-
tron transport in the photoanode and improved the DSSC 
performance.

The DSSCs performance was also characterised by using 
EIS and CV analysis. From the EIS analysis, the Nyquist 
plots are shown in Fig. 9. This analysis can be used to 
determine the charge transfer resistance (Rct1), interfacial 
capacitances (C1) and electron recombination (τoc1) [101] 
at the CE materials/electrolyte interface in DSSCs appli-
cation. The TC14-rGO/MWCNTs/Pt hybrid presents lower 
Rct1 of 58.6 kΩ as compared to TC14-rGO/MWCNTs hybrid 
(73.1 kΩ), TC14-rGO/Pt hybrid (63.2 kΩ) and TC14-rGO 
(120 kΩ) due to higher electrical conductivity of TC14-rGO/
MWCNTs/Pt hybrid measured by four-point probe analy-
sis. The capacitance of TC14-rGO/MWCNTs/Pt hybrid also 
shows low C1 of 7.52 μF. The τoc was influenced by Rct and 
C value, with higher Rct1 and C1 causes higher τoc1 value. 
Therefore, the lowest τoc1 value of the TC14-rGO/MWCNTs/
Pt hybrid (440 mΩF) indicates the lowest electron recombi-
nation of TC14-rGO/MWCNTs/Pt hybrid thus presents the 

Fig. 7   I–V curve of a ZnO NWRs, b various CE thin films

Fig. 8   J–V curve of DSSCs by using various CE thin films and ZnO 
NWRs/TiO2 NPs bilayer as photoanode thin films
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highest energy conversion efficiency for DSSCs application. 
The summary fitting results of EIS analysis in DSSCs appli-
cation with various CE materials and ZnO NWR/TiO2 NP 
bilayer as photoanode are listed in Table 3.

The CV analysis was used to investigate the I−∕I−
3
 redox 

couple reaction of CE materials/electrolyte in DSSCs 
application. Based on CV curve shown in Fig. 10, two 
sets of peaks [peak-to-peak separation (Epp) and peak cur-
rent density (Ip)] were obviously seen. The Epp and Ip were 
known as two important peaks used to estimate the cata-
lytic activity of CE [102]. The Ip value was used to deter-
mine the ability of CE material to reduce the I−

3
 species 

because the regeneration of I− from I−
3

 ( I−
3

 + 2e− → 3I− ) in 

DSSCs application was affected by CE [103]. The TC14-
rGO/MWCNTs/Pt hybrid shows lower Epp of 1.02 V as 
compared to another CE material which demonstrates 
higher catalytic activity and higher active area of TC14-
rGO/MWCNTs/Pt hybrid. Higher catalytic activity of 
TC14-rGO/MWCNTs/Pt hybrid was believed due to com-
posite of CE materials.

The Ipa (oxidation) and Ipc (reduction) reaction, which 
were 3I− → I−

3
 + 2e− and I−

3
 + 2e− → 3I− , respectively, were 

also observed from the CV curve. The TC14-rGO/MWC-
NTs/Pt hybrid shows higher Ipa of 5.42 mA/cm2 as compared 
to TC14-rGO/MWCNTs hybrid (4.88 mA/cm2), TC14-rGO/
Pt hybrid (5.41 mA/cm2) and TC14-rGO (4.60 mA/cm2). 
Higher Ipa of TC14-rGO/MWCNTs/Pt hybrid indicates 
higher oxidation reaction rate to oxidise the I− to I−

3
 ions 

[104]. The highest Ipc was also presented by TC14-rGO/
MWCNTs/Pt hybrid of 0.12 mA/cm2. The Ipa and Ipc related 
to the reaction rate of the catalyst for reducing I−

3
 to I− ions 

[104]. The highest Ipa and Ipc of TC14-rGO/MWCNTs/Pt 
hybrid shows the highest loading of I−

3
 to I− as compared 

to other CE materials and reveals the increasing of DSSCs 
performance. Therefore, the TC14-rGO/MWCNTs/Pt hybrid 
demonstrates the highest energy conversion efficiency as 
presented in J–V curves (see Fig. 8). The details result of 

Table 2   Summary of DSSC 
performance with ZnO NWR/
TiO2 NP bilayer as photoanode 
and various CE thin films

CE thin films Open-circuit 
voltage (Voc) 
(V)

Short-circuit 
current (Jsc) (mA/
cm2)

Fill factor (FF) Energy conversion 
efficiency (η) (%)

TC14-rGO 0.418 0.074 0.206 0.0073
TC14-rGO/MWCNTs hybrid 0.509 0.140 0.181 0.0148
TC14-rGO/Pt hybrid 0.597 0.265 0.407 0.0788
TC14-rGO/MWCNTs/Pt hybrid 0.608 0.285 0.397 0.0842

Fig. 9   Nyquist plots of DSSCs with various CE thin film and ZnO 
NWR/TiO2 NP bilayer photoanode

Table 3   Summary fitting results of EIS analysis in DSSCs application 
with ZnO NWR/TiO2 NP bilayer as photoanode and various CE thin 
films

CE thin films Rs (Ω) Rct1 (kΩ) C1 (μF) τoc1 (mΩF)

TC14-rGO 79 120 12.9 1548
TC14-rGO/Pt hybrid 77.4 63.2 7.29 460
TC14-rGO/MWCNTs 

hybrid
80.3 73.1 8.04 587

TC14-rGO/MWCNTs/Pt 
hybrid

79.9 58.6 7.52 440

Fig. 10   CV curves of iodide/tri-iodide redox species for CE thin films 
and ZnO NWR/TiO2 NP bilayer photoanode
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CV analysis of CE thin films in DSSCs application is tabu-
lated in Table 4.

4 � Conclusion

The highest DSSC performance is presented by TC14-rGO/
MWCNTs/Pt hybrid as CE thin film and ZnO NWR/TiO2 
NP bilayer as photoanode, with η, Voc, Jsc and FF values of 
0.0842%, 0.618 V, 0.163 mA/cm2 and 0.387, respectively. 
The TC14-rGO/MWCNTs/Pt hybrid CE also shows the 
highest Voc value, which is due to the high surface area of 
MWCNTs and TC14-rGO promoted by triple-tail TC14 sur-
factant and the high catalytic activity of Pt. This material can 
optimally generate a dye sensitiser after electron injection, 
accelerate electron movement and consequently enhance the 
DSSC photovoltaic performance. The highest Voc value is 
also influenced with the decreased charge recombination, 
increased number of electron in ZnO NWR/TiO2 NP bilayer 
photoanode and the high electrical conductivity of electron 
transfer from photoanode materials to the FTO substrate. 
The lowest band gap energy (~ 3.89 eV), lowest charge trans-
fer resistance (Rct1) (58.6 kΩ), lowest electron recombination 
(τoc1) (440 mΩF) and high catalytic activity of TC14-rGO/
MWCNTs/Pt hybrid in the reduction of I−

3
 to Iˉ during the 

DSSC process contribute to the highest Jsc value, which fur-
ther improves the DSSC performance. This finding shows 
that the composite of agglomerated-free rGO assisted with 
customised triple-tail TC14 surfactant with the MWCNTs 
and Pt improves the CE properties and enhances the DSSC 
performance.
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