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Abstract
In this study, graphene oxide, lanthanum sulfide and their composite thin films are prepared using simple and inexpensive 
chemical methods and their supercapacitive performance is evaluated. The X-ray diffraction study shows the forma-
tion of mixed-phase lanthanum sulfide with monoclinic α-LaS2 and tetragonal La5S7. Field emission scanning electron 
microscopy images show porous surface morphology of lanthanum sulfide and composite thin films. The supercapaci-
tive performance of composite film tested in 1 M Na2SO4 electrolyte shows highest specific capacitance of 312 F g−1 at 
a 5 mV s−1 scan rate.
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1  Introduction

Electrochemical energy storage is a high requirement 
for intermittent renewable energy sources. The energy 
storage devices mainly include lithium-ion batteries and 
supercapacitors [1, 2]. The energy storage in the super-
capacitor is established by two mechanisms. One is the 
electrical double-layer capacitive (EDLC) and another one 
is the pseudocapacitive. Electrical double-layer capacitors 
(EDLC) based on quick ion adsorption/desorption and 
pseudocapacitors originated from fast faradaic charge 
transfer reactions occurred at electrode surface [3, 4]. 
Earlier used pseudocapacitive materials were transition 
metal oxides and conducting polymers having both the 
improved energy and power densities [5, 6].

Lanthanum sulfide is one of the promising rare earth 
materials used recently as supercapacitor electrode. The 
films of lanthanum sulfide with phase of α-La2S3 are pre-
pared using successive ionic layer adsorption and reaction 
(SILAR) method by Patil et al. [7] who showed maximum 
capacitance of 256 F g−1. Patil et al. [8] studied the effect 

of aqueous electrolyte on the performance of La2S3 films. 
Also, Ghogare et al. [9] prepared β-LaS2 film by hydro-
thermal method and reported a specific capacitance of 
121.42 F g−1. Lanthanum sulfide electrode showed good 
energy storage capacity in both aqueous and non-aque-
ous electrolytes [10].

Graphene oxide (GO) is more motivating because of its 
monolayer arrangement of carbon atoms in a honeycomb 
network with SP2 bonding configuration [11]. The GO-
based materials provide high surface area backbone metal 
oxides/sulfides that increase capacitance of GO-based 
composite electrode through faradaic reactions [12]. The 
GO is one of the most important derivatives of graphene, 
which is characterized by a layered structure with oxygen 
functional group attached on the basal planes and edges 
because of which GO has the hydrophilic nature, so that 
water dispersion of GO provides an easy path for preparing 
its composite with metal sulfides [13, 14].

This article reports for the first time the preparation of 
lanthanum sulfide/GO composite thin films prepared by 
successive ionic layer adsorption and reaction method 
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on a stainless steel substrate. The GO is deposited using 
layer-by-layer (LBL) deposition method. For a preparation 
of composite film, lanthanum sulfide electrode is depos-
ited onto GO. The structural and morphological analyses 
of these films are carried out using XRD and FE-SEM tech-
niques. Further, the electrodes are studied for supercapaci-
tive application in 1 M Na2SO4 electrolyte.

2 � Experimental

2.1 � Synthesis of GO thin films

The GO was synthesized from graphite flakes by a modi-
fied Hummers method [15, 16]. Typically, graphite (5 g) and 
NaNO3 (2.5 g) were mixed with 120 ml of H2SO4 (95%) in 
a 500-ml flask. The mixture was stirred for 30 min in an 
ice-water bath. While maintaining vigorous stirring, potas-
sium permanganate (15 g) was added to the suspension 
slowly to keep the reaction temperature below 20  °C. 
Upon completion of potassium permanganate addition, 
the ice-water bath was removed, and the mixture was kept 
stirring at room temperature for overnight. As the reaction 
proceeded, the mixture gradually became pasty, and the 
color turned into light brownish. After overnight stirring, 
150 ml double-distilled water (DDW) was slowly added 
to the paste with vigorous agitation while the paste color 
changed to yellow. The diluted suspension was stirred for 
another 15 min, and 50 ml 30% H2O2 was added to the 
mixture. For purification, the mixture was washed with 
DDW for several times until pH 7 is achieved. After filtra-
tion, brownish-colored GO was obtained.

For the preparation of GO thin films, layer-by-layer (LBL) 
method was used. The prepared GO of 1 mg ml−1 was exfo-
liated in 120 ml DDW using ultrasonic treatment for 1 h. 
This process provided a well-dispersed brown-colored 
solution of GO sheets. A 40-ml GO from this solution was 
taken and the cleaned glass and stainless steel substrate 
were immersed and kept for 40 s, then withdrawn gradu-
ally and dried with air drier for 20 s, to improve the adher-
ence of GO sheets to the substrate. Such 100 cycles were 
repeated to achieve the optimum thickness of GO films.

2.2 � Synthesis of lanthanum sulfide thin film

The deposition of lanthanum sulfide thin film by SILAR 
method comprises the successive immersion of the sub-
strate in cationic precursor and anionic precursor solu-
tions at room temperature. An aqueous 0.1 M LaCl3·7H2O 
solution is used as the cationic precursor, and 0.05 M 
Na2S solution was utilized as the anionic precursor. The 

cleaned stainless steel substrate is immersed in the cati-
onic precursor for 20 s, and La+3 ions are adsorbed on the 
substrate, followed by 10-s rinsing in DDW to remove the 
loosely bound species of La+3. Successively, the substrate 
is dipped into the anionic precursor solution for 20 s to 
build a layer of lanthanum sulfide. Again, the substrate 
is rinsed for 10 s in DDW to take out the overloaded or 
unreacted species. In this way, one SILAR cycle of lan-
thanum sulfide deposition is completed and 100 such 
deposition cycles are reiterated to get the terminal thick-
ness of the film.

2.3 � Synthesis of composite thin film

For the fabrication of composite thin films, the prepared 
GO solution is used as the source of GO sheets; cationic 
precursor solution is 0.1 M LaCl3·7H2O, and 0.05 M Na2S is 
an anionic precursor solution. The single layer of compos-
ite film through LBL and SILAR methods is deposited using 
the procedure as follows. The well-cleaned stainless steel 
substrate is immersed in a solution of GO for 40 s and then 
air-dried for 20 s for GO sheets deposition on the sub-
strate. Then, the substrate is dipped in the cationic pre-
cursor solution for 20 s for the adsorption of lanthanum 
species on the GO sheets. Then, the substrate is rinsed 
in DDW for 10 s to remove loosely bound species of La+3 
species. After, the substrate is immersed in the anionic 
precursor solution (S−2) for 20 s to form a layer of lantha-
num sulfide material on GO sheets. Again, the substrate 
is rinsed in DDW for 10 s to separate out the overload 
or unreacted species. Thus, one cycle of the composite 
deposition is completed and 100 such deposition cycles 
are repeated to achieve an optimum thickness of the film. 
The loading GO on stainless steel is 0.069 gm cm−2 and 
loading of lanthanum sulfide is 0.083 gm cm−2 in com-
posite film.

2.4 � Materials characterization

The crystal structure of GO, lanthanum sulfide and com-
posite thin film was examined using a Bruker AXS D8 
advance model X-ray diffractometer with primary mono-
chromatic radiation from Cu Kα line (λ = 1.54 Å) in the 2θ 
range of 10–80°. The surface morphology of thin films was 
observed using field emission scanning electron micro-
scope (FE-SEM, JEOL-6360, Japan). The wettability test 
was conducted by contact angle measurement (water as 
a solvent) using Rame-Hart NRL CA Goniometer. Electro-
chemical measurements of GO, lanthanum sulfide and 
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composite thin films were taken using Zive MP1 model 
of Wonatech company using three-electrode cell, consist-
ing of thin films as the working electrode, platinum as a 

counter electrode and the saturated calomel electrode 
(SCE) as a reference electrode.

3 � Results and discussion

Figure 1 shows the XRD patterns of GO, lanthanum sulfide 
and composite thin films on stainless steel substrate. 
Well-resolved diffraction peak (inset of Fig. 1) located at 
2θ = 10.1° indicates deposition of GO thin film. The strong 
peaks are marked by # at 2θ values of 20.7° and 31.1° 
matched with the (020) and (201) planes, respectively, of 
the monoclinic structure of α-LaS2 (JCPDS No. 42-0787). 
A single peak is indicated by $ at 2θ = 28.7° matched with 
the (320) plane of the tetragonal crystal structure of La5S7 
(JCPDS No. 89-4035). The estimated size of (020) and (201) 
planes for lanthanum sulfide and composite thin films is 
found to be 1.4 and 5.4 nm, respectively.

The surface morphology of thin film plays an impor-
tant role in the supercapacitive performance of material 
[17]. The FE-SEM micrographs of GO, lanthanum sulfide 
and composite thin films are shown in Fig. 2 at 10,000 × 
magnification. It is observed from Fig. 2a that graphene 

Fig. 1   X-ray diffraction patterns of a lanthanum sulfide, and b com-
posite thin films on stainless steel substrate and inset provides XRD 
pattern of GO thin film

Fig. 2   FE-SEM images of a GO, b lanthanum sulfide and c composite thin films examined at 10,000 × magnifications
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oxide has homogeneous layered structure. Lanthanum 
sulfide (Fig.  2b) thin film shows sponge-like porous 
structure with grain size less than 0.5 micron. Figure 2c 
shows grass-like morphology for composite film consist-
ing of thin and randomly aggregated particles grown 
on the GO structure. Figure 2d shows the micropetals of 
grass at 100 k × magnifications. The size of micropetals 
is typically in between 150 and 250 nm as seen at 100 
kX magnification. 

The angle formed between the liquid–solid interface 
and the liquid–vapor interface is the contact angle. The 
static sessile drop contact angle is measured by a con-
tact angle goniometer using an optical subsystem to 
capture the profile of a pure liquid on a solid substrate. 
The present system includes high-resolution camera and 
software to capture and analyze the contact angle. The 
drop of the liquid applied on the solid substrate is 1 µl. 
For the controlling or modifying of electrode surface, 
wettability is an important aspect of the application of 
supercapacitor [18]. The water contact angle measure-
ment photographs of films are shown in Fig. 3a–c. The 
GO, lanthanum sulfide and composite films show the 
contact angles of 66.8°, 47.6° and 37.2°, respectively. 
This shows that the composite film is more hydrophilic 
as compared with other two films which is suitable for 
supercapacitor application [19].

Highly porous microstructure of thin film plays an 
important role in supercapacitor application. The com-
posite materials formed with Mn3O4 [20], NiS [21] or 
conducting polymer [22] with GO have demonstrated 
the improved capacitive performance and cycle life 
through the synergistic effect of both EDLC and pseudo-
capacitance mechanisms [23–25]. The cyclic voltammetry 
measurement is taken to analyze the supercapacitive per-
formance of GO, lanthanum sulfide and composite elec-
trodes using three-electrode cell configuration system 
in 1 M Na2SO4 electrolyte. Figure 4a shows the compara-
tive cyclic voltammogram (CV) curves of GO, lanthanum 
sulfide and composite electrodes. As the area under CV 

curve obtained for composite electrode is larger, the com-
posite electrode is further studied to test its supercapaci-
tive properties. The CV curves of composite electrodes are 
obtained at different scan rates. As seen from the curves in 
Fig. 4b, the capacitance of composite electrode decreased 
from 312 to 115 F g−1 with the increased scan rate in the 
range of 5–100 mV s−1 in the potential window of − 1.0 
to 0 V/SCE. The specific capacitance (Cs) of material is 
obtained from CV curves using the following formula:

where Cs is the specific capacitance in  Fg−1, m is the 
deposited mass on 1-cm2-area substrate, v is the scan rate, 
(Vmax − Vmin) is the active potential applied and I(v) is the 
current response of material.

The increment in current response with the scan rate 
depicts capacitive behavior. The specific capacitance (Cs) 
composite electrode decreases with increasing scan rate 
as shown in Fig. 4c. The decreased capacitance at higher 
scan rate is attributed to the incomplete utilization of the 
active electrode sites due to the limited time domain. 
A good cycling stability is a very important factor for 
supercapacitor application. The long cycling stability of 
composite electrode was studied in 1 M Na2SO4 electro-
lyte at 100 mV s−1 scan rate. Figure 4d exhibits capacitive 
retention of composite electrode for increasing cycles, 
and it shows up to 94% capacitance retention after 1000 
CV cycles. Inset shows CV curves recorded at different CV 
cycles. During the charge/discharge process, Na+ ions 
from the electrolyte were involved in the charge storage 
process of lanthanum sulfide/graphene oxide compos-
ite electrode. The reversible redox reactions by means 
intercalation/deintercalation of Na+ ions is dependable 
for charge storage at composite electrode. The reaction 
mechanism is as follows: 

(1)Cs =
1

mv
(

Vmax − Vmin

) ∫
Vmax

V
min

I(v)dv

(2)La5S7 + xH
+ + YNa

+
↔ La5S7OHX

Na
Y
+ (X + Y)e−

Fig. 3   Contact angles of a GO, b lanthanum sulfide and c composite thin films
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Fig. 4   a CV curves of GO, lanthanum sulfide and composite elec-
trodes at 5  mV  s−1 scan rate, b CV curves of composite electrode 
at different scan rates, c variation of specific capacitance Vs scan 
rate of GO, lanthanum sulfide, and composite electrode and d 

capacitive retention of  composite  electrode  for 1000 CV cycles at 
100 mV s−1 scan rate with respect to cycle numbers and inset dis-
plays CV curves of composite electrode at different cycles in 1  M 
Na2SO4 electrolyte

Fig. 5   Galvanostatic charge–discharge curves of a GO, b lanthanum sulfide and c composite electrodes at 0.9, 1 and 1.2 mA cm−2 current 
densities, respectively
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The galvanostatic charge/discharge curves of GO, lan-
thanum sulfide and composite electrodes are obtained 
at current densities of 0.9, 1 and 1.2 mA cm−2, respec-
tively, in the potential range − 1 to 0 V/SCE. The charge/
discharge study showed the sudden potential drop in 
discharge curve for GO, lanthanum sulfide and compos-
ite electrodes due to the internal electrode resistance 
drop. All GCD curves in Fig. 5a–c show the nonlinear 
shapes.

Electrochemical impedance spectroscopy (EIS) tech-
nique is used for GO, lanthanum sulfide and composite 
electrodes studies in 1 M Na2SO4 electrolyte. The power 
output capability of supercapacitors strongly depends on 
the impedance of the electrode. The total impedance of 
the supercapacitor consists of electronic and ionic contri-
butions. The previous is related to the intrinsic electronic 
resistance of the electrode particles and the interfacial 
resistances of particles-to-particles and particles-to-
current collector. The second one is associated with the 
electrolyte resistance in the pores and the ionic (diffusion) 
resistance of ions moving in the small pores. The poros-
ity of electrode results in the distorted semicircle in the 
high-frequency region and a vertically linear point in the 
low-frequency region. The high-frequency intercept of the 
semicircle on the real axis yields the solution (electrolyte) 
resistance (Rsol), and the diameter of the semicircle yields 
the charge transfer resistance (Rct) over the interface 
between the electrode and electrolyte.

The electrolyte for the three electrodes is totally identi-
cal. Nyquist plots in Fig. 6b of GO, lanthanum sulfide and 
composite electrodes in 1 M Na2SO4 solution in the fre-
quency region of 100 kHz to 100 mHz at 10 mV AC ampli-
tude show the resolved part of semi-arc. The small charge 
transfer and series resistances are due to the combina-
tion of lanthanum sulfide with GO sheets. GO electrode 
showed almost vertical line in the low-frequency region 

representing the preferred capacitive behavior. A small 
semicircle arc is found for lanthanum sulfide and com-
posite electrode in middle-frequency region. The series 
resistance (Rs: 1.1 Ω cm−2) and charge transfer resistance 
(Rct: 2.4 Ω cm−2) are estimated for composite electrode. 
The Nyquist clearly demonstrates that the composite elec-
trode provides easier way (less resistance) for intercala-
tion and deintercalation of charges compared to GO and 
lanthanum sulfide and also offers compact bonding with 
stainless steel electrode.

4 � Conclusions

In this work, GO, lanthanum sulfide and lanthanum sulfide/
GO composite electrodes are successfully deposited by 
chemical methods. The pseudocapacitive behavior of GO, 
lanthanum sulfide and composite electrodes is studied in 
1 M Na2SO4 electrolyte. The composite electrode showed 
higher specific capacitance than GO and lanthanum 
sulfide due to the higher redox activity of composite elec-
trode. The highest specific capacitance obtained for com-
posite electrode is 312 F g−1 at a 5 mV s−1 scan rate. The EIS 
measurement shows that composite electrode provides 
low impedance compared with other two electrodes.
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Fig. 6   a Nyquist plots of GO, lanthanum sulfide and composite electrodes and b magnified Nyquist plots of these electrodes
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