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• An efficient 1D-2D heterostructures were prepared via facile hydrothermal method. 

• LaFeO3/RGO  exhibited high photocatalytic activity for H2 production. 

• LaFeO3/RGO  showed excellent photoelectrochemical response. 

• S scheme band alignment was proposed for better photocatalytic activity. 
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ABSTRACT 

Sustainable energy innovation is spearheading the way to achieve decarbonisation through 

commercially viable and highly competitive renewable technologies for green hydrogen. 

Photocatalytic water splitting has received global attention, as it promotes the direct conversion 

of solar energy to chemical energy and hydrogen production. Lanthanum orthoferrite (LaFeO3) 

has been selected due to its narrow bandgap perovskite-oxides (ABO3) type nature, low cost 

and high chemical stability but it is limited with fast charge recombination. To circumvent its 

constraint of fast charge recombination, an efficient graphene-based nanocomposite has been 

prepared by employing reduced graphene oxide (RGO) nanosheets as charge separators for 

visible light driven photocatalytic water splitting. Here, we present a thorough physical and 

spectroscopic characterization of the Lanthanum orthoferrite/Reduced Graphene oxide 

(LaFeO3/RGO) nanocomposites, and investigate its photocatalytic and photoelectrochemical 

performance. The photocurrent density of the nanocomposites demonstrated 21 times higher 

in comparison to pure LaFeO3. The as-prepared nanocomposites have been successfully used 

as photocatalysts for H2 generation through water reduction under visible light. A significant 

enhancement in H2 generation has been recorded for nanocomposites (82 mmol g1 h1) as 

compared to that of bare LaFeO3 (9 mmol g1 h1) which is among the highest values obtained 

using noble-metal-free graphene-based photocatalytic nanocomposites. This work offers a 

facile approach for fabricating highly efficient 1D-2D heterostructure for photocatalysis 

application. 

 

Keywords: Reduced Graphene oxide nanosheets, Lanthanum orthoferrite, Nanocomposites, 

Photocatalytic H2 generation, Photoelectrochemical properties 
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INTRODUCTION 

 

Developing a sustainable energy future is one of the biggest challenges in the 21st century, 

energy conversion technologies such as solar energy harvesting play a vital role in the transition 

to a renewable energy system. As solar energy is a decentralized and inexhaustible natural 

resource, solar energy harvesting offers a desirable approach for realization of sustainable 

future energy supply under minimal environmental impact [13].  Photocatalytic water 

splitting has received global attention, as it is an eco-friendly and sustainable approach for low-

cost and green H2 production [46]. Fujishima and Honda (1972) first reported 

photoelectrochemical water splitting using a titanium dioxide (TiO2) photoanode which is the 

most well explored catalyst due to its high stability, non-toxicity and cost-effectiveness [7]. 

Nevertheless, the applications of TiO2 are limited because of a low quantum yield and fast 

charge carriers recombination [810]. Besides TiO2, other metal oxides like WO3, SnO2, ZnO  

etc. have also been used as photocatalysts, but their applications are also limited as they are 

wide bandgap semiconductors, which are capable of absorbing only UV irradiation [11]. 

As an alternative to traditional metal oxide semiconductors, perovskite based oxide materials 

have stimulated an ever-increasing interest in solar to chemical energy conversion applications 

[12]. Perovskite oxides are highly crystalline and stable materials with special ABO3 structure 

which show an advantage over other semiconductor photocatalysts due to their high thermal 

stability, structural tunability, high electronic conductivity, excellent charge carrier mobilities 

and high absorbance coefficients and narrow band gaps which makes them capable of solar 

light absorption in the visible region [1315]. Among various perovskites, lanthanum ferrite 

(LaFeO3) has received great importance in the field of photocatalysis due to their narrow band 

gap, high stability and non-toxicity, however, restricted with fast charge carrier recombination 

[16]. Moreover, the positive conduction band potential of bare LaFeO3 does not make it ideal 

for H2 generation [17]. In order to overcome these limitations, various strategies, such as the 
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formation of heterostructures with different dimensional interfaces such as 0D-2D, 1D-2D, 2D-

2D etc. via combination with suitable semiconductors have been developed which may hinder 

the fast charge-carrier recombination [1821].  The 1D-2D interface enables rapid and long-

distance transport of electrons along the longitudinal dimensions which promotes facile charge 

separation along the 1D nanostructures. It also mitigates the disadvantages of the low surface 

area of the 1D nanostructures and prevents the restacking of the 2D nanosheets, which leads to 

the enhancement in photocatalytic efficiency [2227]. Recently, our group has designed 1D-

2D heterostructures of CuFe2O4/BiOCl which demonstrated 5.7 times higher rate of H2 

generation than pure BiOCl due to the formation of the direct Z-scheme heterostructure  

promoting facile charge transfer and charge separation [25]. Bera et al. [26] fabricated highly 

active heterostructured photocatalyst composed of Ag nanoparticles decorated AgVO3 

nanorods and 2D MoS2 nanosheets that exhibited 20 times higher rate of H2 generation as 

compared to bare MoS2. Notably, the Z-scheme interfacial charge-transfer mechanism may 

facilitate the charge separation and lowers the rate of electron-hole recombination. In another 

example, 1D-2D heterojunction of CdS nanorods and TiO2 nanosheets displayed 3.7 times 

higher rate of hydrogen generation as compared to  P25 TiO2/CdS composites which may be 

due to higher photogenerated charge separation and superior electron transfer ability [27]. 

Remarkably, graphene based 2D materials have been widely used in the field of photocatalysis 

due to their fascinating properties such as visible light absorption, superior electron mobility, 

high conductivity, large surface area and cost-effectiveness [2830]. In order to overcome the 

fast charge-carrier recombination rate of metal oxide photocatalyst, it may be combined with 

reduced graphene oxide nanosheets (RGO) which improves the photocatalytic performance of 

metal oxide. For example, Dang et al. [31] fabricated titanate nanotube/graphene 1D-2D 

nanocomposites which exhibited three times enhancement in photocatalytic H2 generation rate 

as compared to bare titanates. The incorporation of RGO to the titania nanotubes effectively 
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lowers the rate of electron-hole recombination which in turn increases the photocatalytic 

efficiency of the nanocomposites. Alsulami et al. [32] achieved a significantly high rate of 

photocatalytic H2 generation of 2100.4 mol h1 g1 using RGO/FeVO4 2D-1D 

nanocomposites which shows enhanced visible light absorption and facilitates the separation 

of the photogenerated charge carriers of FeVO4 in presence of RGO. Hafeez et al. [33] also 

reported a ternary InVO4-g-C3N4/RGO hybrid nanocomposites exhibited a superior rate of 

hydrogen production of 7449 mol h1 g1. There are limited reports available in the literature 

regarding the use of LaFeO3/RGO nanocomposites for photocatalytic H2 generation. For 

example, Acharya et al. [34] reported 2.5 times enhancement in the rate of hydrogen generation 

by photocatalytic water splitting for 2D-3D nanocomposites of LaFeO3 nanospheres/RGO 

composite as compared to LaFeO3. The formation of the nanocomposites decreases the rate of 

electron–hole recombination and enhances visible-light absorption. Orak et al. [35] reported 

that the 2D-3D nanocomposites of Graphene-supported LaFeO3 catalyst is 2.9 times more 

active than LaFeO3 towards visible-light driven photocatalytic hydrogen generation from 

sucrose solution under similar test conditions. The introduction of reduced graphene oxide 

lowers the band gap and increases the surface area, which provides abundant active sites. 

However, there has been limited study regarding the photoelectrochemical properties of the 

nanocomposites and the charge-transfer mechanism, which occurs at the interface of the two 

semiconductors and this needs to be explored further. To the best of our knowledge, the impact 

of RGO in photo-electrochemical response and catalytic activity of LaFeO3 nanorods has not 

yet been investigated.  

The present work describes fabrication of a two-dimensional (2D) RGO with one dimensional 

(1D) LaFeO3 nanorods to form nanocomposites via a facile hydrothermal method, which shows 

a significantly high rate of photocatalytic H2 evolution. The structural, optical properties of 

bare LaFeO3 and its nanocomposites have been studied in details. Furthermore, 
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photoelectrochemical measurements provide insights into the charge transport properties at the 

composite interface. The enhanced photo-response and photocatalytic H2 generation of the 

nanocomposites have been explored on the basis of band structure and charge-transfer 

mechanism through formation of S-scheme heterojunction. 

2. EXPERIMENTAL SECTION 

2.1 Chemicals  

Lanthanum nitrate hexahydrate (La(NO3)3.6H2O) was obtained from Acros Organics. Iron 

nitrate nonahydrate (Fe(NO3)3.9H2O) and potassium hydroxide were obtained from Merck. 

Polyethylene glycol was obtained from Fisher Chemicals. All experiments were performed at 

room temperature. DI water (18.2 M.cm) was obtained from Millipore System. 

 

2.2 Synthesis of LaFeO3 

LaFeO3 was synthesized via a facile hydrothermal method followed by heat treatment. A 30 

mL aqueous solution of 0.002 M La(NO3)3.6H2O was prepared in a beaker by stirring for 10  

mins. Then, 10 mL aqueous solution of 0.004 M Fe(NO3)3.9H2O, 10 mL aqueous solution of 

PEG ( 1.6 g) and 25 mL aqueous 2M KOH solution were prepared in separate beakers. These 

solutions were then added dropwise into the La(NO3)3 solution under vigorous stirring 

condition. After 1h stirring, the resulting solution was transferred into a 100 mL capacity 

autoclave, and heated at 200C for 72 h. The resulting sample was collected, washed and dried 

in an oven at 60C. The final light violet powder of LaFeO3 was obtained and marked as LFO. 

 

 

 

2.3 Synthesis of LaFeO3/Reduced Graphene Oxide (GLFO) nanocomposites 
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Graphene oxide (GO) have been synthesized by Modified Hummer’s method [36]. A facile 

hydrothermal method has been developed to synthesize LaFeO3/Reduced Graphene oxide 

(GLFO) nanocomposites. The process schematic is shown in Scheme 1. At first, GO (0.5 

mg/mL) was dispersed in water and sonicated for 45 minutes. Then, 0.002 M La(NO3)3.6H2O 

was added to the aqueous solution of GO. In separate beakers, 10 mL aqueous solution of 0.004 

M Fe(NO3)3.9H2O, 10 mL aqueous solution of PEG ( 1.6 g) and 2M 25 mL aqueous KOH 

solution were prepared. These solutions were then added into La(NO3)3 solution dropwise 

under vigorous stirring. After magnetic stirring for 1 hour, the resulting solution was transferred 

into a 100 mL capacity autoclave, heated at 200C for 72 h. After hydrothermal treatment at 

200ᵒC for 72 hrs, the black powder of the GLFO nanocomposites was centrifuged several times 

with distilled water and absolute ethanol, in order to remove the unreacted precursors. The 

resulting sample was collected and dried in an oven at 60C to obtain the GLFO 

nanocomposites. 

 
 

Scheme 1  Synthesis scheme of LaFeO3/Reduced Graphene oxide (GLFO) 

nanocomposites. 
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2.4 Characterization 

The X-ray diffraction (XRD) patterns were recorded using a Philips X’Pert diffractometer (at 

a scan rate of 1° min−1). Transmission electron microscopy (TEM, Tecnai G2 30ST, FEI) 

operating at 300 kV, and scanning electron microscopy (SEM, Sigma, LEO. 430i, Carl-Zeiss) 

were used to determine the morphology of LFO and the composites. Thermo gravimetric 

analysis was performed using a NETZSCH, STA 449 F3, Jupiter under argon flow at a heating 

rate of 10°C min-1 (flow rate of 30 ml min-1 was used). The absorption properties and bandgap 

were examined using a UV–visible spectrophotometer (Shimadzu UV-3600 

spectrophotometer) over a wavelength region of 300 to 800 nm. The N2 adsorption-desorption 

isotherm was carried out by Quantachrome, FL-33426. FTIR analysis of the samples was 

performed using Thermo Nicolet 6700 spectrophotometer in the range from 400 to 4000 cm-1. 

XPS was carried out to measure the core-level spectra, VB DoS, and secondary electron cutoff 

(SEC) of the as synthesized LFO and GLFO.  Raman spectra of LFO and GLFO have been 

performed using a Micro Raman setup (Horiba LabRAM) with an excitation line of 532 nm. 

 

2.5 Photoelectrochemical measurements. The photoelectrochemical properties of pure LFO 

and GLFO were studied by preparing thin films on FTO coated glass slides using three-

electrode quartz cell and galvanostat-potentiostat (PGSTAT302 N, Autolab, The Netherlands) 

under 350W Xenon lamp.  

The thin film of the materials was prepared by spin coating. For the spin-coating method, a 

LFO, GLFO solution was prepared as follows: LFO or GLFO powder was dispersed in absolute 

ethanol under sonication for 30 mins. After that, 3 layers of the solution (each layer containing 

50 µL of the solution) were coated on the conducting side of the FTO glass. 

The linear sweep voltammetry measurement was carried out within the potential range -0.2 V 

to 1.0 V vs Ag/AgCl at a scan rate 10 mV/s using 0.1 M Na2SO4 (pH 7) as electrolyte.  The 
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photostability of LFO and GLFO were tested through chronoamperometry at a potential of 0.26 

V vs Ag/ AgCl potential. Mott-Schottky measurements were carried out within the potential 

range of −0.8 V to 1.0 V vs Ag/AgCl at 1000 Hz frequency [26].   

 

2.6 Photocatalytic H2 generation. Photocatalytic H2 generation was tested in a closed quartz 

cell with catalyst (0.5 gm/L) under visible light irradiation (250 W Xenon lamp) through online 

gas chromatography (GC) using 15 vol% methanol as sacrificial agent.  

 

3. RESULTS AND DISCUSSION 

 

3.1 Phase purity and crystal structure 

Powder XRD was performed in order to determine the crystalline phase of the as-synthesized 

nanocomposites. Fig. 1 shows the XRD patterns of pure LFO and GLFO nanocomposites 

synthesized for 72 hrs and calcined at a temperature of 500ᵒ C. The strong peaks at 2θ values 

correspond to characteristic diffraction from (112), (021), (120), (202), (113), (220), (213), 

(131), (204) and (133) planes of LaFeO3 respectively, indicating the orthorhombic phase of 

pure LaFeO3 with space group Pnma [JCPDS Card No: 01-070-7777] and lattice parameters 

a= 5.5594 Å , b = 7.8498 Å and c = 5.5509 Å. GLFO nanocomposites displayed strong peak at 

2θ value of 25.9 correspond to the characteristic diffraction from the (002) plane of reduced 

graphene oxide nanosheets (RGO) [37, 38]. Therefore, XRD pattern of the GLFO 

nanocomposites showed the characteristic peaks of both orthorhombic phase of pure LFO and 

RGO, which indicates the successful formation of the nanocomposites.  
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Fig. 1  XRD Pattern of LFO and GLFO nanocomposites prepared at 72 hrs.  

 

Fig. S1 shows the XRD patterns of the LFO and GLFO nanocomposites synthesized at 24 and 

48 hrs respectively. The XRD pattern of the nanocomposites synthesized shows that no crystal 

phase formation occurs during 24 hrs growth time. In the XRD pattern of the nanocomposites 

synthesized at 48 hrs, many additional peaks, corresponding to the diffraction from the planes 

of other mixed oxides are present. Thus, 72 hrs are required for the successful formation of the 

nanocomposites. 
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3.2 Raman Spectra 

 Raman analysis was carried out both for LFO and GLFO (Fig. 2) to analyse the chemical 

nature. In the Raman spectrum of the GLFO nanocomposites, bands at 288 cm−1, 346 cm−1, 

405 cm−1, and 645 cm−1 correspond to the Ag, B1g, B2g and B3g modes of pure LFO and the 

peaks at 1356 cm1, and 1595 cm1 correspond to the D and G bands of RGO respectively 

[3941]. After composite formation, the D band has been shifted to 1598.56 cm1, which 

clearly implies that the defect sites produced higher energy than pristine compound. The higher 

energy Raman peak corroborated the higher interaction between defective sites (hetero atom 

present in the graphitic unit such as oxygen) and LFO. Further, the Raman scattering of G band 

appears at 1352 cm1 for GLFO composites, which is 3 cm1 lower than the GO. The decrease 

in the Raman scattering band for GLFO indicated the weakly localized graphitic bond electrons 

than the GO, which could be attributed by the bond formation between Fe and oxygen, further 

confirmed by XPS analysis (Fig. 3c). The D/G intensity ratio may indicate the disorder or 

restoration of the graphene lattice, considering the sp2/sp3 carbon ratio [42]. The D/G intensity 

ratio for GO and GLFO nanocomposites are 0.85 and 0.96, respectively. The higher interaction 

between LFO and defective site heteroatoms may the reason behind slight increase in the D/G 

intensity ratio. In addition, the increase of D/G ratio indicates electron-donating nature of GO 

to LFO [43]. 
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Fig. 2  Raman spectra of GO, GLFO nanocomposites and bare LFO. 

 

3.3 X-ray Photon Spectroscopy and surface composition 

X-ray photon spectroscopy (XPS) was performed to elucidate the oxidation states and the 

chemical environment of the elements present in pure LFO and GLFO nanocomposites. The 

measurements were performed in a custom built ultra-high vacuum system consisting of a 

commercial SPECS monochromated Al-kα X-ray source and a PSP Vacuum Technology 

hemispherical electron energy analyser, operated with an overall energy resolution of ±0.1 eV.  

Fig. 3a shows the surface survey spectra of LFO and GLFO nanocomposites, which confirms 

the presence of La, Fe, O and C after composite formation. Fig. 3b shows the La 3d core levels 

for bare LFO and GLFO. The La 3d5/2 lineshape of LFO, fitted with two doublet peaks at the 

binding energies of ~839.57 eV and ~836.2 eV confirms the presence of La3+ state [35]. 

However, after composite formation, both the peaks have been shifted to lower binding 
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energies of ~837.5 eV and ~834.1 eV. Such a shift to the lower binding energy suggests the 

increase in electron density around La3+ due to transfer of electrons from RGO to LFO in the 

nanocomposite, which is well consistent with the Raman data (Fig. 2) and further confirmed 

by the energy diagram analysis (Fig. 9). Fig. 3c shows the Fe 2p core levels for bare LFO and 

GLFO nanocomposites. Two characteristic peaks in the Fe 2p lineshape at binding energies of 

~709.8 eV and ~723.17 eV correspond to Fe 2p3/2 and Fe 2p1/2, respectively, and confirms the 

presence of Fe3+ state in LFO. After composite formation, the Fe peaks are not resolved 

properly. The O 1s lineshape for bare LFO has been fitted with three peaks at binding energies 

of ~528.3eV, ~529.9 eV and ~530.9 eV which corresponds to the lattice oxygens of LaO and 

FeO and surface adsorbed oxygen, respectively (Fig. 3d). After composite formation, the O1s 

peaks have been shifted to higher binding energies i.e. ~528.5 eV, ~530.5 eV and ~532.3 eV 

respectively [44]. The peak shifting is attributed mainly due to interaction of RGO with LFO, 

and further indicates the successful formation of nanocomposites. The two characteristic peaks 

in the C 1s spectrum at binding energies of ~ 284.4 eV and ~ 287.1 eV correspond to CC and 

CO bonds of RGO nanosheets, respectively (Fig. 3e) [45]. 
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Fig. 3  (a) Survey Spectra of LFO, GLFO, Core level XPS lineshape of (b) La 3d, (c) Fe 

2p, (d) O 1s of bare LFO and GLFO (e) C 1s of GLFO. 

 

The porous structure and the surface area of the LFO and GLFO nanocomposites have been 

studied by the nitrogen (N2) adsorption-desorption isotherms (Fig. S2a and Fig. S2b). They 

show typical type-IV isothermals hysteresis loop suggests presence of mesoporous structures. 

The BrunauerEmmettTeller (BET) surface area of GLFO and LFO are 31 m² g1 and 10 m² 

g1 respectively which reveals that the nanocomposites show 2.9 times larger surface area as 

compared to LFO. Moreover, the GLFO nanocomposites showed four-fold higher pore volume 

of 0.192 cm3 g1 in comparison to LFO with a pore volume of 0.048 cm3 g1 (Fig. S2a and Fig. 

S2b). This suggests that the incorporation of graphene rendered the nanocomposite with larger 

surface area and nanopores, which may improve the photocatalytic efficiency of the 

nanocomposites. 

The chemical structures of the nanocomposites and the interactions between RGO and LFO 

have been further studied by FTIR analysis. The GLFO nanocomposites show characteristic 

842 840 838 836 834 832 830 828

GLFO

LFO La 3d 

In
te

n
s

it
y

/a
.u

.

Binding energy/eV
725 720 715 710 705

LFO

GLFOIn
te

n
s

it
y

/a
.u

.

Binding energy/eV

Fe 2p

534 533 532 531 530 529 528 527 526

In
te

n
s
it

y
/a

.u
.

Binding energy/eV

O 1sLFO

GLFO

288 286 284 282 280

GLFO

In
te

n
s

it
y

/a
.u

.

Binding energy/eV

C 1s

(b) (c)

(d) (e)

1200 1000 800 600 400 200 0

La
3d

  LFO

 

In
te

n
s

it
y

/a
.u

.

Binding energy/eV

Fe
2p

Fe
2p

La
4d

La
4d

C
1s

O
1s

O
1s

La
3d

 GLFO

 

 

(a)



14 
 

peaks at 3436, 1625, 1567, 1100, 637, 530 cm1 (Fig. S3). The peaks at 3436 cm1 of both LFO 

and GLFO nanocomposites correspond to OH stretching vibration of the physisorbed water 

molecules. Peaks at 1636 cm1 of LFO and 1625 cm1 of GLFO nanocomposites are ascribed 

to the OH bending vibration of the physisorbed water molecules [46]. In GLFO 

nanocomposites, the peak at 1567 cm1 corresponds to the C=C stretching vibration of RGO. 

Peak at 1100 cm1 arises due to the alkoxy CO stretching vibration in the GLFO 

nanocomposites. Peak at 636 cm1 of the GLFO and LFO nanocomposites respectively, 

correspond to the FeO stretching vibrations of the octahedral FeO6 octahedra in LaFeO3 [47]. 

Peaks at 530 and 541 cm1 arise due to the LaO stretching vibration of the GLFO and LFO 

nanocomposites respectively. Thus, the vibration modes of both RGO and LFO are present in 

the FTIR spectra of GLFO, which is also evidence in favour of the successful formation of the 

nanocomposites. 

 

3.4 Microstructures 

 Fig. 4a shows the formation of LFO nanorods of average length and width of 331 nm and 

77 nm, respectively. The growth of LFO nanorods in the nanocomposites has been studied by 

varying the reaction time. At 24 h, growth of LFO nanorods have been started on the surface 

of the RGO (Fig. 4b) and complete formation of LFO nanorods with an average length and 

width of 228 nm and 64 nm, respectively was obtained at reaction time of 72 h (Fig. 4d).  
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Fig. 4  FESEM images of (a) bare LFO, (b) GLFO after hydrothermal treatment for 24 

h, (c) GLFO after hydrothermal treatment for 48 h and (d) GLFO after hydrothermal 

treatment for 72 h. 

 

Fig. 5 illustrates TEM and HRTEM images of the as-synthesized LFO and GLFO 

nanocomposites. The TEM images reveal that the uniform 1D structures of LFO are well 

consistent with the FESEM images. The TEM image of GLFO shows that LFO nanorods of 

average width ~77 nm are formed on the surface of RGO. The HRTEM images of GLFO 

exhibit clear lattice fringes and the interplanar spacing of 0.210 nm, 0.263 nm and 0.342 nm 

corresponds to the (212), (021) and (111) planes of orthorhombic LFO respectively (Fig. 5c). 

The SAED pattern (Fig. 5d) displays the diffraction rings, which correspond to the (332) and 

(221) planes of orthorhombic LaFeO3. 

200 nm 200 nm

1 µm 1 μm

(b)(a)
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Fig. 5  TEM images of (a) pure LFO, (b) GLFO, (c) HRTEM image of GLFO, (d) SAED 

Pattern of GLFO. 

 

3.5 Thermal Properties   

Thermogravimetric analysis (TGA) has been carried out to determine the thermal stability of 

the materials. A weight loss of 7% from 380-400C has been observed for LFO, due to the 

removal of physiosorbed water molecules suggests superior thermal stability of metal oxides. 

For GLFO, a weight loss of 18% and a weight loss of 34% for RGO has been observed from 

180-230C due to pyrolysis of the labile oxygen-containing functional groups as shown in Fig. 

6a [48]. In 240500°C temperature range, the oxidative decomposition of carbon chains of 

500 nm

LFO

RGO
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RGO was observed whereas, for GLFO nanocomposites, ~40 % mass loss was observed in the 

temperature range of 380-780°C, due to the decomposition of carbon chains of RGO [49]. It is 

important to note that for GLFO nanocomposites, the weight loss occurring due to the removal 

of oxygen-containing functionalities and the decomposition of carbon chains remarkably shifts 

towards higher temperatures as compared to RGO. This indicates the stability of the 

nanocomposites enhanced due to the presence of LFO. 

 

Fig. 6  (a) TGA curves of LFO, GLFO nanocomposites. (b) UV-Visible Spectra of 

pure LFO and GLFO nanocomposites (c) KM plot of LFO (d) KM plot of GLFO 

nanocomposites. 
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3.6 UV-visible spectra 

Fig. 6b illustrates the UV-visible diffuse reflectance spectra of LFO and GLFO nanocomposite 

where both show broad absorption in the visible region. The bandgap of LFO and GLFO 

nanocomposites are ~2.04 eV and ~1.64 eV, respectively calculated from the Kulbelka-Munk 

(KM) plots (Fig. 6c and Fig. 6d) [50]. This narrowing of bandgap after composite formation 

reveals that the composite may be capable of more visible light absorption as compared to pure 

LaFeO3.  

 

3.7 Photocatalytic hydrogen production 

Fig. 7a shows photocatalytic H2 generation by LFO and GLFO nanocomposites via water 

splitting in the presence of methanol solution. The rate of H2 generation for LFO and GLFO 

nanocomposites are 9 mmol g-1 h1 and 82 mmol g-1 h1, respectively. The nanocomposites 

show nine-fold enhancement in hydrogen generation as compared to pure LFO, which may be 

due to an enhancement of visible light absorption and more negative conduction band potential 

of GLFO as compared to LFO. Figure S4 shows the photocatalytic H2 generation rate by GLFO 

nanocomposites synthesized for 24 hrs (GLFO-24), 48 hrs (GLFO-48) and 72 hrs (GLFO-72). 

This clearly reveals that the nanocomposites synthesized for 72 hrs shows the highest H2 

generation rate, which is almost 1.9 times and 2.5 times higher than GLFO-48 and GLFO-24 

respectively.  

Different GLFO composites have also been prepared by varying the metal concentration and 

graphene concentration. The concentration of the metal precursors have been increased by 2.5 

times (GLFO-2.5) and 5 times (GLFO-5) during the synthesis of the nanocomposites. From 

Fig. S7 we observe that the nanocomposites synthesized using the metal concentration, (0.002 

M La(NO3)3.6H2O  and 0.004 M Fe(NO3)3.9H2O) shows the highest photocatalytic activity. 
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Figure S8 shows the photocatalytic H2 generation rate of GLFO nanocomposites using various 

concentration of graphene oxides  such as 0.5 mg mL1, 1 mg mL1, 2 mg mL1. GLFO sample 

with 0.5 mg mL1 loading of GO exhibits highest rate of photocatalytic H2 generation, as 

compared to the other two materials. 

Table S1 shows the comparative study of LaFeO3 based nanocomposites and graphene-based 

nanocomposites for photocatalytic applications [5170]. Remarkably, as prepared 1D-2D 

based heterostructures of GLFO demonstrated superior photocatalytic activity for H2 

generation. Moreover, the photocatalyst showed no significant decrease of the catalytic activity 

and structural modification after several cycling test (Fig. S5). 

. 

 

0 20 40 60 80 100 120
0

20

40

60

80
  LFO

  GLFO

R
a

te
 o

f 
H

2
 /

 m
m

o
l 

g

1
 h


1

Time/mins

-0.6 -0.3 0.0 0.3 0.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

1
/C

2
 
1

0
1
0
/F

-2
 c

m
4

Potential V vs Ag/AgCl

-0.44 V

0.0 0.2 0.4 0.6 0.8 1.0
-1

0

1

2

3

4

5   GLFO

 LFO

C
u

rr
e
n

t 
d

e
n

s
it

y
/

A
 c

m

2

Potential V vs Ag/AgCl

-0.8 -0.4 0.0 0.4
0

1

2

3

1
/C

2
 
1

0
1
0
/F

-2
 c

m
4

Potential V vs Ag/AgCl

-0.37 V

GLFOLFO

(a) (b)

(c) (d)



20 
 

Fig. 7  (a) Photocatalytic H2 generation rate of LFO and GLFO nanocomposites. (b) 

LSV spectra of LFO and GLFO nanocomposites. Mott-Schottky plots of (c) LFO (d) 

GLFO. 

 

3.8 Photoelectrochemical performance 

Fig. 7b represents the linear sweep voltammetry (LSV) spectra of bare LFO and GLFO 

nanocomposites under light irradiation. GLFO nanocomposites and bare LFO exhibits a 

photocurrent density of 3.67 µA cm2 and 0.17 µA cm2 respectively at a potential of 0.9 V. 

Thus, the nanocomposites exhibit 21 fold higher current density as compared to bare LFO. 

Furthermore, to check the photosensitivity, chronoamperometry of the as-prepared GLFO 

photoanode was checked under chopped light conditions, where a constant potential of 0.26 V 

was applied (Fig. S6). It has been clearly observed that the photoanode of GLFO is light-

sensitive. The theoretical photoelectrochemical (PEC) H2 generation for GLFO was calculated 

from the chronoamperometric spectra by determining the charge (Q) passed through the 

photoanode [25, 72]. The charge has been determined by integrating the current over the time 

and the moles of H2 that is equal to  
𝑄

2𝐹
, where F is the Faraday constant (F = 96,500). The 

estimated PEC H2 generation GLFO reaches to 0.7 μmol at 300 s. The Mott-Schottky (M-S) 

analysis have been carried out to understand the nature of semiconductors and flat band 

potentials (Efb) [72-74]. Both the materials show positive slopes in M-S measurement thereby 

confirming n-type conductivity. Considering the difference between CB and Efb (E), the 

conduction band minima (CBM) for both LFO and GLFO nanocomposites were calculated. 

The CBM potentials for LFO and GLFO nanocomposites are 0.04 eV and 0.03 eV, 

respectively (Fig. 7c and Fig. 7d). The more negative CBM of the nanocomposites boosts the 

efficiency of water reduction. The Eg values can be determined from the Kubelka–Munk plots 

and the CBM values obtained from the Mott-Schottky analysis, the position of the VBM can 
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be calculated (Table 1). The VBM of bare LFO and GLFO nanocomposites are 2.08 eV and 

1.61 eV respectively. The free charge carrier concentrations of GLFO nanocomposites (2.6  

1017 cm3) is 1.3 times higher than that of LFO (1.9  1017 cm3).  Hence, negative reduction 

potential with higher number of free charge carriers of GLFO may enhanced the photocatalytic 

performance of water splitting.   

 

Table 1. Calculated Flat band potentials, CBM and VBM from the Mott-Schottky plots. 

Material Efb vs 

Ag/AgCl (V) 

Efb vs 

RHE 

(V) 

CB (eV) Eg (eV) VB (eV) Nd (cm3) 

LFO 0.37 0.24 0.04 2.04 2.08 1.9  1017 

GLFO 0.44 0.17 0.03 1.64 1.61 2.6  1017 

 

 

3.9 Mechanism 

In order to further validates the energy diagrams calculated with the help of M-S and UV-Vis 

analysis, Secondary Electron Cut-off (SEC) spectra and valence band maxima (VBM) from 

XPS measurements was performed [75]. Fig. 8a represent the SEC spectra of GLFO and LFO. 

With the help of secondary electron cutoff energies, ionization potential (IP) and work function 

energies () are determined, which are presented in Table 2. Clearly, both the IP and  decrease 

after nanocomposites formation, which strongly reveals that coupling of RGO and LFO 

effectively create molecular bonding and dipole moments at the interface which further boosts 

the charge separation and reduce the overpotential to undergo the redox reactions at the surface. 

Furthermore, the VBM energies were determined from the valence band spectra of GLFO and 

LFO (Fig. 8b and Fig. 8c). A schematic band structure has been presented in Fig. 8d, which is 
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drawn, based on the values of VBM, work function and ionization potential energies to confirm 

the band edge potentials and the possible charge migration pathway.  

 

Table 2. The secondary electron cutoff, work function energies, VBM position and ionization 

potential of the as developed materials. 

Material SEC (eV)  (eV) IP (eV) 

LFO 1481.4 5.2 7.48 

GLFO 1482.7 3.9 5.02 

 

 

Fig. 8  (a) SEC spectra of (a) GLFO and LFO, VB XPS of (b) GLFO and (c) LFO. (d) 

Schematic band structure of LFO and GLFO. 

 

Fig. 9 demonstrates a plausible mechanism of the photocatalytic activity of GLFO 

nanocomposites. The charge migration occurs through the S-scheme heterojunction 

mechanism [76, 77]. RGO has higher CB and VB positions and lower work function compared 

to LFO. When the two semiconductors come in contact with each other, electrons in RGO 
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spontaneously migrate to LFO. This creates an electron depletion region and electron 

accumulation region near the interface in RGO and LFO, respectively. This leads to the 

formation of an internal electric field directing from RGO to LFO. This internal electric field 

accelerates the transfer of photogenerated electrons from LFO to RGO. When the two 

semiconductors come into contact, their Fermi energy should be aligned to the same level [78-

80]. This causes an upward and downward bending of the Fermi levels of LFO and RGO, 

respectively which urges the recombination of the photogenerated electrons in the CB of LFO 

and holes in the VB of RGO at the interface region. The Coulombic attraction between holes 

and electrons assists the recombination of the photogenerated electrons in the CB of LFO and 

holes in the VB of RGO at the interface. The photogenerated electrons which are reserved in 

the CB of RGO and photogenerated holes present in the VB of LFO may perform the reduction 

and oxidation reactions respectively. 

 

Fig. 9  Charge-transfer mechanism of the GLFO nanocomposites. 

 

4. CONCLUSION 

A stable LaFeO3/Reduced Graphene Oxide nanocomposites have been synthesized by 

hydrothermal method for visible light driven photocatalytic application. A nine-fold 

enhancement in the rate of photocatalytic H2 generation has been achieved for the 
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nanocomposites as compared to bare LaFeO3. The nanocomposites formation significantly 

enhances the photoelectrochemical current density (~21 times) under visible light irradiation. 

Improved photocatalytic performance of LFO the presence of RGO nanocomposites showed 

superior photocatalytic activity in water reduction due to the more negative CB potential, 

greater number of free charge carriers, lower ionization potential and exceptional ability of the 

RGO to promote charge transport. Incorporation of RGO nanosheets to LaFeO3 lowered the 

bandgap of the nanocomposites, thereby causing an enhancement in visible light absorption as 

well as provided much better charge separation. Thus, the LaFeO3/ RGO nanocomposites 

reveal to be an effective visible light active photocatalyst and can be extended to other 

photocatalytic applications such as pollution control or CO2 conversion to useful hydrocarbon 

products and fuels. 
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