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A B S T R A C T   

Nanocomposites comprised of barium titanate perovskite nanoparticles decorated reduced graphene oxide 
(BaTiO3-RGO NC) were formed through facile hydrothermal method. X-ray diffractometer profile confirmed 
crystallite and tetragonal phase of BaTiO3. Identification of D and G bands in Raman investigation and XPS 
spectra disclosed existence of graphene in the prepared BaTiO3-RGO NC. FE-SEM examination indicates small 
sized BaTiO3 NPs are obviously decorated on the graphene sheets by strong binding forces between graphene and 
BaTiO3 NPs. Among graphene of different wt%, BaTiO3-RGO NC with 1.5 wt% showed lowest PL intensity, 
indicating effective reduction of photogenerated charge carrier recombination. Dye-sensitized solar cell fabri-
cated using BaTiO3-RGO NC photoanode having 1.5 wt% graphene displays high efficiency of 4.93% associated 
with high photocurrent density.   

Introduction 

Research focuses on photovoltaics have been gaining incredible 
attention towards producing electricity owing to natural profusion of 
solar energy, facile accessibility, and low-cost production [1]. In this 
context, solar cells based on dye sensitization (DSSC) obtains wide 
spread attention due to its eco-friendliness, inexpensive components, 
simple construction technique and multicolour options [2]. For instance, 
DSSC composed of porphyrin dye generated impressive conversion ef-
ficiency of 13% [3]. A photoanode in DSSC must have substantial sur-
face area to adsorb significant dye molecules and appropriate pathway 
towards speedy transport of photoactive electrons. In addition, it should 
have ideal band gap energy to match well with band position of dye 
LUMO level for effective injection of photoactive electrons [4]. In this 
regard, quite a lot of nanostructured semiconductors have been inte-
grated as photoanode materials in DSSC. 

Considerable research efforts have been exerted on inorganic metal 
oxide semiconductors, such as TiO2, ZnO, SnO2, Nb2O5, In2O3, etc. 
Recent investigations have suggested integration of perovskite semi-
conductor metal oxides, such as strontium titanate (SrTiO3), barium 
titanate (BaTiO3), barium stannate (BaSnO3), cadmium stannate 
(CdSnO3) and bismuth ferrite (BiFeO3) as photoanode materials in DSSC 

[3–9]. Among them, BaTiO3 has resemblance in terms of structure with 
anatase TiO2. Also, suitable band gap distribution of BaTiO3 expedites it 
as a favourable perovskite material towards enhancing performance of 
DSSC. Moreover, BaTiO3 is anticipated to increase open circuit voltage 
(Voc) due to its greater flat band potential over TiO2 (conduction band lie 
s ~ 0.2 eV above anatase TiO2 conduction band) [10]. 

Several researchers have focussed on diversified BaTiO3 nano-
structures for solar cell application. For instance, Zhang et al. [11] 
prepared BaTiO3 nano powder and used as additive for preparing 
BaTiO3@MAPbI3 composite film and applied as photoanode material in 
solar cell with an impressive Voc of 1 V and PCE of 8.83%. Moghaddam 
et al. [12] synthesized cubic BaTiO3 nanoparticles by sol–gel process 
with particle size between 300 and 800 nm. The nanocomposite con-
taining prepared nanoparticles of BaTiO3 with TiO2 as photoelectrode in 
DSSC achieved an efficiency of 8.63% with significantly improved short- 
circuit photocurrent density of 17.93 mA/cm2. Feng et al. [13] fabri-
cated thin film composed of BaTiO3-TiO2 nanocomposite and employed 
as photoanode material in DSSC with cell efficiency of 5.39% due to 
improvement in charge transfer properties and electron mobility. Li 
et al. [14] adopted a simple sintering route to grow BaTiO3 perovskite 
nanoparticles coated with TiO2 and BaTiO3-coated TiO2 composite film 
as photoanode obtained overall energy conversion efficiency of 7.52%, 
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owing to more dye molecule adsorption and hence the conversion of 
more light into power. Despite the several advantages of BaTiO3 
perovskite semiconductor photoanode, it possesses a problem in effi-
ciency due to rapid charge recombination. 

In view of alleviating the charge recombination, significant modifi-
cations have been proposed, viz. tuning band gap energy, incorporation 
of metal conductors and proficient charge transport materials [15]. 
Meanwhile, recently, significant research attention has been paid to 
prepare perovskite BaTiO3-graphene nanocomposites because of their 
potential applications in photocatalysis, water splitting, batteries and 
solar cells [11,16–18]. To the best of our knowledge, preparation of 
perovskite BaTiO3 nanoparticles (NPs) modified reduced graphene 
oxide (RGO) composite for photoanode of DSSC has not been attempted 
elsewhere. 

Herein, we report a methodical examination on the synthesis of 
perovskite BaTiO3 NPs modified reduced graphene oxide (RGO) by 
varying weight percentage of RGO using hydrothermal reaction. The 
shared contact between RGO and BaTiO3 in the composite and the 
conceivable mechanism of photovoltaic performance enhancement are 
systematically explored. The RGO in the BaTiO3-RGO composite act as 
electron bridge between BaTiO3 and FTO that improved the generation 
of photoelectrons. 

Experiment 

Chemicals used 

Chemicals used for synthesis belong to analytical quality and 
employed as such. Barium chloride dihydrate (BaCl2⋅2H2O) and Tita-
nium(IV) isopropoxide (TIP, 97%) were used to prepare perovskite 
BaTiO3 NPs. FTO glasses, iodine crystals (I2), lithium iodide (LiI) and 
hexadecylamine (HDA) were purchased from Sigma Aldrich, India. Po-
tassium chloride, Triton X-100, APTES (98%) and graphite powder were 
received from Alfa Aesar, India. N719 dye was obtained from Dyesol, 
Australia. Ammonia solution (25%) and other chemicals used in this 
work were supplied by central drug house (CDH), India. 

Formation of graphene oxide 

Graphene oxide (GO) nanosheets were formed by a slightly altered 
Hummer’s method [19]. In brief, graphite powder (1 g) and sodium 
nitritewere mixed in 50 mL sulphuric acid (98%) and stirred for 1 h in 
ice bath. Subsequently, 6 g potassium permanganate (KMnO4) was 
included slowly to obtain purple-green mixture sol. This suspension was 
kept in a water bath at an ambient temperature and stirred overnight. 
The obtained brown sol was re-dispersed in water (50 mL) at 80 ◦C 
under continuous stirring. Subsequently, 20 mL H2O2 led to a golden- 
brown paste. The obtained product was centrifuged (10000 rpm) by 
addition of 50 mL water and washed three times until pH reaches ~ 6. 
The final product was heated at 80 ◦C overnight. 

Preparation of BaTiO3–RGO NC 

BaTiO3–RGO NC was successfully prepared by the reported hydro-
thermal method [17]. In brief, 20 mg freshly prepared GO was blended 
with 100 mL double distilled water and ultrasonicated for 1 h. Then, 1 g 
barium nitrate and sodium hydroxide pellets (20 g) were slowly added 
to brown colour GO solution under vigorous stirring. Subsequently, 150 
mg of TiO2 powder (Degussa, P25) was added and continuously stirred 
again for 30 min until well solution is formed. Ensuing suspension was 
carefully shifted to an autoclave (100 mL capacity) purged with nitrogen 
for 10 min. Subsequently, the autoclave was subject to hydrothermal 
treatment at 180 ◦C for 20 h. After natural cooling, resulting grey colour 
precipitate sol was washed three times using solvents, such as 0.1 M HCl, 
deionized water and ethyl alcohol, respectively and dried at 70 ◦C for 24 
h. For optimization purpose, various BaTiO3-RGO composites were 

formed by altering the GO loading. Experiment was repeated for 5, 10, 
15, 20 and 30 mg of GO and the corresponding products are denoted as 
BaTiO3-RGO-0.5, BaTiO3-RGO-1, BaTiO3-RGO-1.5, BaTiO3-RGO-2, and 
BaTiO3-RGO-3, respectively. The controlled BaTiO3 NPs were prepared 
through the same procedure without adding GO (Scheme 1). 

Characterization 

X-ray diffraction (XRD) study was performed in BrukerD8 Advance 
diffractometer with advanced XRD making use of Cu Kα radiation (α =
1.5418 Å) to determine crystalline nature of BaTiO3 and BaTiO3-RGO 
samples. Crystallite sizes were calculated according to Scherrer formula 
(L(110) = 0.9λ/βcosθ). Chemical composition of BaTiO3 NPs and 
BaTiO3-RGO NC were examined by X-ray photoelectron spectroscopy 
using Mg Kα source (1253.6 eV Thermo Scientific, Multilab 2000). 
Raman spectra were taken using RAM HR microscope (wavelength (λ) =
514 nm). FESEM (Carl Zeiss AG, Supra 55VP) was used for Morpho-
logical analysis with an accelerated voltage of 30 kV. Photo-
luminescence spectra were recorded using Carry eclipse equipment 
(Agilent Technologies). Photocurrent-photovoltage measurements of 
DSSCs were performed using ORIEL solar simulator (Newport, USA) 
attached with an optical filter of AM 1.5 G under 1 sun. 

Device fabrication using BaTiO3-RGO NC 

Firstly, cleaned FTO glass substrates were soaked in 40 mM TiCl4 
aqueous solution at 70 ◦C for 30 min. After 30 min, FTO glasses were 
rinsed using water and calcined at 400 ◦C for 20 min. Perovskite BaTiO3 
NPs and BaTiO3-RGO NC pastes were prepared using mixture of water, 
Triton X-100 and acetylacetone. These pastes were deposited on FTO 
glasses (0.5 cm2 active area), sintered at 420 ◦C for 20 min. and sub-
jected to natural cooling to 80 ◦C. These films were dipped in ethanolic 
dye (N719) solution for 16 h in dark. Th e devised was assembled 
sandwiching photoanode and counter electrode. The current–voltage 
profile of the device was determined using Photo Emission Tech I-V 
measurement unit under AM 1.5 G light irradiation (100 mW/cm2) 
(Photo Emission Tech SS50AAA). Photovoltaic parameters were found 
out by following equations: 

Fill factor = Jmax × Vmax

Jsc × Voc
(1)  

Efficiency (η) = Jsc × Voc × FF
Pin

× 100 (2)  

Results and discussion 

XRD study 

Phase structure of RGO, BaTiO3 NPs and BaTiO3-RGO NC were 
determined by powder XRD pattern and illustrated in Fig. 1. XRD profile 
of RGO unveils its characteristic diffraction (2θ) peak at 22.8◦ (JCPDS 
Card No. 75–1621), which is associated with (002) orientation. The d- 

Scheme 1. Schematic representation of BaTiO3-RGO NC formation.  
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spacing is d002 = 3.3 Å and lattice constant is found to be a = 2.78 Å 
[20]. XRD diffraction peaks observed for BaTiO3 NPs and BaTiO3-RGO 
NC at 2θ values of 23.90, 25.14, 31.55, 38.91, 45.04, 48.63, and 56.30◦

can be indexed to (001), (100), (110), (111), (200), (210), and (211) 
diffraction planes, respectively. This correlated well with the tetragonal 
phase of BaTiO3 (JCPDS No. 01–075-0583). No impurity phases were 
observed. This indicates that decoration of BaTiO3 NPs on RGO is not 
disturbing phase of BaTiO3 NPs after compositing with RGO. No specific 
diffraction peaks are produced for RGO alone, instead they are observed 
only with BaTiO3-RGO NC powder and is due to low proportion of RGO 
in the composite. The crystallite size estimated by Scherrer’s equation 
[21] is 20 and 25 nm for BaTiO NPs and BaTiO3-RGO NC, respectively. 

Raman studies 

Raman spectroscopy gives comprehensive evidence about chemical 
structure, phase, crystallinity and molecular interactions of samples. 
Fig. 2 displays Raman spectra of BaTiO3 NPs and BaTiO3-RGO NC. It is 
noticed that both BaTiO3 and BaTiO3-RGO-1.5 NC showed Raman peak 
at 718 cm−1 due to symmetric stretching vibration of Ti–O. In Fig. 2 
(a&b), other peaks are found at 520, 312 and 645 cm−1 owing to 
bending vibration of O–Ti–O and peak at 645 cm−1 can be credited to 
rutile phase of Ti [22–24]. Raman peaks noticed at 312 and 718 cm−1 

suggest tetragonal structure of BaTiO3. The synthesized tetragonal 
BaTiO3 NPs confirms crystallinity nature of the material with high pu-
rity. Raman spectrum of graphene displays two Raman active modes: 
typical D band (1340 cm−1) signifies disordered structure of graphite 

crystallites and another band at 1595 cm−1 is G band, which manifests 
in-plane stretching vibrations of sp2 bonded carbon atoms. BaTiO3-RGO 
NC discloses characteristic Raman peaks of BaTiO3 and RGO. Compared 
to GO, intensity ratio (ID/IG) of BaTiO3-RGO NC has increased from 0.87 
to 1.16 disclosing effectual reduction of GO to RGO after hydrothermal 
treatment [25–28]. 

XPS characterization of BaTiO3-RGO NC 

Surface analysis and interactions between BaTiO3NPs and graphene 
in the BaTiO3-RGO NC were studied by XPS technique (Fig. 3). XPS 
survey spectrum in Fig. 3 detected existence of Ba, Ti, C, and O elements 
in BaTiO3-RGO-1.5 NC. In Fig. 3(a), binding energies of Ba at the levels 
of 3d5/2 and 3d3/2 are positioned at around 779.98 and 792.25 eV, 
respectively, which is in agreement with previous reports [16,29,30]. 
XPS spectrum of Ti2p in Fig. 3(b) discloses doublet peaks at 457.96 
(Ti2p3/2) and 464.21 eV (Ti2p1/2), owing to spin–orbit coupling of Ti4+

in BaTiO3 lattice [31–33]. Moreover, peak at binding energy of 460.69 
eV for Ti3+ valence indicates surface oxygen deficiency in the composite 
[34]. 

The O1s XPS spectra of BaTiO3-RGO NC are shown in Fig. 3(c). The 
O1s peaks of BaTiO3–RGO NC indicates the presence of oxide and hy-
droxyls. Lowest binding energy peak at 529.24 eV belongs to oxide peak 
in BaTiO3 NPs lattice, whereas another peak detected at 531.69 eV 
discloses presence of hydroxyls [16,35]. These results confirm reduction 
of GO into graphene and effective integration of BaTiO3 with graphene 
after hydrothermal treatment. 

In Fig. 3(d), the peaks of BaTiO3-RGO NC shows the lesser presence 
of C1s compared to the reported XPS results of GO [15]. According to 
previous reports on the C1s XPS spectrum of GO, the XPS signals are 
identified at peak binding energies of 287.5 and 288.9 eV. The peak 
having binding energy at 287.5 eV can be allocated to C–O and C–O–C at 
peak 288.9 eV can be ascribed to oxygen-containing carbonaceous band 
of O–CO [25]. For BaTiO3-RGO NC, deconvoluted peaks positioned at 
binding energies of 284.42, 285.36 and 287.30 eV are attributed to C =
C, C–O, and C = O bonds, respectively. Peak strengths of oxygen con-
taining functional groups have decreased in C1s for BaTiO3-RGO NC, 
suggesting GO was evidently reduced to graphene. 

FESEM and EDAX examination 

Fig. 4 shows FESEM images of RGO, BaTiO3 NPs and BaTiO3-RGO- 
1.5 NC. The morphology of graphene nanosheets and BaTiO3 NPs are 

Fig. 1. XRD pattern of RGO, pristine BaTiO3 NPs and RGO-BaTiO3 NC.  

Fig. 2. Raman spectra of BaTiO3 NPs and BaTiO3-RGO-2 NC.  
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displayed in Fig. 4(a&b) and Fig. 4(c&d), respectively. Spherical 
BaTiO3 NPs are observed along with agglomeration. Fig. 4(e&f) shows 
high-magnification SEM images of BaTiO3 NPs and RGO nanosheets. 
Indeed, from Fig. 4(e&f), it is observed that BaTiO3 NPs are obviously 
decorated on RGO flakes and it seems to have more aggregation [36]. 
The strong binding between RGO and BaTiO3 could have facilitated 
transition for electron transportation and collection efficiency. EDAX 
spectra of BaTiO3 NPs and BaTiO3-RGO NC are shown in Fig. 5. The 
EDAX result notifies that BaTiO3-RGO NC has composed of peaks 
matching to elements, namely Ba, Ti, O and C which proves presence of 
RGO in BaTiO3-RGO NC. 

Photoluminescence study 

The performance of DSSC is closely related to lifetime of photo-
generated charge carriers. Photoluminescence (PL) emission signal is 
found to increase with the increase in photoinduced electron-hole pairs 
trapping and hence quenching of PL, thereby increasing the photoin-
duced charge carrier efficiency [37]. The PL spectra of BaTiO3 NPs and 
BaTiO3-RGO NC are shown in Fig. 6. For BaTiO3 NPs, the observed 
strong PL intensity between 350 and 450 nm is due to occurrence of high 
charge recombination. Whereas, BaTiO3-RGO NC shows low PL in-
tensity, suggesting electron-hole recombination has effectively reduced 
due to existence of graphene in the BaTiO3-RGO-1.5 NC. 

Dye loading experiment 

Since the efficiency of BaTiO3-RGO-1.5 NC was higher compared to 

other concentrations, dye loading experiment was performed with 
BaTiO3-RGO-1.5 NC and pure BaTiO3 NPs. Fig. 7 shows dye absorbance 
capacity of BaTiO3 NPs and BaTiO3-RGO-1.5 NC photoanode films 
analysed by dye desorption experiment. Volume of dye adsorption was 
estimated through desorption of dye molecules in 0.2 M NaOH using 
UV–vis spectrophotometer. Representative absorbance peaks of N719 
dye are noticed at 378 and 517 nm, which indicates bonding of dye 
molecules with BaTiO3 NPs and BaTiO3-RGO-1.5 NC photoanodes. It is 
noticed that photoanode fabricated by BaTiO3-RGO NC shows high 
absorbance intensity compared to BaTiO3 NPs photoanode, because of 
high surface area of RGO present in BaTiO3-RGO-1.5 NC. Desorbed dye 
concentration was assessed by the formula given below (4): 

Dye loading (mol cm−2) = [Concentration of dye (M) × Volume 
(dm3)] / [Electrode area (cm2)]. Concentration of N719 dye was 
determined by Beer Lambert’s law at maximum absorbance of 525 nm 
[38]. Volume of desorbed dye molecules was calculated to be 0.7 × 10–7 

mol/cm2and 1.8 × 10–7 mol/cm2 for BaTiO3 NPs and BaTiO3-RGO films, 
respectively. Increment in volume of BaTiO3-RGO film is due to the 
presence graphene that has better ability to collect injected electrons, 
enhances photon-to-electrical conversion efficiency of BaTiO3-RGO/1.5 
NC. 

Photoelectrochemical properties of BaTiO3-RGO photoanode 

Photocurrent density–voltage (J–V) profile of BaTiO3 and BaTiO3- 
RGO photoanode based DSSCs are illustrated in Fig. 8(a-f). The obtained 
device parameters, viz. short-circuit current (Jsc), open-circuit voltage 
(Voc), fill factor (FF) and cell efficiency (η) are listed in Table 1. It is 

Fig. 3. XPS spectra of BaTiO3-RGO NC: (a) Ba3d, (b) Ti2p spectrum, (c) O1s and (d) C1s spectrum.  
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observed that DSSC integrated with BaTiO3 NPs photoanode exhibited 
Jsc = 5.81 mA cm−2, Voc = 0.72, FF = 0.57 and ɳ = 2.37%. Further, it is 
noticed that 0.5% RGO loaded BaTiO3-RGO-0.5 NC photoanode based 
DSSC disclosed signifiantly improved photovoltaic parameters (Jsc =
8.37 mA cm−2, Voc = 0.73, FF = 0.62 and ɳ = 3.82%) compared to DSSC 
having pristine BaTiO3 NPs photoanode (2.37%). The BaTiO3 NPs with 
addition of graphene appreciably enhanced the PCE owing to strong 
interaction between BaTiO3 NPs and RGO, which aids in strong binding 
with corbocylic groups (–COOH) of N719 dye. This enables better dye 
loading and consequently, increases visible light absorption and hence, 
effective electron injection to FTO through BaTiO3-RGO NC photoanode 

[39]. 
Interestingly, addition of 1.5 wt% of graphene in pure BaTiO3 NPs i. 

e., BaTiO3-RGO-0.5 NC based solar cells has improved Jscfrom 8.37 mA 
cm−2 to 10.59 mA cm−2. Further increasing graphene content to 2 wt% 
led to decrease of Jsc to 10.13 mA cm−2. DSSC made up of BaTiO3-RGO- 
1.5 NC photoanode disclosed highest efficiency of 4.93% among all 
DSSCs fabricated using BaTiO3-RGO. The improvement in Jsc and η of 
BaTiO3-RGO-1.5 NC photoanode based DSSC can be ascribed to high 
light harvesting owing to maximum dye adsorption and reduction of 
recombination rates. Moreover, RGO significantly boosts visible light 
absorption of BaTiO3-RGO NC. The BaTiO3-RGO NC has drastically 

Fig. 4. SEM images of (a&b) RGO sheets, (c&d) pristine BaTiO3 NPs and (e&f) BaTiO3-RGO NC.  
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Fig. 5. EDAX spectra of (A) BaTiO3 NPs and (B) BaTiO3-RGO-3 NC.  

Fig. 6. PL spectra of pristine BaTiO3 (black line) and RGO-BaTiO3 NC (pink 
line) (excitation wavelength: 325 nm). Fig. 7. Absorption spectra of dye molecules desorbed from photoanodes.  
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improved the Jsc and ɳ by 50% compared to pristine BaTiO3 photoanode 
based DSSC. This could be due to oxygen containing functionalities in 
the graphene sheet that provide active site for catalytic reactions. 

Conclusion 

Cubic phase BaTiO3 NPs and BaTiO3-RGO NC were prepared through 
faclie hydrothermal route. Properties of BaTiO3 NPs and BaTiO3-RGO 
NC were examined by XRD, Raman, XPS, SEM, EDAX and PL analyses. 
SEM examinations showed that BaTiO3 are enfolded on graphene sheets 
with aggregation. Porous BaTiO3-RGO-1.5 NC possessed high dye 
loading ability compared to pure BaTiO3 NPs as well as BaTiO3-RGO NC 
of other concentrations. Photovoltaic performance of DSSC having dis-
similar concentration of RGO loaded BaTiO3-RGO photoanodes were 
assessed under simulated sun light intensity. Among the photoanodes, 
DSSC fabricated using BaTiO3-RGO-1.5 photoanode exhibited highest 
Jsc of 10.59 mA/cm2 with an overall PCE of 4.93%, which was 2-fold 
higher over DSSC madeup of BaTiO3 photoanode. It was observed that 
incorporation of RGO over the BaTiO3 perovskite surface facilitated 
quick transfer of electrons from BaTiO3 to FTO substrate, thereby 
effectively minimized the photoinduced charge carrier recombination 
rates. These results revealed that BaTiO3-RGO NC is potential candidate 

for constructing efficacious perovskite composite photoanode for DSSC. 
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