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Abstract In particular, the dye-sensitised solar cells

(DSSCs) have a high potential in the rational energy con-

version efficiency to secure our sustainable energy source.

In the present study, advanced radio frequency (RF) mag-

netron sputtering technique was applied to incorporate

titanium dioxide (TiO2) dopants into reduced graphene

oxide (rGO) nanosheet for improving the power conversion

efficiency (PCE) of DSSCs device. An optimum TiO2

content incorporated onto rGO nanosheet plays an impor-

tant role in improving the PCE of DSSCs by minimising

the recombination losses of photo-induced charge carriers.

Based on the results obtained, 40-s sputtering duration for

incorporating TiO2 dopants onto rGO nanosheet exhibits a

maximum PCE of 8.78% than that of pure rGO film

(0.68%). In fact, the presence of optimum content of TiO2

dopants within rGO nanosheet could act as mediators for

efficient separation photo-induced charge carriers. How-

ever, the excessive of sputtering duration (e.g. 60 s) of

TiO2 dopants onto rGO nanosheet results higher charge

recombination and lowers the PCE of DSSCs (5.39%).

Keywords Dye-sensitised solar cell; RF magnetron

sputtering; Titanium dioxide; Reduced graphene oxide

1 Introduction

In the last decade, different approaches of synthesis have

been adopted to obtain an active TiO2–rGO nanocomposite

photocatalyst with high efficiency [1–3]. It is believed that

the physico-chemical characteristics of the rGO nanosheet

thin film could be improved via the incorporation of the

TiO2 dopants for dye-sensitised solar cells (DSSCs) device

[1–5]. To date, some conventional synthesis techniques,

namely molecular grafting, spray drying and dispersion,

have been conducted to form TiO2–rGO nanocomposite

film to enhance the PCE of DSSCs device. According to

the literature surveys, one-step hydrothermal synthesis

appears as the most prominent process that applies single

or heterogenous phase reaction to crystallise TiO2–rGO

nanocomposite directly from solution at an elevated tem-

perature and pressure. In this way, the lattice defect matter

of the TiO2–rGO nanocomposite was greatly reduced

[6–9]. However, the main drawbacks of this technique are

the use of costly autoclaves system, a considerable size of

good quality seeds and the difficulties in controlling the

crystal growth for TiO2–rGO nanocomposite [8, 10].

Table 1 summarised some recent works on different

approaches for the formation of TiO2–rGO nanocomposite

in DSSCs application [4, 10–27].

It has been reported that the coupling between TiO2 and

rGO via deposition could enhance the charge carrier sep-

aration efficiency and good visible light response for

DSSCs device [11–13]. It was observed that the TiO2–rGO

nanocomposite photoanode showed a higher PCE and

photocurrent density (Jsc) in the DSSCs device as com-

pared to the TiO2 photoanode alone [14, 15]. In fact, all

recent works have reported that TiO2–rGO nanocomposite

photoanode has gained much attention due to the unique

features of high photocatalysis activity, great absorptivity

of dyes, extended light absorption to visible range and

rapid electron mobility to suppress the charge carrier

recombination [16]. Moreover, the band gap of the TiO2–
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rGO nanocomposite was reduced significantly [17, 18].

The main reason is due to the formation of Ti–O-C bond

and the hybridisation of C 2p2 orbitals and O 2p4 orbitals to

form a new valence band.

The synthesis of a high-quality TiO2–rGO nanocom-

posite is inevitable to be applied as an efficient photoanode

in DSSCs device [19]. In present study, the high-quality

TiO2–rGO junction of photoanode with uniform homo-

geneity was decorated by radio frequency (RF) magnetron

sputtering technique [20]. This technique is better than that

of conventional synthesis methods due to the easy incor-

poration of the high-energy Ti4? species in a much shorter

time [20–22]. However, the high kinetic bombardment of

Ti4? species towards rGO nanosheets will easily cause

some structural damage and defects. Indeed, RF magnetron

sputtering technique is widely used to construct a uniform,

well crystallised and large-area composite film. This is due

to the fact that the characteristics of the film can be easily

controlled by adjusting the sputtering power, substrate

temperature, partial pressure of sputtering, sputtering

duration and distance from target to the substrate.

Theoretically, the RF magnetron sputtering technique

allows for a much better adhesion of TiO2 dopants on rGO

nanosheets due to the deposited Ti4? species which possess

a higher kinetic energy [20]. Therefore, these species can

be effectively implanted deeply into rGO lattice through

atomic layers. Moreover, the positively charged Ti4? spe-

cies generated in the plasma region are easily attracted to

Table 1 Summary of recent works reported on different approaches in formation of TiO2–rGO nanocomposite in DSSCs application

Photoanode

materials

Synthesis

method

Reference

cell

Optimised content of

rGO

Reference cell of photoanode Improved of TiO2–rGO

photoanode

Jsc/

(mA�cm-2)

Voc/

V

ff g/% Jsc/

(mA�cm-2)

Voc/

V

ff g/%

TiO2 with rGO

(from GO) [4]

Molecular

grafting

Ti(OBu)4 With/without rGO

incorporation

1.95 0.52 0.31 0.32 6.67 0.56 0.45 1.68

P25-Rgo [10] – P25 0.050 wt% 5.04 n/a n/a 2.70 8.38 n/a n/a 4.28

TiO2 with rGO

(from GO) [11]

Spray drying TiO2 Device comparison 16.40 0.60 0.52 5.09 18.20 0.58 0.58 6.06

P25-rGO [12] n/a P25 1.00 wt% 18.83 0.69 0.46 5.98 19.92 0.70 0.49 6.86

TiO2 with rGO

(from GO) [13]

Solvothermal P25 Ultra-small 2 nm

TiO2–rGO

nanosheets

6.20 0.67 0.69 2.85 13.50 0.77 0.70 7.25

TiO2 with rGO

(from GO) [14]

Dispersion TiO2

nanosheets

0.750 wt% 13.70 0.59 0.57 4.61 16.80 0.61 0.57 5.77

TiO2–rGO [15] Hydrothermal P25 1.000 wt% 11.90 0.68 0.61 4.96 18.30 0.74 0.56 7.54

CdS- TiO2–rGO

[16]

Hydrothermal Ti(OBu)4 8 mg 4.74 0.55 0.42 1.08 7.19 0.58 0.41 1.70

TiO2–rGO [17] Grätzel P25 0.750 wt% 10.75 0.69 0.57 4.20 12.16 0.67 0.68 5.50

P25-rGO [18] Dispersion P25 1.000 wt% 11.90 0.69 0.61 4.96 15.40 0.67 0.64 6.58

TiO2–rGO [19] CVD TiO2 Multilayer oxygenated

rGO–TiO2

12.70 0.70 n/a 5.60 16.0 0.73 n/a 6.70

TiO2–rGO

inverse opal

[20]

Infiltrated TiO2 inverse

opal

3.000 wt% 12.39 0.66 0.60 4.86 17.10 0.72 0.61 7.52

TiO2–rGO [21] Hydrothermal Ti(OBu)4 n/a 7.85 0.66 0.60 3.11 10.07 0.75 0.57 4.28

TiO2–rGO [22] n/a TiO2 0.005 wt% 12.22 0.65 n/a 3.50 13.55 0.68 n/a 4.03

TiO2–rGO [23] Hydrothermal 450 �C
TiO2–rGO

550 �C 13.65 0.69 0.51 4.85 14.17 0.74 0.51 5.34

Ti with rGO

(from GO) [24]

Hydrothermal TTIP Method comparison 15.26 0.68 0.59 5.82 18.46 0.73 0.69 8.62

Ti-rGO [25] Sonication TiO2 0.010 wt% 6.27 0.71 0.60 2.68 8.42 0.68 0.64 3.69

TiO2–rGO [26] Hydrothermal TiO2 0.500 mg�ml-1 6.93 0.62 0.65 2.82 12.13 0.65 0.64 5.08

rGO (from GO)

with TiO2 [27]

Thermal

reduction

TiO2 n/a 10.14 0.68 0.67 4.60 11.06 0.67 0.74 5.50

Jsc short-circuit current density, Voc open-circuit voltage, ff fill factor and g power conversion efficiency
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the rGO nanosheets. To date, reports regarding the for-

mation of TiO2–rGO nanocomposite film through RF

magnetron sputtering technique that resulted in enhanced

the photoelectrochemical cell of DSSCs are still lacking.

The relationship between the sputtering duration towards

the thin rGO nanosheets and their DSSCs performance

remains unclear [23]. Thus, comprehensive studies were

conducted to optimise the sputtering duration in order to

obtain the desired TiO2–rGO nanocomposite film, which

exhibits a promising DSSCs performance under solar

illumination.

2 Experimental

2.1 Preparation of rGO nanosheets

In the present study, GO was synthesised from the graphite

flakes (Sigma-Aldrich) using a facile Improved Hummer’s

method, while the rGO was obtained by applying the

chemical reduction method [24]. In a typical synthesis, an

approximately 9 g KMnO4 was added into a mixture

solution containing 1.5 g graphite flakes powders and

H2SO4:H3PO4 (9:1). The overall process was reacted in an

ice–water bath condition (\ 20 �C) while the mixture was

stirred for 24 h. Then, the mixture was cooled to room

temperature and poured slowly to 200 ml deionized (DI)

water and 1 ll hydrazine was added instantly. Then, the

mixture solution was immersed into an oil bath (80 �C)
before being centrifuged to remove excess impurities.

2.2 Preparation of TiO2–rGO photoanode

In the formation of hybrid TiO2–rGO photoanode, the rGO

nanosheets were coated onto the FTO (fluorine doped tin

oxide) glass slide (20 mm 9 20 mm) via an electrodepo-

sition method. Then, a RF magnetron sputtering process

was carried out to deposit high accelerated Ti4? onto the

rGO nanosheets using RF sputtering machine (Penta

Vacuum) with titanium target (99.99% purity, diameter in

50,800 lm and thickness in 6350 lm). The target distance

was fixed at 10 cm between Ti targets and the sample while

Ar gas flow rate at 15 ml�min-1. In order to avoid surface

contaminants, there was a pre-sputtering flow by pure Ar

gas for 15 min. Besides, the base pressure is 0.67 mPa and

sputter process pressure at constant 266.64 mPa. The

duration of sputtering was varied (10, 20, 30, 40 and 60 s)

at a constant power discharge of 150 W. The resultant

samples were identified as TG10s, TG20s, TG30s, TG40s

and TG60s, respectively. In the next stage, a custom-de-

signed DSSCs device consisting of TiO2–rGO photoanode,

cathode, N-719 dye and KI electrolyte was fabricated for

PCE performance evaluation.

2.3 Characterisations

The phase determination of the synthesised hybrid TiO2–

rGO nanocomposites was characterised by a X-ray

diffractometer (XRD, D8 Advance Bruker AXS) with Cu

Ka radiation (k = 0.15418 nm), operated at 40 kV and

30 mA. The surface morphologies of the hybrid TiO2–rGO

nanocomposites were viewed by field emission scanning

electron microscope (FESEM, FEI Quanta 200 FEG), and

high-resolution transmission electron microscopy

(HRTEM, JEM 2100-F) operated at 200 kV. The elemental

analysis of the hybrid nanocomposites samples was deter-

mined using energy-dispersion X-ray (EDX) equipped with

FESEM. Next, photoluminescence (PL) and Raman spectra

were obtained at room temperature using a Renishaw in

Via microscope (HeCd laser source, k = 514.0 nm). The

optical properties of hybrid nanocomposites samples were

further determined via a UV–visible-diffuse reflectance

spectrophotometer (UV-2600, Shimadzu Co.). Photoelec-

tron spectra were obtained through X-ray photoelectron

spectroscopy (XPS, PHI Quantera II instrument) with a

dual X-ray source. All binding energies were calibrated

using contaminant carbon (C 1s, 284.6 eV) as a reference.

A 150 W xenon lamp (Newport 66,902 instrument) was

used to produce a largely continuous and uniform spec-

trum. The DSSCs device was connected to a potentiostat

(PGSTAT204), and the current and voltage were measured.

3 Results and discussion

XRD patterns of pure of rGO, anatase TiO2 and TiO2–rGO

nanocomposite which were subjected to different sputter-

ing time are presented in Fig. 1. It could be observed that

all TiO2–rGO nanocomposite samples hinder the

Fig. 1 XRD patterns of rGO, anatase TiO2 and TiO2–rGO nanocom-

posite sputtered for 10, 20, 30, 40 and 60 s
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crystallisation of TiO2 significantly [16]. The intensity of

the (101) peak at 25.3� increases by increasing the sput-

tering time, indicating that the crystallinity of the anatase

phase of TiO2 on rGO nanosheet increases significantly.

The appearance of two obvious peaks at 28.2� and 32.3� in
XRD patterns proves that the presence of Ti3? species are

loaded onto rGO nanosheet. Indeed, the resultant Ti3?

species are released from Ti4? [Ti4? ? Ti3? ? e-]

through the shift of electrons from the conduction band

(CB) of rGO (- 4.4 eV) to the lower-lying CB of TiO2

(- 4.2 eV). In this manner, small Ti4? species from tita-

nium target might be located at the interstitial sites of rGO

lattice and eventually form Ti–O–C bonds to perform high

electrons transportation rate.

In present study, UV–Vis-diffuse reflectance spectra

(UV-DRS) spectroscopy was applied to study the optical

properties of synthesised TiO2–rGO nanocomposite. The

reflectance spectra can then be transformed into Tauc plot

(Fig. 2b) by applying the Kubelka–Munk (K–M) expres-

sion shown in Eq. (2).

F Rð Þ ¼ 1� Rð Þ2=2R ð1Þ

F Rð Þ � hv ¼ A hv� Eg

� �2 ð2Þ

where Eg is band gap energy; F(R) is K–M function; R is

reflectance; h is Plank’s constant; v is the ratio of speed of

light to wavelength; and A is constant.

Figure 2a, b shows the absorbance and Tauc plot of

TiO2–rGO nanocomposite sputtered for 10, 20, 30, 40 and

60 s, respectively. Interestingly, the TG40s sample is

remarkably substantially red and shifted to the higher

wavelength in the absorption edge as compared to the

TG60s. A red shift of the peak for TG40s sample infers that

the band gap narrowing after rGO nanosheet is sputtered

for different time up to 60 s. Indeed, the reduction in band

gap energy for TiO2–rGO nanocomposite indicates a

decrease in charge carrier recombination compared with

that of pure rGO and pure TiO2. The optical band gaps of

TiO2–rGO nanocomposites are determined using Tauc plot

of the Kubelka–Munk (KM) function in Fig. 2b. The

estimated band gap energies for samples denoted as

TG10s–TG60s are approximately 2.89, 2.82, 2.80, 2.60 and

2.90 eV, respectively. Based on the results obtained, the

TG40s sample shows the smallest band gap energy of

about 2.60 eV. The main reason might be ascribed to the

more Ti–O–C bonds which are formed between Ti4? and

rGO nanosheet during implantation process. Indeed, the

mixing of rGO and TiO2 which represent p state and O

2p orbital in valence band, respectively, in turn shifts the

valence band edge of TiO2 upwards and narrows down the

band gap of TiO2–rGO nanocomposites significantly.

Raman analysis was used to understand the structural

changes of rGO nanosheet, anatase TiO2 and TiO2–rGO

nanocomposite film. In Fig. 3, the obvious Raman modes

for rGO are detected at 1350.95 and 1604.96 cm-1 which

are attributed to the D and G vibration mode, respectively.

The D vibration mode represents the defects, edges and

disordered carbon (A1g symmetry), whereas G is the first-

order scattering of phonons by the sp2-bonded carbon

network (E2g symmetry). Besides, the main broad peak of

anatase TiO2 at 126.26 cm-1 is attributed to the main

anatase vibration mode, Eg(1). Moreover, the presence of

crystalline TiO2 is confirmed by the vibration peaks at

207.27 cm-1 for Eg, 372.27 cm-1 for B1g(1), 493.62 cm-1

for A1g and 611.65 cm-1 for Eg(2) [25]. The presence of

vibration peaks of anatase TiO2 in TiO2 decorates the rGO

nanosheet (126.26 cm-1) and agrees with the strong

interaction between TiO2 and rGO nanosheet samples. In

addition, the decreasing intensity at 126.26 cm-1 of TG60s

compared with that of TG40s indicates that excess Ti4? are

implanted into rGO nanosheet. The disappearance of D

(1341.73 cm-1) and G (1596.06 cm-1) vibration peaks in

TG10s–TG60s samples is due to the huge intensity peaks

of anatase TiO2 (126.26 cm-1) [25]. It could be noticed

that the sample of TG40s which is subjected to 40-s

Fig. 2 UV-DRS a absorbance spectra and b Tauc plot for TiO2–rGO nanocomposite sputtered at different time

922 F. W. Low et al.
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sputtering time shows an insignificant appearance of D and

G vibration peaks from Raman modes. In addition, ID/IG
ratios of TG10s–TG60s are calculated as 0.65, 0.55, 0.34,

0.76 and 0.58 corresponding to TG10s–TG60s samples. ID/

IG is the ratio of D and G bands of rGO corresponding to

the TiO2–rGO spectra within 1300–1650 cm-1. A maxi-

mum ID/IG ratio is observed for TG40s sample, which is

relatively high compared to those of other samples.

In Fig. 4, the PL spectra of TiO2–rGO nanocomposites

are distributed into three main peaks located at 438, 471

and 494 nm, respectively [26]. Interestingly, the reduction

in PL intensity for 40-s sputtered TiO2–rGO nanocom-

posite indicates a decrease in the charge carrier

recombination. Since rGO is a good conductor, it assists

TiO2 to overcome electron–holes pair’s recombination

within the lattice, thus resulting in good photocatalytic

activity. The photogenerated electrons from rGO nanosheet

transfer to TiO2 rather than undergo recombination. How-

ever, the PL intensity for TiO2–rGO nanocomposite sput-

tered for 60 s is found to increase. The observed PL

response can be attributed to the high TiO2 content, which

acts as electron/hole pairs recombination centres rather

than facilitates the charge transport and reduces the elec-

trolyte redox reaction [27].

The study of the functional groups was further analysed

by attenuated total reflection Fourier-transform infrared

spectroscopy (ATR-FTIR). The ATR-FTIR was performed

by FTIR-Spectrum 400 instrument, Perkin Elmer. For

FTIR measurement, the entire scan was from 500 to

4000 cm-1. Figure 5 shows FTIR spectra of rGO and

TiO2–rGO nanocomposite sputtered for 10, 20, 30, 40 and

60 s. In the spectrum of rGO, the peaks at 3425 and

1520 cm-1 are assigned to the stretching vibration of

hydroxyl groups (–OH) and the skeletal vibration groups

(C=C). The other peaks at 1720, 1400, 1220 and

1030 cm-1 are ascribed to the vibrations of oxygenated

groups carboxyl C=O, carboxyl C–O, epoxide C–O–C or

phenolic C–O–H and alkoxy C–O, respectively. FTIR

spectra show that most of the oxygenated contained func-

tional groups within the samples (TG10s–TG60s) are

eliminated due to the new formation bonding of Ti–O–C or

Fig. 3 Raman spectra of rGO, anatase TiO2 and TiO2–rGO nanocomposite sputtered for 10, 20, 30, 40 and 60 s

Fig. 4 PL spectra of TiO2–rGO nanocomposite sputtered for differ-

ent time

Enhance of TiO2 dopants incorporated reduced graphene oxide 923
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Ti–O–Ti within 800–900 cm-1 absorption peak. TG60s

sample mostly forms Ti–O–Ti rather than Ti–O–C due to

the excess of TiO2 dopants loaded on rGO nanosheet. This

phenomenon is attributed to the oxygen containing at

1220 cm-1. An absorption peak of 3425 cm-1 decreases

dramatically by increasing the sputtering time from 10 to

60 s. TG40s sample shows the most significance in dis-

appearance of oxygen-containing absorption peak (1030,

1220, 1400, 1720 and 3425 cm-1) throughout the potential

window. The significant reduction in oxygen-containing

absorption peak is mainly accredited to the optimum con-

tent of TiO2 species substituted within the rGO nanosheet,

which has an important function in the charge carrier

separation.

Subsequently, corresponding FESEM and HRTEM

images of the selected TiO2–rGO nanocomposite sputtered

for 40 s are presented in Fig. 6. Figure 6a shows the

morphology of rGO nanosheet in multilayers or binary

layer system. As the sputtering duration increases to 40 s, a

rough and corrugated surface with attachment of small

nanoparticles is formed on the surfaces of TR40s (Fig. 6b).

EDX results of TR40s sample show that the presence of C,

Ti and O are recorded as 20.88 at%, 28.14 at% and

46.24 at%, respectively. Besides, the desertion compounds

with 4.74 at% F, Mg and Si are insignificant within TR40s.

In these detected irrelevant compound, F compound is

obtained from the FTO glass, while Mg compound might

be obtained from RF sputtering instrument. Si compound

might be contaminated from the conductive tape. Further-

more, the average particle size of TiO2 is about 61 nm, as

shown in Fig. 6c. Next, the lattice of TG40s sample was

identified using HRTEM under 2-nm magnification, as

presented in Fig. 6d. The darker colour (grey) represents

anatase TiO2 agreement with (101) orientation while lattice

is measured as * 0.35 nm corresponding with 10 lines

whereas brighter colour (white) ascribed to * 0.34 nm/10

lines is assigned as graphitic sp2 carbon network of rGO

[1, 28]. Besides, the mixed colour (white and grey) is

denoted as TiO2–rGO where TiO2 are incorporated with

rGO and Ti–O–C bonding is formed.

XPS survey spectra analysis was studied to investigate

the chemical state C, Ti and O elements in rGO and rep-

resentative samples of TiO2–rGO nanocomposite subjected

for 40 s (Fig. 7). The rGO spectrum consists of C 1s and O

1s at 283 and 531 eV, respectively. Furthermore, TG40s

shows four main peaks which are C 1s, Ti 2p, O 1s and Ti

2s located at 283, 458, 529 and 564 eV, respectively. The

presence of Ti 2p and Ti 2s attributed to the TiO2 dopants

are successfully implanted into rGO nanosheet. Besides,

the decrease in C 1s intensity from XPS survey spectra

clearly proves that most of the carbon network of rGO

structure is broken by high accelerated energy of Ti4? and

Ti–O–C bonding is formed. In addition, the O 1s intensity

of TG40s sample increases significantly compared with

that of rGO nanosheet due to the more oxygen molecules

contributed by TiO2 dopants.

Figure 8 displays C 1s XPS spectra of rGO nanosheet

and TiO2–rGO nanocomposite sputtered with 40 s. For

rGO (Fig. 8a), one typical peak of C–C located at

* 284.7 eV is attributed to the graphitic sp2 carbon atoms

and the other three peaks at * 285.9, * 287.2 and

* 288.5 eV are assigned to the carbon atoms bonding with

oxygenated functional groups such as C–O (epoxy and

hydroxyl), C=O (carboxylate) and COOH, respectively

[29]. These oxygenated functional groups of rGO nanosh-

eet could act as active sites for directly bonding with TiO2

dopants to form TiO2–rGO nanocomposite [30]. The C

1s XPS spectra of TG40s sample shows binding energies of

284.5, 285.7 and 288.6 eV. The C 1s broad peak located at

* 284.5 eV is assigned to graphitic sp2 carbon atoms peak

whereas * 285.7 eV is attributed to the defect-containing

sp2 hybridised carbons [31]. Moreover, the weak peak

located at * 288.6 eV is assigned to the carboxyl carbon

functional group (O–C=O), revealing that O=C–O–Ti

bonds are formed. The –OH groups from COOH are

eliminated during Ti ion implantation process and Ti–O–C

bonding is formed [31]. For the C 1s of TG40s, the C–C

and C–O shift to lower binding energies of 284.5 and

285.7 eV, as shown in Fig. 8b. This phenomenon repre-

sents that the carbon network of C–C and C–O are weak-

ened and hence bonds well with TiO2 dopants and lastly

Ti–O–C bond is formed [32]. Additionally, the disappear-

ance of C=O in TG40s sample is due to that the region is

fully covered by O=C–O and O=C–O–Ti bonding is

formed.

Likewise, the O 1s spectra of rGO nanosheet and TG40s

sample are shown in Fig. 8c, d, respectively. In the O 1s

spectrum of rGO nanosheet, the peak at 531.6 eV is

assigned to C=O bond whereas the peak at 533.3 eV is

ascribed to C–O bond. The C=O and C–O bonds after

Fig. 5 FTIR spectra of rGO NS and TiO2–rGO nanocomposite

sputtered for different time

924 F. W. Low et al.
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sputtering for 40 s disappear while TiO2, OH and H2O at

530.5, 531.1 and 532.4 eV, respectively, present. The

phenomena are attributed to the attendance of Ti–O–C

bond in TG40s [33, 34]. This result implements that TiO2

is fully implanted into rGO nanosheet, thus proving the

interaction among C, O and Ti after ion implantation

process. For the Ti 2p spectrum of TG40s sample, it could

be divided into several contributions corresponding to the

different oxidation states of Ti. In Fig. 8e, the Ti 2p3/2 and

Ti 2p1/2 peaks have binding energies of 458.3 and

464.1 eV, respectively. Moreover, Ti3? peak at binding

energy of 459.4 eV appears. Besides, the chemical state

shift of Ti 2p3/2 to Ti 2p1/2 peak is 5.8 eV. The position of

Ti 2p peak of TG40s is attributed to that no Ti–C bonding

is formed between rGO and TiO2–rGO nanocomposites

[32].

A J–V characteristic of DSSCs device based on rGO

nanosheet and TiO2–rGO nanocomposite sputtered for

different time is shown in Fig. 9 and the performance is

summarised in Table 2. As seen, power conversion effi-

ciency (g) values increase from 6.05% to 8.78% with an

increase in sputtering time. A maximum g of 8.78% is

obtained for TG40s. It is indicated that incorporating TiO2

dopants into rGO nanosheet could further enhance the

photocatalytic and charge transfer properties. However, the

sample subjected for 60-s sputtering exhibits poor PCE of

5.39%. This is attributed to the overcharge recombination

losses generated by excessive TiO2 dopants on the rGO

nanosheet and resulted in high charge transportation

resistance within the TiO2–rGO nanocomposite [35].

Finally, the g values decide the working DSSCs device

performance. Formation of TiO2–rGO nanocomposite as

the photoanodes using this RF magnetron sputtering tech-

nique could deal with a higher PCE in DSSCs as compared

to others deposition/incorporation technique. Furthermore,

Ti4? could accelerate with high energy (1 MeV) and

implant into the rGO nanosheet in a short time while some

Fig. 6 FESEM images of a rGO nanosheet, b TiO2–rGO nanocomposite sputtered with 40 s (TR40s) with inset EDX results, c measurement of

TiO2 nanoparticles within sample-TG40s and d HRTEM images for TG40s sample

Fig. 7 XPS wide scan spectra of rGO nanosheet and TiO2–rGO

nanocomposite sputtered with 40 s (TR40s)
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of Ti4? could penetrate deeply into the lattice of rGO to

form TiO2–rGO nanocomposite.

4 Conclusion

The present work demonstrates a strongly beneficial effect

of RF magnetron sputtering to incorporate small TiO2

dopants on rGO nanosheets for improving the photovoltaic

performance of DSSCs device compared with that of the

pure rGO nanosheets. Based on the results obtained, the

formation of TiO2–rGO nanocomposite after subjecting

40-s sputtering duration exhibits a maximum PCE of

8.78% in DSSCs device. The highest PCE of DSSCs device

is mainly attributed to the high efficient of photo-induced

Fig. 8 High-resolution XPS spectra of C 1s for a rGO and b TiO2–rGO nanocomposite sputtered with 40 s (TR40s); high-resolution XPS

spectra of O 1s for c rGO and d TiO2–rGO nanocomposite sputtered with 40 s (TR40s); e high-resolution XPS spectra of Ti 2p for TG40s

Fig. 9 J–V curves of DSSCs-based rGO and rGO with implantation

time from 10 to 60 s

Table 2 Typical photovoltaic performance of DSSCs with rGO and effect of Ti ion implantation duration

Samples Jsc/(mA�cm-2) Voc/V Jmax/(mA�cm-2) Vmax/V ff/% Pmax/(mS�cm-2) g/%

rGO 4.34 0.39 1.91 0.35 0.40 0.68 0.68

TG10s 32.00 0.45 0.40 15.20 0.42 6.05 6.05

TG20s 22.70 0.46 0.40 15.35 0.59 6.17 6.17

TG30s 21.81 0.76 0.40 20.62 0.50 8.29 8.29

TG40s 22.39 0.80 0.40 21.81 0.49 8.78 8.78

TG60s 15.08 0.65 0.40 13.48 0.55 5.39 5.39

Jmax maximum current density, Vmp maximum voltage and Pmax maximum power
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charge carriers separation within the bulk of TiO2–rGO

nanocomposite. In addition, this condition is also ascribed

to the lowest estimated bandgap with 2.60 eV for the

sample TG40s, which indicates the formation of Ti–O–C

bonds associated to the closer CB between rGO and FTO

glass. Such mechanistic understanding and findings are

very important for improving the DSSCs device perfor-

mance, which may be used to realise the direct energy

transfer from photons to chemical energy.
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