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ARTICLE INFO ABSTRACT

Article history: In this work, custom-made triple-tail sodium 1,4-bis(neopentyloxy)-3-
Received 12 January 2018 (neopentyloxycarbonyl)-1,4-dioxobutane-2-silphonate (TC14) surfactant was used
Accepted 5 February 2018 to assist exfoliation through electrochemical method for synthesis of graphene oxide (GO).
A commercially available single-tail sodium dodecyl sulphate (SDS) surfactant was also
Keywords: utilised for comparison. Both synthesised GOs were reduced to produce reduced GO (rGO),
Electrochemical exfoliation ) which was fabricated into thin films through spray coating. The rGO thin film assisted by
Egiﬁ(t:::l eglz[t’rk:)edrf oxide/platinum hybrid TC14 surfactant (TC14-rGO) with Pt nanoparticles was hybridised to improve electrical
Dye-sensitised solar cells conductivity. The five different fabricated thin films were TC14-GO, TC14-rGO, SDS-rGO, Pt
and TC14-rGO/Pt hybrid, which were used in dye-sensitised solar cells (DSSCs) as counter
electrode (CE). Zinc oxide nanorods/titanium dioxide (ZnO NRs/TiO, bilayer) was used as
photoanode and fabricated through a simple sol-gel immersion and squeegee method.
Based on solar simulator measurement, TC14-rGO/Pt hybrid CE thin film exhibited the
highest energy conversion efficiency of approximately 0.044% with the V,., Jsc and FF values
of approximately 0.618V, 0.163 mA/cm? and 0.387, respectively, compared with other
fabricated CE materials. The combination of TC14-rGO/Pt hybrid CE and ZnO NRs/TiO,
bilayer photoanode enhanced the DSSCs photovoltaic performance because of the high
conductivity, low oxygen content, high quality and less agglomeration of thin rGO films as

a result of improved exfoliation by triple-tail TC14 surfactant.
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1. Introduction

In the recent years, dye-sensitised solar cells (DSSCs) have been widely developed to replace conventional energy
resources based on fossil fuel. DSSCs have attracted increasing attention in optoelectronic devices due to their low-cost pro-
duction, low energy consumption, high energy conversion efficiency, simple fabrication process and environment friendly
nature [1-3]. The DSSCs has four main components, namely, photoanode, dye, electrolyte and counter electrode (CE). Plat-
inum (Pt) is the most popular material used as CE due to its high electrocatalytic activity to induce iodide/tri-iodide (I” /13*)
redox reaction and high energy conversion efficiency [4]. However, Pt is an expensive material, has limited bioavailability and
is corrosive in liquid electrolyte. Thus, Pt needs to be reduced and replaced with other materials, such as graphene oxide (GO)
and reduced GO (rGO). With their low-cost production, high optical transmittance, high electrical conductivity, large surface
area [5,6] and high energy conversion efficiency, GO and rGO are suitable for DSSCs application [7]. GO can be synthesised
by physical approaches, such as chemical vapor deposition (CVD) [8]. This method requires high energy consumption and
uses high temperature, making it less efficient. Thus, this method is inapplicable for mass graphene production. Chemical
approaches, such as Hummers method and electrochemical exfoliation, can be an alternative method to CVD [9]. However,
Hummers method is expensive due to its high chemical consumption and leads to prolonged production and high defect
level on the samples [10].

Electrochemical exfoliation can be a promising method for GO synthesis due to its low-cost production, simple prepara-
tion and environment-friendly and efficient process [9-11]. Sulphuric or acidic electrolytes determine the GO quality and
must be considered for analysis. An approach using water-based electrolyte can also be utilised to achieve eco-friendly and
safe GO production. A surfactant is required for water-based electrolytes to help intercalate exfoliation and weaken the Van
der Waals interaction between graphite layers. In addition, surfactant is used to stabilise and help exfoliated GO dispersion
[12]. Several surfactants commonly used in electrochemical exfoliation include commercially available single-tail sodium
dodecylsulphate (SDS)[9,11], sodium dodecylbenzene sulphonate (SDBS) [13], poly(sodium 4-styrenesulfonate) and double-
tail sodium bis(3,5,5-trimethyl-1-hexyl) sulphosuccinate (AOT4) surfactant [14]. Mohamed et al. [15,16] utilised SDS, SDBS
and AOT4 surfactants to disperse the multiwallled carbon nanotubes in natural rubber latex (NRL) and reduce the inter-
facial tension in the nanocomposites. Moreover, the SDS surfactant was successfully utilised to assist GO synthesis, where
the produced GO is composited with NRL by one-step method and applied as an electrode for supercapacitor applications
[17,18]. Meanwhile, the use of triple-tail surfactant, namely, sodium 1,4-bis (neopentyloxy)-3-(neopentyloxycarbonyl)-
1,4-dioxobutane-2-silphonate (TC14) surfactant, exhibits optimal results for supercapacitor application of GO-assisted
TC14-NRL nanocomposites. The custom-made triple-tail TC14 surfactant offers triple interaction during exfoliation, good
dispersion and stabilisation of GO layers, thus yielding good GO quality. In this work, TC14 surfactant was used to assist GO
synthesis and confer improved electrical properties of the fabricated CE thin films, thereby enhancing the DSSCs performance
due to the CE role in facilitating electron transfer. For comparison, the commercially available single-tail SDS surfactant [6]
was used to investigate its effect on GO production and fabrication of CE films.

Both synthesised GOs were reduced to produce rGO and decrease the oxygen (O) functional group within the produced GO
formed during oxidation. Several reducing agents commonly used for reduction include protein bovine serum albumin [19],
heparin [20], sugar [21] and polydiallydimethylammonium chloride [22]. Hydrazine hydrate is generally used as reducing
agentdue toits effectiveness for reducing O content compared with other reducing agents [23]. The synthesised and produced
GO and rGO were then transferred in fluorine-doped tin oxide (FTO) substrate by using spray coating method to fabricate
CE thin films. GO or rGO was also hybridised with Pt to enhance electrical properties. Gong et al. [24] reported the higher
DSSCs efficiency of the Pt/rGO hybrid CE compared with pure Pt. Moreover, low amount of Pt in the hybrid film resulted in
improved photovoltaic performance [24]. Thus, in this work, thin Pt coating was applied on the TC14-rGO films to investigate
its effect in DSSCs photovoltaic performance. The existence of rGO from custom-made TC14 surfactant offered high surface
area to TC14-rGO/Pt hybrid film, thereby improving the DSSCs performance compared with pristine Pt as DSSCs CE films.

Common materials fabricated as DSSCs photoanode are zinc oxide (ZnO) and titanium dioxide (TiO;), which have wide
band gap energies of approximately ~3.37 and ~3.20 eV, respectively [25-27]. The wide-band gap energy of the photoanode
material is needed to absorb photon energy from sunlight and facilitate the electron movement from the conduction to
valence band. Compared with TiO;, (0.1-4cm2 V-1 s-1), Zn0 (115-155 cm? V-1 s~1) exhibits higher mobility and developed
as DSSCs photoanode material because of its high electron mobility [28,29]. Various morphology structures of successfully
synthesised ZnO include nanorods (NRs) [30,31], nanowires (NWRs) [32], nanoflakes [33], tetrapods [34] and nanosheets
[35]. For photoanode, the aligned ZnO NRs are commonly used as photoanode structure [30,31] due to its large surface area
and good electron transport, offering low charge recombination and improved DSSCs photovoltaic performance [36,37].
To obtain high-quality ZnO nanostructures, several methods, such as sol-gel immersion [38], hydrothermal [39], chemical
bath deposition [40] and CVD method [41], have been developed. Sol-gel immersion method is one of the most promising
fabrication techniques for preparing ZnO thin film due to its simple fabrication, low-cost production and easy to control the
ZnO growth suitable to be applied in mass ZnO production.

Aside from the high electron mobility of ZnO, its utilisation as photoanode in DSSCs application presents a lower energy
conversion efficiency compared with TiO, due to its intrinsic instability caused by the agglomeration of Zn2*/dye on the ZnO
surface, affecting the electron injection [42]. TiO, materials, such as TiO,-decorated ZnO NRs [43], TiO, nanoparticles/ZnO
NRs [44], ZnO NRs array/TiO, nanoparticles [40], ZnO NRs/TiO, core shell [45],ZnO/TiO, core/shell NRs [46], ZnO NWRs/TiO,
nanoparticles [47] and ZnO tetrapods/TiO, composite [34] were investigated to minimise the abovementioned problems.
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The modification of the ZnO NRs/TiO, bilayer can be used to improve electron injection by reducing the agglomeration of
Zn%*|dye. Among TiO, nanostructures, nanoparticles are widely used as photoanode material due to their simple preparation,
large surface area and high dye adsorption [48]. High dye molecule adsorption can enhance the absorption of incident light
in the visible and near-infrared range, thereby enhancing electron excitation and DSSCs performance.

In this work, we propose for the first time the use of rGO prepared by custom-made triple-tail TC14 surfactant hybridised
with Pt as CE thin film for DSSCs application. The TC14-rGO/Pt exhibited good CE performance for DSSCs application due
to the thin layer of TC14-rGO and large surface area promoted by Pt coating. TC14 utilisation in GO synthesis offered good
exfoliation, dispersion, stabilisation, less agglomeration of GO sheets and low oxygen (O) content. In addition, the novel
photoanode fabrication method of ZnO NRs/TiO, bilayer fabricated by sol-gel immersion and squeegee method improved
the photoanode performance. TiO, utilisation provided significant effect on dye adsorption, thus improving the DSSCs
efficiency. This finding was supported by the high electron mobility promoted by ZnO NRs, enhancing the electron transfer.

2. Experimental details
2.1. Chemicals

For GO production using electrochemical exfoliation method, two pieces of graphite rods (99.99%, Good Fellow Com-
pany, Germany) with a diameter and length of 10 and 150 mm, respectively, were used as starting materials through
electrochemical exfoliation method. Hydrazine hydrate (Merck, 80% soluble in water) was utilised as reducing agent in rGO
production. FTO (Pro Global Tech, thickness 1.1 mm) was used as substrate. The ZnO/TiO- bilayer photoanode was fabricated
by preparing MgZnO-seeded catalyst, growing ZnO NRs and applying TiO, nanoparticles. The 2-metoxyethanol (C3HgO,),
zinc acetate dehydrate (Zn(CH3COO0),-2H,0; 99.5% purity; EMSURE), magnesium nitrate hexahydrate (Zn(NO3)3-6H,0; 99%
purity; Across Organic) and mono-ethanolamine (C;H7NO) were used to prepare the MgZnO-seeded catalyst. Meanwhile,
the ZnO NRs were grown from ZnO solution by mixing zinc nitrate (Zn(NOs ), ) and hexamethylenetramine (HMT). Further-
more, commercial titanium(IV) oxide nanopowder (Sigma Aldrich, particle size ~21 nm), titanium tetraisopropoxide (TTIP)
and ethanol were used to fabricate TiO, nanoparticle photoanode. Ditetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato) ruthenium(Il) (N719) dye (Sigma Aldrich) was prepared from acetonitrile, butyl alcohol and
N719 (Solaronix). Electrolyte used dimethyl-propyl-benzinidiazole iodide (DPMII) prepared from veloron nitrile (Sigma-
Aldrich), butyl pyridine (Sigma-Aldrich), iodolyte AN 50 (Solaronix), DMPII (Solaronix) and guanidine thiocyanate (QreC).

2.2. Fabrication of counter electrode

GO was synthesised through an electrochemical exfoliation method in water-based electrolyte solution containing both
custom-made triple-tails TC14 and commercially available single-tail SDS surfactants [17]. The GO solution was synthesised
by partially immersing two graphite rods in the 0.1 M electrolyte solution and connected to 7V potential for 24 h synthesis
at room temperature. Afterward, the GO was reduced by reduction to produce rGO where hydrazine hydrate was used as
reducing agent. The approximate ratio of hydrazine hydrate and GO solution was 1:100, and this reduction was carried out
at ~95°C for 24 h. GO and rGO produced by custom-made triple-tails TC14 surfactant and rGO assisted by commercially
available single-tail SDS surfactant were transferred using spray-coating method on the FTO substrate. The produced GO
and rGO thin films were then annealed at 400 °C for 1 h in argon ambient. The pristine Pt and TC14-rGO/Pt hybrid thin films
were fabricated by Pt nanoparticle coating at a thickness of ~10 nm via sputter-coater method.

2.3. Fabrication of photoanode

The procedures to fabricate ZnO NRs/TiO bilayer as photoanode were as follows: preparing seeded catalyst, growing ZnO
NRs and coating of TiO, nanoparticles on the surface of ZnO NRs. The MgZnO was used as the seeded catalyst and prepared
by mixing 10 ml of solvent (C3HgO,), 0.88 g of precursor (Zn(CH3C00),-2H,0 and 0.44 g of dopant (Zn(NO3)3-6H,0). The
0.25 ml stabiliser (C;H7NO) was also then added in the solution. Afterward, MgZnO-seeded catalyst film was fabricated using
spin-coating technique on a 2 x 1 cm?2 FTO substrate at 3000 rpm for 60's and annealed at 500°C for 1 h.

The ZnO NRs were then grown on the MgZnO-seeded catalyst via sol-gel immersion method. ZnO solution of 0.05 M was
prepared from 2.975 g of Zn(NOs3 ), and 1.409 g of HMT into 200 ml of DI water. The ZnO NRs were grown in the water bath
for 4 h immersion at 95 °C and then annealed for 1 h at 500 °C. Then, the TiO, nanoparticles were fabricated using squeegee
method where the TiO, nanoparticles were coated on the surface of ZnO NRs (ZnO NRs/TiO, bilayer). The TiO, paste was
prepared by mixing 3.5 g of commercial titanium(IV) oxide nanopowder, 0.5 ml of TTIP and 15 ml of ethanol. The coated film
was subsequently annealed for 10 min at 150°C in an oven and post-annealed for 1 h at 450°C.

2.4. Fabrication of dye-sensitised solar cells
In this work, ZnO NRs/TiO, bilayer was used as photoanode, and five different CEs were fabricated, namely, TC14-GO,

TC14-rGO, SDS-rGO, Pt and TC14-rGO/Pt hybrid. The photoanode film was initially immersed into 0.5 mM N719 dye for 24 h at
room temperature. Meanwhile, the I~ /13’ from DMPII was used as electrolyte. After ensembling, the electrolyte was injected
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Fig. 1. FESEM images of (a) MgZnO-seeded catalyst, (b) top and (c) side views of ZnO NRs, (d) top and (e) side views of ZnO NRs/TiO, bilayer and (f)
schematic diagram of DSSCs with ZnO NRs/TiO, bilayer as photoanode thin films.

from the edge between photoanode and CE. The photoanode and CE samples were then characterised using FESEM-Hitachi
Su8020, EDX-Horiba EMAX, HRTEM-JEOL JEM 2100, micro-Raman spectroscopy (Renishaw InVia micro Raman System),
X-ray diffraction (XRD) (D8 Advance), UV-vis spectroscopy (Cary 60) and four-point probe measurement (Keithley 2636A).
Finally, the DSSCs performance was determined using a solar simulator and used a digital source meter (Oriel Sol1A) under
illumination of simulated sunlight (AM 1.0).

3. Results and discussion

The field emission scanning electron microscopy (FESEM) images of fabricated ZnO NRs/TiO, bilayer as photoanode
are presented in Fig. 1. Fig. 1(a) shows that the MgZnO-seeded catalysts distribute evenly all over the substrate with a
homogeneous grain size diameter of 13-31 nm. The side view investigation showed that the fabricated MgZnO-seeded
catalyst thickness was approximately 865-937 nm [Fig. 1(c)]. The top view of ZnO NRs grown on MgZnO-seeded catalyst
exhibited high density of hexagonal-shaped ZnO with a diameter in the range of 92-107 nm [Fig. 1(b)]. Well-aligned ZnO
NRs were observed from the side view of the sample, presenting the perpendicular direction on MgZnO-seeded catalyst
with a thickness of approximately 1.51-1.81 wm [Fig. 1(c)]. Meanwhile, the top view of ZnO NRs/TiO, bilayer demonstrated
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high density of TiO, nanoparticles with a diameter of 17-27 nm as shown in Fig. 1(d). The total thickness of ZnO NRs/TiO,
bilayer was approximately 11.51-12.61 pm with a TiO, nanoparticle thickness of 9.70-10.80 wm [Fig. 1(e)]. The schematic
diagram of fabricated DSSCs with ZnO NRs/TiO bilayer as photoanode is demonstrated in Fig. 1(f).

FESEM images of fabricated CE thin films are shown in Fig. 2. The TC14-rGO [Fig. 2(a)] displayed wrinkles, sheet-like
and thinner layer compared with TC14-GO and SDS-rGO due to low O content of 35.81% proven by energy-dispersive X-ray
(EDX) analysis as presented in Fig. 2(b). Good interaction of triple-tail TC14 surfactant on the GO surface also affected the
thin sheet layer of TC14-rGO [49]. The wrinkled structure of TC14-rGO was due to oxygen reaction sites isolated during
reduction [50]. Meanwhile, thick layer was shown by TC14-GO affected by the high oxygen functional group that resulted
during oxidation through electrochemical exfoliation method as demonstrated in Fig. 2(c) [51]. The TC14-GO also exhibited
wrinkled structure on its surface due to successful oxidation. Higher atomic O percentages of TC14-GO compared with
TC14-rGO was also proven by EDX analysis, presenting the O percentages of 51.28% and 35.81%, respectively, as shown in
Fig. 2(d). Therefore, TC14-rGO exhibited better morphology structure and thin layer compared with TC14-GO. The SDS-rGO
[Fig. 2(e)] demonstrated agglomerated sheets and thicker layer compared with TC14-rGO, which also exhibited higher O
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Fig. 2. FESEM images with EDX analysis of (a) and (b) TC14-rGO, (c) and (d) TC14-GO, (e) and (f) SDS-rGO, (g) and (h) Pt and (i) and (j) TC14-rGO/Pt hybrid
as CE thin films.
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Fig. 2. (Continued)

content of 48.17% compared with TC14-rGO (35.81%) [Fig. 2(f)]. The single-tail SDS surfactant, providing a low exfoliation
rate, dispersion and stabilisation on the produced GO, produced thick layer of SDS-rGO. After Pt was coated on TC14-rGO, the
TC14-rGO/Pt hybrid exhibited homogeneous Pt nanoparticles distributed evenly all over the TC14-rGO layer as presented
in Fig. 2(g). The homogeneous Pt nanoparticles were also seen in the pristine Pt [Fig. 2(i)]. EDX analysis was then used to
confirm the existence of Pt in the samples, wherein the TC14-rGO/Pt [Fig. 2(h)] and pristine Pt [Fig. 2(j)] present the Pt atomic
percentages of 0.70 and 100%, respectively.

Based on the high-resolution transmission electron microscopy (HRTEM) analysis, the TC14-rGO also possessed thinner
layer (four layers), sheet-like and transparent layer than TC14-GO and SDS-rGO as demonstrated in Fig. 3(a and b). This
result was also due to low O content in TC14-rGO caused by reduction [52] and less agglomeration promoted by triple-tail
TC14 surfactant. Meanwhile, the TC14-GO [Fig. 3(c and d)] presented multilayer (seven layers) and thicker layer compared
with TC14-rGO due to insertion of the oxygen functional group during oxidation [51]. The SDS-rGO [Fig. 3(e and f)] also
showed multilayer (six layers) and thick sheets possibly affected by single-tail SDS surfactant, presenting a low exfoliation,
dispersion, stabilisation and high agglomeration on the produced GO. These HRTEM images demonstrated that the thin layer
was due to TC14-rGO and confirmed by FESEM images [Fig. 2(c)].

The micro-Raman spectra of ZnO NRs and CE thin films illustrated in Fig. 4 were used to investigate the crystallinity and
defect of the samples [53]. The micro-Raman spectra of ZnO NRs [Fig. 4(a)] demonstrated four peaks, namely, E; high-E,
low, A; (TO), E; (high) and E; (low), in the range of 200-800 cm~!. The prominent peak was shown at 440 cm~! [E, (high)],
indicating good crystallinity and wurtzite structure in the ZnO NRs. Meanwhile, the low peak intensity at 333 cm~! (E,
high-E, low) and 382 cm~! [A; (TO)] led to low defects in the ZnO NRs [54]. The ZnO NRs also presented low peak intensity
at 587 cm~! [E; (low)], indicating low oxygen vacancy and high crystallinity [54,55]. Fig. 4(b) shows that the micro-Raman
spectra of TC14-rGO displayed a shifted peak of D- and G-bands from TC14-GO at 1354-1368 and 1584-1590cm™!, respec-
tively, suggesting the successful reduction. The D-band presented the vibration of sp3 carbon atom [56], whereas the G-band
exhibited the layer number of sample during oxidation and also showed the vibration of sp? carbon atom [57]. The TC14-rGO
also displayed high D-band peak intensity, which presents higher defects in this sample compared with SDS-rGO. Low G-
band peak intensity of TC14-rGO demonstrated lower number of layer (four layers) than G-band peak intensity of TC14-GO
(seven layers).

Based on the micro-Raman spectra, TC14-rGO showed higher Ip/Ig ratio (0.92) compared with TC14-GO (0.49) and SDS-
rGO (0.75) that reveals the increasing number of sp2 domain and amount of newly formed graphitic crystallites also indicating
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Fig. 3. HRTEM images of (a) and (b) TC14-rGO, (c) and (d) TC14-GO and (e) and (f) SDS-rGO as CE.

successful reduction [55,56]. This result was due to the decrement of the oxygen functional group during restoration of the
m-conjugated systems and distortion of graphitic domains, which resulted during the reduction [58,59]. High Ip/I¢ ratio of
TC14-rGO also indicated the high amount of newly formed graphitic crystallites [60-62]. Meanwhile, the TC14-GO showed
lower defects compared with TC14-rGO due to its low Ip/Ig ratio. Furthermore, the appearance of G* in the TC14-GO and
SDS-rGO at 1623 and 1631 cm™!, respectively, indicated the formation of polycrystalline domains [61]. The TC14-GO, TC14-
rGO and SDS-rGO also demonstrated the 2D-band at 2713, 2766 and 2716 cm™, respectively, showing the number of GO
and rGO layers [63]. A broad 2D-band at 265.93 cm~! in the TC14-rGO presented high defect level also proven by high Ip/Ig
ratio. Then, the TC14-rGO/Pt hybrid presented slightly higher Ip/I ratio (0.93) than pure TC14-rGO (0.92). The TC14-rGO/Pt
hybrid also showed a shift of D-band from TC14-rGO of approximately 1368-1362 cm~! due to the interaction between
TC14-rGO sheets and Pt.

Fig. 5 shows the XRD patterns of the as-prepared ZnO NRs and ZnO NRs/TiO, bilayer. The ZnO NRs showed 10 peaks,
which correspond to the (100),(002),(101),(102),(110),(103),(112),(201),(004) and (202) diffraction peaks, confirming the
hexagonal-wurtzite structure of ZnO (PDF 01-078-4603). Among all the diffraction peaks, the most prominent and intense
peak was shown at 34.8° (002), indicating the perpendicular direction of the as-grown ZnO to the substrate [64]. Higher
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intensity and sharpness of (002) peak compared with other peaks indicated good crystallinity of ZnO NRs [53]. Meanwhile,
the low intensity of other diffraction peaks was caused by imperfection of ZnO NR alignment on the substrate and also
showed the increasing of grain boundary density in the sample. High crystallinity of ZnO NRs was also proven by low full
width at half maximum (FWHM) calculated using Scherer’s equation [65]. Based on calculation, the FWHM value of ZnO
NRs was 0.21° with large crystallite size of 39 nm. Furthermore, the XRD pattern of ZnO NRs/TiO, bilayer showed both ZnO
and anatase TiO, peaks. The XRD pattern of anatase TiO, nanoparticles presented mostly six peaks, which correspond to the
(101), (004), (200), (105), (211) and (215) diffraction peaks (PDF 01-075-1537). The highest and prominent peak intensity
of ZnO NRs/TiO, bilayer was observed along the c-axis (101) peak at 20-25.7°. The ZnO NRs/TiO; bilayer showed increment
of FWHM and decrement of crystallite size to be approximately 0.36° and 22 nm, respectively.

Fig. 6 presents the optical properties (transmittance and band gap energy) of various CE thin films and photoanode based
on UV-vis measurement. Based on the spectra [Fig. 6(a)], TC14-GO exhibited transmittance value of ~94%. Meanwhile, the
TC14-rGO presented higher transmittance of ~92% compared with SDS-rGO (~88%) at A = 550 nm in the range of 400-800 nm.
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Table 1

Summary of transmittance and band gap energy of photoanode and various types of CE thin films.
Sample Transmittance (%) Band gap energy (eV)
ZnO NRs 2.6 334
ZnO NRs/TiO, bilayer 35 2.95
TC14-GO 94 4.03
TC14-rGO 92 3.98
SDS-rGO 88 4.01
Pt 35 3.95
TC14-rGO/Pt hybrid 42 3.92

Table 2

Summary of DSSCs performance with ZnO NRs/TiO; bilayer as photoanode and various CE thin films.
Sample Open circuit voltage (V) (V) Short circuit current (Jsc) (mA/cm?) Fill factor (FF) Energy conversion efficiency (1) (%)
TC14-GO 0.514 0.055 0.170 0.0055
TC14-rGO 0.512 0.070 0.157 0.0065
SDS-rGO 0.467 0.059 0.152 0.0048
Pt 0.623 0.141 0.431 0.0433
TC14-rGO/Pt hybrid 0.618 0.163 0.387 0.0445

High transmittance of TC14-rGO was due to smooth, transparent, and low O content caused by successful reduction. The
triple-tail TC14 surfactant also provided less agglomeration, high dispersion and high quality of the produced GO synthesised
using electrochemical exfoliation method. However, the transmittance of TC14-rGO decreased at ~42% when incorporated
with Pt, affected by a low transmittance of pristine Pt (~35%). The transmittance of ZnO NRs and ZnO NRs/TiO, bilayer
photoanode is shown in Fig. 6(b). The ZnO NRs/TiO, bilayer showed lower transmittance of ~2.6% compared with pure ZnO
NRs (~35%) due to its thick layer of TiO, nanoparticles (9.70-10.80 .m) than pure ZnO NRs (1.51-1.81 pm).

From the transmittance value, the band gap energy of CE and photoanode materials were calculated using Tauc’s plot with
a linear extrapolation as shown in Fig. 7 [66]. For photoanode, the ZnO NRs/TiO, bilayer presented lower band gap energy
(~2.95eV) compared with pure ZnO NRs (~3.34eV) as demonstrated in Fig. 7(a and b). This result was due to combination
materials of ZnO and TiO5 in the ZnO NRs/TiO, bilayer. Meanwhile, the TC14-rGO [Fig. 7(d)] showed lower band gap energy
of ~3.98 eV compared with TC14-GO (~4.03 eV) [Fig. 7(c)] and SDS-rGO (~4.01eV) [Fig. 7(e)], presenting high electrical
conductivity of TC14-rGO. High band gap energy of TC14-GO was due to the high-oxygen functional group, which resulted
during oxidation through electrochemical exfoliation method [67]. High band gap energy of SDS-rGO was affected by a
single-tail SDS surfactant, which demonstrates a high agglomeration, low dispersion and stabilisation of produced GO. This
phenomenon revealed that SDS-rGO presented slow electron movement in the CE for DSSCs application. Furthermore, the
TC14-rGO/Pt hybrid [Fig. 7(g)] exhibited lower band gap energy of ~3.92 eV compared with pure TC14-rGO and pristine Pt
of ~3.95eV [Fig. 7(f)]. Therefore, low band gap energy of TC14-rGO/Pt hybrid suggested conductive film, leading to rapid
electron movement. The summary of transmittance and band gap energy of photoanode and various types of CE thin films
is presented in Table 1.

The electrical properties of photoanode and CE materials determined using four-point probe analysis are shown in Fig. 8.
The ZnO NRs presented electrical conductivity of ~1 x 10~2Scm~! as shown in Fig. 8(a). Meanwhile, TC14-rGO exhibited
better electrical conductivity of ~5.6 x 10~'Scm~! than TC14-GO (~4.3 x 10~ Scm~1) and SDS-rGO (~5x 10~1Scm™1)
[Fig. 8(b)]. High electrical conductivity of TC14-rGO was due to the low oxygen functional group in the produced rGO solution
from successful chemical reduction [61]. The triple-tail TC14 surfactant also displayed good exfoliation, dispersion, stabilisa-
tion and high quality of produced GO, yielding good electrical properties. The electrical conductivity of TC14-rGO increased
to ~6.6 x 10~ Scm~! when integrated with Pt, wherein pristine Pt exhibited high electrical conductivity of ~3.87Scm1.

The current density-voltage (J-V) curves of DSSCs with ZnO NRs/TiO, bilayer as photoanode and various CE thin films
are shown in Fig. 9. Among the CE materials, the TC14-rGO/Pt hybrid presented the highest energy conversion efficiency
(0.0445%) with Js¢, Voc and FF values of 0.163 mA/cm?, 0.618V and 0.387, respectively. This result was due to higher sur-
face area of TC14-rGO/Pt hybrid than pristine Pt and better catalytic activity of TC14-rGO/Pt hybrid compared with pure
TC14-rGO, TC14-GO and SDS-rGO. Table 2 shows that TC14-rGO/Pt hybrid presented the highest Js. value due to low band
gap energy (~3.92 eV) and high electrical conductivity (~6.6 x 10-1Scm~1) [Figs. 7(g) and 8(b)]. The high Jsc value of the
TC14-rGO/Pt hybrid indicated high catalytic activity during reduction of I5~ to I". This phenomenon was caused by high
Ip/Ig ratio of TC14-rGO/Pt hybrid, indicating high defect density on the surface and promoting several active sites for dye
regeneration. Moreover, large surface area of TC14-rGO/Pt hybrid can optimally generate dye sensitiser after electron injec-
tion and accelerates electron transport, thus improving the DSSCs performance. The pristine Pt presented lower energy
conversion efficiency of 0.0433% with Js, Voc and FF values of 0.141 mA/cm?2, 0.623V and 0.431, respectively, compared
with TC14-rGO/Pt hybrid CE thin film. This result was due to low surface area and high band gap energy of Pt (~3.95eV),
wherein dye was minimally regenerated after electron injection and presented slow route of electrolyte regulation during
DSSCs application [3]. This finding confirmed that TC14-rGO utilisation in TC14-rGO/Pt hybrid film improved the DSSCs
photovoltaic performance compared with the conventional Pt.
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Fig. 7. Band gap energy of (a) ZnO NRs, (b) ZnO NRs/TiO, bilayer as photoanode, (c) TC14-GO, (d) TC14-rGO, (e) SDS-rGO, (f) Pt and (g) TC14-rGO/Pt hybrid
as CE thin films.
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Fig. 9. J-V curve of DSSCs by using various CE materials and ZnO NRs/TiO; bilayer as photoanode thin films.

Meanwhile, TC14-rGO demonstrated higher energy conversion efficiency of 0.0065% and Js: (0.070 mA/cm?) compared
with TC14-GO (0.0055% and 0.055 mA/cm?) and SDS-rGO (0.0048% and 0.059 mA/cm?), respectively. These results were due
to high electrical conductivity (~5.6 x 10~1 Scm~1), low oxygen functional groups, thin layer (four layers) and low band gap
energy (~3.98 eV) of TC14-rGO that accelerated electron movement and greatly improved the DSSCs performance. Moreover,
the TC14-rGO exhibited stable rGO sheets, which can improve the diffusibility of the electrolyte for DSSCs application [68].
Meanwhile, lower energy conversion efficiency of SDS-rGO and TC14-GO compared with TC14-rGO were affected by agglom-
erated sheets of SDS-rGO, low electrical conductivity of SDS-rGO (~5 x 10~1 Scm~1)and TC14-GO (~4.3 x 10~ Scm1), thick
layer of SDS-rGO (six layers) and TC14-GO (seven layers), enabling slow electron transport in CE for DSSCs application. The
detailed results of DSSCs performance with various CE thin films are shown in Table 2.
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High thickness of TiO, nanoparticles (9.70-10.80 wm) and ZnO NRs (1.51-1.81 wm) in the ZnO NRs/TiO, bilayer photoan-
ode thin film presented important properties, wherein the TiO, nanoparticles were used to increase the dye adsorption of
ZnO NRs/TiO, bilayer. The amount of adsorbed dye affected the amount of photo-exciton electron, further determining the
Jsc value due to its role on incident photon absorption. High surface area of ZnO NRs and TiO, nanoparticles also caused low
charge recombination in the ZnO NRs/TiO, bilayer photoanode for DSSCs application. Meanwhile, low band gap energy of
ZnO NRs/TiO, bilayer (~2.95 eV) also presented high electrical conductivity (~5.64 x 10-3Scm~1), suggesting fast electron
transport in the photoanode and increased the DSSCs performance.

4. Conclusion

In summary, the TC14-rGO/Pt hybrid CE thin film shows the highest energy conversion efficiency of 0.0445% with V.,
Jsc and FF value of 0.618V, 0.163 mA/cm? and 0.387, respectively, compared with other CE thin films. The highest Jsc value
of TC14-rGO/Pt hybrid was due to its high electrical conductivity (~6.6 x 10~ Scm~1), low band gap energy (~3.92 eV) and
large surface area, thus accelerating the electron transport. This finding was supported by the effectiveness of triple-tail
TC14 surfactant during exfoliation, which yields less agglomeration, good dispersion and stabilisation of produced GO as
initial solution for rGO production. In addition, the thick ZnO NRs/TiO, bilayer can optimally adsorb dyes, thus enhancing
the light-harvesting efficiency. This finding indicated that the rGO assisted by custom-made TC14 surfactant improves the
DSSCs performance. Therefore, this study can be used as a basis in the decrement of conventional Pt and development of
composite between carbonaceous materials for CE in DSSCs application.
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