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ABSTRACT 

Silicon solar cells play a dominant role in the photovoltaic market. However, their manufacturing process is 

quite expensive and involves complex processes. Therefore, new materials are intensively explored for the 

aim of potentially higher efficiency and lower cost solar cells.  

ZnMgO alloy is a very promising transparent conductive oxide layer and which acts as front layer as well 

as an anti-reflective coating in silicon solar cells reducing costs and complexity of process. 

Numerical simulation using the SCAPS-1D software enables to find the optimized parameters of p-

Si/ZnMgO hetero-junction in comparison with the structure comprising ZnO front layer. Even with the effect of 

stress caused by the high lattice mismatch at the ZnMgO/Si interface, our calculations show a conversion 

efficiency of 16.57%. Introduction of a thin layer of hydrogenated amorphous silicon improves the cell output 

performance to 17.14%. 

 

 
1. INTRODUCTION 

The main energy sources used today are fossil 

fuels, which represent more than 80% of current 

global primary energy demand, but their increasing 

consumption has led to serious environmental 

pollution and global warming [1, 2]. Solar energy, 

which is totally inexhaustible and sustainable has a 

double benefit:  environmentally friendly and low 

cost energy sources [3, 4]. Since 2000 to 2013, the 

mean annual installation of solar panels increased 

by 48% [5]. 

Silicon-based solar cells play dominate role in 

production technology for electricity from sunlight 

[6]. They are prepared from either multicrystalline 

(mc-Si), crystalline (c-Si) or amorphous (a-Si) 

silicon substrates. The best silicon solar cell, 

developed by Kaneka Corporation, is able to 

achieve a conversion efficiency of 26.7% [7, 8]. 

However, the cells with best performance requires 

a very high cost and complicated processing 

techniques to reduce cost and improve the 

manufacturing process. Recently, major work has 

been proposed to produce low cost devices using 

thin film technology [9, 10]. Recent research shows 

that the use of a transparent conductive oxide 

(TCO) on the front face with the silicon substrate 

facilitates the transport of charge carriers from the 

active layer to the metallic contact [11]. Among 

several TCO materials available, ZnO that is still 

under development has become a suitable front 

layer material due to the better optical and 

electrical properties [12]. 

The use of the ZnMgO alloy as TCO will further 

improve performance. Indeed, at low 

concentrations of Mg, ZnMgO has similar 

properties to ZnO with the advantage of being able 

to adjust the band gap with different levels of Mg 

content. The increase of Mg content increases the 

band gap from 3.2 to 3.9 eV. With a wider band 

gap, more incident light in the short wavelength 

region can be absorbed in the absorber layer. 

Furthermore, the interface between the front and 

absorbent layers can be adjusted appropriately by 

https://doi.org/...
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adjusting the Mg / (Zn + Mg) ratio thus creating an 

optimal band alignment, which improves the 

transport of charge carriers [13].  

2. DEVICE SIMULATION DETAILS 

This new model of Si-based single heterojunction 

solar cells is modelled using the simulator SCAPS-

1D (Solar Cell Capacitance Simulator - version 

2.9.4) developed at the University of Gent [14]. It is 

based on the numerical resolution of the basic 

semiconductor device equations: Poisson equation 

as well as the hole and electron continuity 

equations, completed with appropriate boundary 

and limit conditions. 

The parameters of each material used in the 

numerical simulation are presented in table 1. They 

have been carefully selected, based on data 

extracted from either experimental or other 

published values [15-17]. All numerical simulations 

for this work uses a surface recombination velocity 

of 107cm/s, which corresponds more or less to the 

thermal agitation speed of the electrons [18]. 

AM1.5G illumination spectrum (incident light power 

1000 W/m2) was used as the incident light source 

based on the standards of the American Society for 

Testing and Materials (ASTM). The operating 

temperature was set to 300K. 

ZnO front layer presents a disadvantageous 

lattice mismatch (> 40%) at the interface between 

ZnO and Si(100) which leads to high interfacial 

defect density (5x1014 cm-2). When replacing ZnO 

by a Zn1-xMgxO alloy, the lattice constant of a-axis 

in the Zn1−xMgxO increases slightly with increasing 

Mg content, which slightly decreases the lattice 

mismatch at the Si/Zn1-xMgxO interface. 

This study was carried out for low Mg 

concentrations. Therefore, a slightly lower 

interfacial defect density was considered (1x1014 

cm-2). 

3. RESULTS AND DISCUSSION  

Several studies show that ZnO grown on Si is 

one of the inexpensive alternatives that can act 

both as an active n layer and as anti-reflection 

coating [16]. However, the poor lattice mismatch 

and high conduction band offset at the Si/ZnO 

interface are known to degrade the performance of 

cells. 

Table 1. Baseline Values of Physical Parameters. 

 

Material properties p-Si i-a-Si n-ZnO n-Zn1-xMgxO 

Layer Thickness (nm) 2.00E+5 5 2.00E+2 2.00E+2 

Relative permittivity  ε/ε0 11.90 11.90 7.80 8.75 

Electron mobility µn (cm2/V.s) 1.04E+3 20 1.00E+2 1.00E+2 

Hole mobility µp (cm2/V.s) 2.5 E +1 5 2.50 E +1 2.50E +1 

Acceptor concentration (1/cm3) 2.0E+16 0 0 0 

Donor concentration (1/cm3) 0 0 1.0E+19 1.0E+19  

Effective density of state Nc (1/cm3) 2.8E+19 1.00E+20 2.22E+18 2.22E+18 

Effective density of state Nv (1/cm3) 1.04E+19 1.00E+20 1.8E+19 1.8E+19 

Band gap Eg (eV) 1.12 1.72 3.3 3.208+1.509x 

Electron affinity  (eV) 4.05 3.9 4.5 4.6+0.16-1.056x 
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Replacing ZnO by ZnMgO provides a significant 

improvement in the band alignment at the p-n 

heterojunction and a slight decrease in lattice 

mismatch thanks to appropriate adjustment of the 

Mg concentration of ZnMgO ternary alloy. 

A comparative study of both structures has 

been carried out. Figure 1 presents the I-V curve of 
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Figure 1. I-V curve of Si/ZnO compared to Si/ Zn0.8Mg0.2O.    
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Figure 2. Band gap and electronic affinity as a function of the Mg content of ZnMgO. 
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Si/ZnO compared to Si/ZnMgO with 20% Mg. The 

results show almost similar Jsc values but the open-

circuit Voltage (Voc=635.1 mV) is lower than that of 

the Si/ZnMgO structure (Voc=655.0 mV) which 

leads to a relative lower conversion efficiency (η= 

16.10%), compared to 16.57% for Si/ZnMgO.   

The effect of conduction and valence band 

offset (CBO, VBO) at the interface of ZnMgO/Si 

layers on output performance, have been 

theoretically studied. In fact, the optimization of the 

conduction/valence band offset in Si-based solar 

cells makes it possible to reduce the recombination 

of charge carriers. 

The electron affinity () and bandgap (Eg) 

variation of ZnMgO as a function of the Mg content 

is shown in figure 2. These values have been 

chosen based on literature where ZnMgO is used 

as a window layer in CIGS-based solar cells [19]. 

To keep the wurtzite phase, one should 

consider an Mg content below 30%. This is 

because of several experimental studies have 

argued that it can be considered as an upper limit 

due to the thermodynamic solubility limit of MgO in 

ZnO which is caused by precipitation of the 

secondary phases [20]. 

Variations of CBO and VBO at interface 

between Si and ZnMgO depending on the alloy 

composition are shown in figure 3. 

The presence of a band offset in the form of a 

"spike" or a "cliff" results in an increase in the 

recombination current at the interface thus inducing 

a reduction in the conversion efficiency. This band 

offset is strongly influenced by the width of the 

bandgap and the electronic affinity of ZnMgO and 

Si. These two parameters are controlled by the Zn 

/ Mg ratio. 

The discontinuity in the conduction and valence 

band edges are given by: 

∆𝐸𝑐 = 
Si

− 
ZnMgO

                                         (1) 

∆𝐸v = 
ZnMgO

− 
Si

+ (𝐸𝑔 ZnMgO − 𝐸𝑔 Si ) (2) 

 

Where ∆Ec, ∆Ev are conduction and valence 

band edge discontinuities,  is electron affinity. 

Figure 4 shows the detailed effects of Mg 

content on cell performance parameters. At the low 

concentration of Mg, Voc, fill factor (FF) and short 

circuit current (Jsc) increase depending on the 

composition of the alloy and then remains almost 

stable beyond x = 40%. The optimum Mg 

concentration is found at 20%.  

 

 

Figure 3. Band alignment at the Si/ Zn1−xMgxO interface with different Mg concentration. 
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Although the CBO has a good band alignment, 

a slight degradation of performance is obtained 

beyond 25% due to the large VBO caused by 

widening of the bandgap of ZnMgO. The inclusion 

of a lower passivation layer using intrinsic silicon 

(i:a-Si) between Si and ZnMgO improves interface 

quality. Its optimal bandgap between the two 

hetero-interfaces can slow down the photon-

generated carrier recombination and induces a 

higher Voc and Jsc, hence improved efficiency. 

Table 2 summarizes the output performance of 

the Silicon solar cells with the different layers 

investigated in this work. similar efficiencies have 

been obtained for silicon structures with TCO layer 

[21]. 

 

 

 

Figure 4. Performance of Si/ Zn1−xMgxO cell with different Mg concentrations: 
(a) short circuit current , (b) open circuit voltage, (c) fill factor FF and (d) Conversion efficiency. 
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Table 2. The simulated output performance for different structures. 

 

Structure Voc(mV) Jsc(mA/cm2) FF (%) η (%) 

Si/ZnO  635.1 33.11 76.57 16.10 

Si/ZnMgO  655.0 32.54 77.57 16.57 

Si/i-a-Si/ZnMgO 665.7 33.12 77.78 17.14 
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4. CONCLUSION 

In summary, a comparative study of ZnO and 

ZnMgO front layers in Si-based solar cells have 

been analysed using Capacitance Simulator 

SCAPS-1D. The Mg content effect on conduction 

and valence band offset at the interface of 

ZnMgO/Si layers has been theoretically analysed. 

For a Mg concentration of 20%, the results 

demonstrate an optimal performance and an 

improvement relative to the pure ZnO. Cell 

performance is also closely related to interface 

defect states. The introduction of a thin intrinsic 

amorphous silicon layer significantly improves the 

cell output performance to 17.54%. 
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ABSTRACT  

The use of microwave energy to sinter ceramic materials offers benefits compared to conventional sintering 

methods. Some of the benefits regarding less time consumption, achieving high heating rates and saving 

energy. The hybrid microwave sintering because of its advantages is a method of wide interest for improving 

the microstructure of sintered materials. In this study, the goal was to investigate the influence of the hybrid 

microwave sintering on the properties of alumina ceramics, which contain a considerable amount of waste 

alumina powder. The study was limited to hybrid microwave sintering of alumina green bodies in which the 

grain growth and densification were characterized. The waste alumina powder, which is generated during 

machining of alumina green compacts and high-purity (99.9 %) alumina powder, were used as starting 

materials. The alumina green bodies were obtained by the slip casting process. The dried green samples were 

then sintered by using a hybrid microwave furnace. The used hybrid microwave sintering atmospheric furnace 

consists of a 2.45 GHz microwave generator with a continuously adjustable power output from 0 to 3 kW and 

external heating elements. The sintered samples with the addition of waste alumina powder were showing 

higher density values, slightly smaller grain size, and higher linear shrinkage in comparison with the samples 

made of pure alumina powder. The observed microstructure for both samples was uniform with the average 

grain sizes smaller than 2 microns as a consequence of a hybrid microwave sintering. 

 

 
1. INTRODUCTION 

Sustainable development strategies of developed 

countries include the implementation of 

environmentally-friendly measures in terms of 

affecting production processes and efficient uses of 

the resource, as well as the generation and 

management of waste. The transformation of this 

waste into valuable materials is emerging as a 

possible solution to reduce environmental 

pollution. The reuse of recovered waste generated 

from the manufacturing processes involves the 

need for recycling as secondary raw materials [1-

3]. This strategy is promoted by the recent Directive 

of the European Parliament and the Council on 

Waste (European Directive 2018/851) [4]. During 

the machining of the ceramic green body, a certain 

amount of waste ceramic powder is generated, 

which remains unused. Besides, the waste ceramic 

powder should be disposed of as non-hazardous 

waste in a legally prescribed manner. 

Alumina ceramics are interesting materials for 

researchers due to their excellent properties like 

high hardness, thermal, and chemical stability [5]. 

In recent years, continuous development can be 

observed in technologies of production of high-

density sintered materials. A clear tendency exists 

in the research of methods, which use various 

dopants or sintering additives and require lower 

sintering temperatures and shorter process times 

[6]. In particular, magnesium oxide (MgO) is the 

most studied additive [7-9]. Various alternative 

additives have also been investigated to refine 

alumina ceramics microstructure by changing their 

composition, such as the addition of manganese 

oxide [10, 11], titan oxide [12, 13], graphene oxide 

[14-16], and many others. 

https://doi.org/10.34624/nmse.v2i4.21069
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Microwave sintering (MWS) has been studied 

as an alternative to conventional sintering to rapidly 

sinter and improve ceramic properties. During 

microwave heating, the energy is directly 

transferred to the material which couples with the 

electric field. Consequently, the material is self-

heating from the interior, which allows rapid heating 

with suppressed grain growth. The microwave 

sintering has disadvantages such as the formation 

of a temperature gradient between the surface and 

core of heated materials with the low microwave 

dielectric loss. The poor microwave absorption 

occurs in some ceramic materials, including 

alumina ceramics (Al2O3). During microwave 

sintering of such ceramic materials, the thermal 

instabilities resulting in catastrophic overheating of 

the sintered sample were noticed [17-19]. 

However, these disadvantages can be 

overwhelmed by using hybrid microwave sintering, 

where direct microwave heating is combined with 

radiant (infrared) heating. In this way, the sample 

with low dielectric loss can be heated up to a 

temperature where it will begin to sufficiently 

absorb the microwaves. Also, uniform heating is 

achieved throughout the core and surface of the 

sample because the thermal gradients are 

significantly reduced. Based on these reasons, 

microwave hybrid sintering technique was 

proposed as a possible solution for microwave 

sintering of alumina ceramics [20-22]. 

In this study, the results of hybrid microwave 

sintering of alumina ceramic material which 

contains a considerable amount of waste alumina 

powder are presented. The optimal sintering 

conditions were determined by applying the Box-

Behnken design. For the optimal conditions the 

final linear shrinkage, density, and microstructure 

characteristics were determined. Furthermore, the 

final densities, linear shrinkage, and 

microstructures of alumina samples prepared from 

commercial alumina powder were compared to the 

samples with the addition of waste alumina 

powder. The goal of this study was to investigate 

the possibility of recovering a non-hazardous waste 

alumina powder as secondary raw material in 

ceramic manufacturing processes, as an attempt to 

contribute to the sustainable development in terms 

of safe reuse of industrial waste.  

2. MATERIALS AND METHODS 

The components used in the study were 

commercially available Al2O3 (Alcan Chemicals, 

USA) with a chemical purity of 99.9% and the 

average particle size of 300-400 nm, waste 

(secondary) alumina powder which is obtained 

after green machining in factory production of 

ceramics. A commercial dispersant Tiron (4,5-

dihydroxy-1,3-benzenedisulfonic acid disodium 

salt monohydrate) manufactured by Sigma-Aldrich 

Chemie GmbH, Germany was used to stabilize 

 

 

Figure 1. Process flow chart for sample preparation. 
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highly concentrated alumina suspensions [23]. The 

binder PVA manufactured by Sigma-Aldrich 

Chemie GmbH, Germany [24] was added to the 

ceramic suspension in order to improve the 

strength of the green bodies. Magnesium spinel 

(magnesium aluminate oxide) manufactured by 

Alfa Aesar, USA was used to inhibit the abnormal 

alumina grain growth during the sintering process 

of alumina green bodies [25]. 

The alumina samples were prepared through 

the procedure shown in Fig. 1. The mixture of dry 

alumina powders was prepared by mixing 20 wt.% 

of waste alumina powder versus 80 wt.% of high-

purity alumina powder expressed on a dry weight 

basis of alumina powders. The solution of PVA – 

poly (vinyl alcohol) was prepared by dissolving the 

0.1 wt.% of PVA in deionized water heated up to 80 

°C. Afterwards, 0.05 wt.% of dispersant Tiron and 

0.2 wt.% of magnesium aluminate spinel were 

mixed with the prepared solution and added into 

the grinding jar of the planetary ball mill PM 100 

(Retsch GmbH, USA). Next, the previously 

prepared mixture of dry alumina powders was 

placed into the grinding jar of the planetary ball mill 

with ten alumina balls used for the suspension 

homogenization. The homogenization lasted for 90 

minutes at a speed of 300 rpm to make a 

suspension with a solids content of 70 wt.%. 

Alumina balls were separated from the suspension 

after the homogenization using a strainer (opening 

2 mm). The suspension underwent an ultrasonic 

treatment for 15 min in an ultrasonic bath – 

BRANSONIC 220 (Branson Ultrasonics Corp., 

USA) to remove the air bubbles and achieve better 

homogeneity. 

Finally, prepared suspensions were cast in 

gypsum molds (21x21x21 mm3) to prepare green 

alumina samples. In terms of comparison, the 

same experimental procedure was used to obtain 

pure alumina green samples just without the 

addition of waste alumina powder. 

After drying, the green alumina samples were 

additionally cut into smaller pieces and sintered via 

a hybrid microwave furnace. The schematic 

diagram and photograph of the hybrid microwave 

furnace are given in Fig. 2., which was designed 

and made by OVER industrijska elektronika d.o.o., 

Kerestinec, Croatia. 

The used hybrid sintering atmospheric furnace 

consists of a 2.45 GHz microwave generator with a 

 

 

Figure 2. The schematic diagram (a) and photograph of the hybrid microwave furnace (b). 
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continuously adjustable power output from 0 to 3 

kW and external (around the inner wall of the 

furnace) molybdenum disilicide heating elements. 

Temperature control is performed employing a 

thermocouple, which was positioned 1 cm from the 

sintered sample in order to avoid possible electric 

discharge at elevated temperatures. The furnace 

chamber was made of silicon carbide, which is 

commonly used as a susceptor material because 

of its excellent dielectric loss and oxidation 

resistance. By applying the Box-Behnken design 

the optimal sintering conditions were investigated. 

The input power of magnetron from 1 to 2 kW, 

sintering temperature from 1550°C-1650°C, and 

dwell time from 2-4 hours were monitored. The 

cooling rate of the samples in the furnace chamber 

was not controlled. After sintering and cooling, the 

microstructure analysis of the polished surface of 

sintered samples was conducted by a Tescan 

Vega scanning electron microscope (SEM). For 

determining the average grain size, the line 

intercept method was used. The bulk density of the 

samples was measured by using Archimedes 

principle by immersing in distilled water. The 

theoretical density of alumina for calculation of 

relative densities was taken as 3.98 g cm-3. 

3. RESULTS AND DISCUSSION  

In order to determine the optimal sintering 

conditions for alumina samples by using the 

experimental hybrid microwave furnace, the Box-

Behnken design was applied.  

The value range of each sintering factor was 

determined according to preliminary tests. The 

investigated range of sintering temperature was set 

from 1550 to 1650°C; the range of input power 1-2 

kW; the range of holding time 2-4 hours. By 

combining the 3 factors at 3 levels a total sum of 15 

experiments in randomized order, as per Design 

Expert® software, Box-Behnken response surface 

design was developed. The corresponding 

response, the density of each sintered sample was 

measured (Table 1). Then the response surface 

method was used to find out the optimal value of 

each factor to obtain maximum density. 

By studying the ANOVA data (Table 2) the 

higher model F-value (34.35) and the associated 

lower p-value (p=0.0002) demonstrated that the 

polynomial regression model was suitable to 

determine the optimum sintering conditions of 

alumina ceramic samples, which contain 20 

dwb. % waste alumina powder (expressed on dry 

weight basis dwb. %). The p-values less than 

0.0500 indicate model terms are significant. In this 

case sintering temperature (A), holding time (B), as 

their interactions (AB, AC, BC, B², C²) were 

Table 1. Box-Behnken design and experimental data. 

 

Run 
Factor A: 

Temperature, °C 

Factor B: 

Holding time, 

h 

Factor C: 

Input power, 

kW 

Response: 

Density, 
3g/cm 

Predicted: 

Density, 
3g/cm 

1 1650 3 1 3.850 3.846 

2 1600 3 1.5 3.857 3.859 

3 1650 4 1.5 3.810 3.812 

4 1600 2 1 3.841 3.843 

5 1550 4 1.5 3.851 3.849 

6 1550 3 1 3.845 3.844 

7 1600 4 1 3.807 3.810 

8 1600 2 2 3.827 3.824 

9 1600 3 1.5 3.860 3.859 

10 1550 3 2 3.846 3.851 

11 1600 4 2 3.819 3.816 

12 1650 3 2 3.825 3.826 

13 1600 3 1.5 3.862 3.859 

14 1650 2 1.5 3.856 3.858 

15 1550 2 1.5 3.844 3.843 
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significant. The remaining variable, input power of 

magnetron (C) showed negligible effect on the 

achieved density values according to high p-value 

(p>0.05). High R2 (0.979), adjusted R2 (0.950), and 

smaller predicted R2 (0.800) values indicate that 

the variation could be accounted for by the data 

satisfactorily fitting the model. Because of the 

higher difference between predicted R2 and 

adjusted R2 the model was tested by doing 

confirmation runs. 

By applying multiple regression analysis on the 

experimental data, the following reduced quadratic 

equation is obtained which describes the 

relationship between the dependent and the 

independent variables: 

 

Y (density,
g

cm3
) = +1.19734+0.001072*A 

+0.506298*B+0.579346*C-0.000265*A*B 

-0.000260*A*C+0.013000*B*C 

-0.018654*B²-0.069615*C² 

(1) 

 

where A is sintering temperature (°C), B is holding 

time, and C is the input power of magnetron (kW). 

Table 2. ANOVA. 

 

Source 
Sum of 

Squares 
df Mean Square F Value 

p-value 

Prob > F 

Model 0.0045 8 0.0006 34.35 0.0002 

A-

Temperature 

0.0003 1 0.0003 15.61 
0.0075 

B-holding time 0.0008 1 0.0008 50.59 0.0004 

C-Power 0.0001 1 0.0001 5.21 0.0625 

AB 0.0007 1 0.0007 43.32 0.0006 

AC 0.0002 1 0.0002 10.42 0.0179 

BC 0.0002 1 0.0002 10.42 0.0179 

B² 0.0013 1 0.0013 79.72 0.0001 

C² 0.0011 1 0.0011 58.97 0.0006 

Residual 0.0001 6 0.0000   

Lack of fit 0.0001 4 0.0000 3.34 0.2435 

Pure Error 0.0000 2 6-6.333×10   

Cor Total 0.0046 14  2R 0.9786 

Std. Dev. 0.0040   2Adjusted R 0.9501 

Mean 3.84   2Predicted R 0.8001 

C.V. % 0.1049   Adeq. Precision 15.8499 

 

 

 

Figure 3. a-c) represents the response surface plots (3D) showing the effects of sintering parameters on 
the response density of sintered samples: a) fixed value of input power at 1.5 kW, b) fixed value of 

holding time at 3h, c) fixed value of sintering temperature at 1600 °C. 
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The criteria for optimization were set to 

maximize the density of sintered samples while 

keeping the independent variables in the 

investigated range. Based on Equation 1, multiple 

solutions were generated, where the ramp solution 

showed desirability of 1. Also, the obtained 

equation was used to calculate the predicted 

density values in Table 1. The determined optimum 

values were as follows, the sintering temperature 

of 1550°C, holding time in the duration of 2 hours, 

and the input power of 1.5 kW. 

The determined optimal sintering conditions 

were tested by doing confirmation runs, which is 

usual practice for the empirical models. A total of 

60 samples were sintered at optimal sintering 

conditions. More precisely, 30 samples with 

addition (20 dwb. %) of waste alumina powder and 

30 samples without waste addition were sintered. 

After the sintering, linear shrinkage and density 

values were compared. 

The determined linear shrinkage (Table 3), 

considering all three dimensions of sintered 

samples, is 7.69±3.31% for the pure alumina 

samples and 8.13±2.26% for waste alumina 

samples. The slight difference in the linear 

shrinkage can be explained by organic sintering 

additives, which are present in the waste alumina. 

The organic components are removed during 

sintering, which results in higher shrinkage of 

sintered samples containing waste alumina.  

The obtained density values before and after 

sintering are shown in Table 4. The determined 

density for the green samples is considerably lower 

than the density after the sintering process. The 

higher density values after sintering are a 

consequence of consolidating alumina particles 

during the sintering process. The density of green 

samples that contain waste alumina is higher than 

the density of samples without the addition of waste 

alumina powder. This difference also can be 

explained by sintering additives already present in 

waste alumina powder. Specifically, binders 

because their presence enhance the density of the 

green ceramic samples. The density after sintering 

remained higher for samples that contain waste 

alumina. Also, the calculated relative density 

suggests the presence of pores. The obtained 

relative density was 96.58±0.71% for samples with 

the addition of waste alumina powder and 

94.53±0.78 respectively for pure alumina samples. 

The examined microstructure of the polished 

surface showed small, irregularly shaped alumina 

Table 3. The linear shrinkage of sintered samples. 

 

 Total number Dimensions Shrinkage, % 
Standard 

deviation 

Pure alumina 

30 a 7.59 2.83 

30 b 7.49 2.95 

30 c 8.03 4.08 

20 dwb. % of 

waste 

alumina 

30 a 9.24 1.93 

30 b 8.03 2.25 

30 c 8.53 2.56 

 

Table 4. The obtained density values before and after sintering. 

 

 Total number 

3Density, g/cm 

(before 

sintering) 

Standard 

Deviation 

3Density, g/cm 

(after sintering) 

Standard 

Deviation 

Pure alumina 30 2.273 0.189 3.762 0.031 

20 dwb. % of 

waste 

alumina 

30 2.397 0.103 3.844 0.028 
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grains. The sample with the addition of waste 

alumina powder (Figure 4.b) showed a slightly 

smaller average grain size (0.92±0.68) in 

comparison with the pure alumina sample 

(1.02±0.68) as depicted in Figure 4.a). In general, 

the obtained average grain size for both 

compositions are smaller than 2 microns, which is 

a result of hybrid microwave sintering. 

4. CONCLUSION 

After the hybrid microwave sintering, the 

characterized samples with the addition of 20 

dwb. % waste alumina powder exhibited slightly 

higher density values, smaller grain size, and 

higher linear shrinkage compared to samples 

prepared with pure alumina powder. The highest 

relative density was 96.58±0.71% for samples with 

the addition of waste alumina powder and 

94.53±0.78 respectively for pure alumina samples, 

which can be explained by the fact that alumina is 

a very poor microwave absorber. The average 

grain size was smaller than 2 microns for both 

observed compositions. The smaller grain size can 

be explained by the fact that the rapid heating of 

the microwave prevented grain size growth. The 

linear shrinkage was 7.69±3.31% for the pure 

alumina samples and 8.13±2.26% for waste 

alumina samples. The slight difference in the linear 

shrinkage can be explained by organic sintering 

additives, which are present in the waste alumina 

powder. The burned organic components during 

sintering resulted in higher shrinkage of sintered 

samples containing waste alumina. 
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ABSTRACT  

Here, we present the development and performance of a nanocomposite photocatalyst based on titanium 

dioxide (TiO2) and reduced graphene oxide (rGO). The material was prepared using a direct sol-gel method, 

followed by hydrothermal treatment. Different experimental conditions, such as time and temperature during 

the synthesis, were investigated with the aim to optimize photocatalytic degradation. The influence of the 

preparation conditions on the physicochemical properties of the synthesized powders was established by 

different characterization methods such as Scanning Electron Microscopy (SEM), and Raman spectroscopy. 

The effectiveness of the synthesized photocatalysts was examined through the photodegradation of caffeine 

under simulated sunlight irradiation. The influence of synthesized parameters on the TiO2/rGO performance 

for the photodegradation of pharmaceutical caffeine was monitored by UV-Vis spectroscopy. 

The obtained results show that the photocatalytic properties of the prepared TiO2/rGO composites depend 

on different experimental parameters of their synthesis procedure, such as time and temperature. The 

TiO2/rGO_6/400 composite presents a very efficient photo-degradation of caffeine by simulated sunlight 

irradiation, resulting in an efficiency of 95% within 90 minutes. 

 

 
1. INTRODUCTION 

At the beginning of the 21st century, mankind has 

to face the problem of unavailability of water as an 

important threat, due to the loss of the balance 

between the quantity and quality of this important 

resource. The ubiquitous pollutants such as drugs, 

pesticides, personal care products, and organic 

dyes, also known as emerging organic pollutants 

(EOP) have become a matter of increasing 

concern. They have raised considerable worries 

due to their frequent occurrence in drinking water, 

groundwater, and surface water, although in very 

low concentrations [1,2].  

High concentrations of Caffeine (C8H10N4O2, 

CAF) can be found in natural sorts, such as cacao 

seeds and coffee beans, and also in processed 

products (e.g. coffee, energy drinks, chocolates, 

and tea) [3–5]. The pharmaceutical industry is 

using CAF as an elementary compound for 

producing a variety of drugs that are used in 

medical therapy. Caffeine is the most frequently 

detected pharmaceutical in the groundwaters, and 

surface waters worldwide. The CAF in aqueous 

solutions, which has a high-water solubility of more 

than 10.0 mg/L, has negative effects on the 

environment. It is toxic for living organisms and it 

has a high resistance to natural degradation [3,4]. 

Advanced oxidation processes represent a 

facile route to remove EOP from the water and 

wastewater environment. Among them, 

photocatalysis [6,7], photo-Fenton [8], and 

https://doi.org/10.34624/nmse.v2i4.21063
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ozonation [9] appears the most appealing. Within 

this study, we investigated factors affecting the 

photocatalytic degradation of caffeine under 

simulated sunlight irradiation. 

This study reports the photocatalytic 

degradation of CAF using TiO2/rGO composites. 

Apart from the synthesis factors (time and 

temperature) affecting the photocatalytic 

degradation, an important aspect of this research 

was to understand how to synthesize the GO and 

TiO2/rGO composites. 

2. METHODS 

2.1. Chemicals and Reagents 

 

Commercially available natural graphite flakes 

(particle size ≤ 50 μm) and titanium (IV) 

isopropoxide (Ti(C3H5O12)4, TTIP, 97%) were 

purchased from Sigma-Aldrich. Concentrated 

sulfuric acid (H2SO4, 95%-97%), and concentrated 

nitric acid (HNO3, ≥65%) were obtained from Fluka 

and Lab Expert, respectively. Concentrated 

hydrochloric acid (HCl, 37%), potassium 

permanganate (KMnO4), sodium nitrate (NaNO3), 

hydrogen peroxide (H2O2, 30% w/v), i-propanol 

(C3H7OH), acetylacetone (CH3(CO)CH2(CO)CH3) 

were supplied from Gram mol. The solutions with 

stated chemicals were prepared using ultrapure 

water (Millipore) obtained with a Direct-Q Millipore 

system. 

 

2.2. Synthesis of graphene oxide (GO) 

 

GO was synthesized by Hummer’s method [10]. 

Firstly, flake-like graphite powder (3 g) was 

dispersed in H2SO4 (69 mL) and NaNO3 (1.5 g) by 

magnetic stirring (30 min) at low temperature (0-5 

°C). Then KMnO4 (9.0 g) was dropwise added, to 

keep the reaction temperature lower than 20 °C. 

After addition, the mixture was heated to 35 °C and 

stirred for 30 min at which time water (138 mL) was 

slowly added. The process initiated an exothermic 

reaction, which gave rise to spontaneous heating 

to 98 °C. Additional heating was subsequently 

introduced to maintain the temperature at 98 °C for 

an additional 15 min, after which the reaction 

vessel was cooled down in a water bath. Additional 

water (420 mL) and 30% H2O2 (3 mL) were added 

one more time, resulting in another exothermic 

reaction. After the reaction mixture was cooled to 

room temperature, the resultant suspension was 

centrifugated at 3000 rpm for 10 minutes to remove 

remaining impurities and to isolate the graphite 

oxide (GO). GO was first washed with dilute HCl 

(10%) and then with deionized water several times 

to produce a slurry of GO with a neutral pH.  

 

2.3. Preparation of TiO2 sol (colloidal solution) 

 

TiO2 sol was prepared using titanium (IV) 

isopropoxide (TTIP) as a precursor, i-propanol 

(PrOH) as a solvent, acetylacetone (AcAc) as a 

chelating agent and nitric acid (HNO3) as a catalyst. 

The molar ratio of the reactants was: 

TTIP:PrOH:AcAc:HN = 1:35:0.63:0.015 [11]. 

 

2.4. Preparation of TiO2/rGO nanocomposites 

 

TiO2/rGO composites were synthesized by the in 

situ procedure, using the TiO2 colloidal sol 

prepared by the sol-gel route, which was 

hydrothermally treated in the presence of the GO 

substrates. The prepared slurry of GO was added 

into a colloidal solution of TiO2 sol and stirred for 1 

h until the liquid became a black-brown 

suspension. After that, the liquid was homogenized 

for 10 min in an ultrasonic bath. Subsequently, the 

suspension was transferred into a Teflon-lined 

autoclave and kept at 180 ℃ during the next 4 and 

6 hours. The containers were removed from the 

oven and cooled to ambient temperature. The 

synthesized nanocomposite was washed to neutral 

pH value with i-propanol and deionized water and 

dried in an oven at 60 ℃ for 1 h. Finally, the 

synthesized powders were calcinated at 300 ℃ and 

400 ℃ respectively. The obtained composites 

contained 5 wt.% of rGO and they were labelled 

TiO2/rGO_4/300,TiO2/rGO_6/400,TiO2/rGO_4/300

and TiO2/rGO_6/400. 

 

2.5. Characterization of photocatalyst 

 

The microstructural characteristics of the samples 

were obtained using scanning electron microscopy 

(SEM). Measurements were made with Jeol JEM-

2100 equipment. The crystalline phases of the 

synthesized composites were analyzed by Raman 

microscope (NT-MDT Spectra Il) using the Raman 

excitation energy at 633 nm. 
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2.6. Photocatalytic activity 

 

To test the photocatalytic activity of the prepared 

nanocomposites, 9 mg of the synthesized 

photocatalyst were dispersed in the 9 mL of 

caffeine solution (10 mg/mL) and irradiated with 

simulated solar light (lamp: ULTRA-VITALUX, 230 

V, 300 W, Osram) for 90 minutes. The degradation 

process was monitored by UV-Vis spectroscopy, 

taking aliquots at regular intervals (every 30 min). 

Each aliquot was centrifuged to remove the 

catalyst and, the resulting clear liquid was 

analyzed. The absorbance was recorded by a UV-

Vis spectrophotometer (Lambda 950 

Spectrophotometer, PerkinElmer) in the range 

from 200 to 400 nm using quartz cells with a path 

length of 10 mm. 

Before the photocatalytic test, the prepared 

suspensions were kept in the dark for 30 minutes 

to achieve the adsorption equilibrium. The 

adsorption process in the dark was also monitored 

by UV-Vis spectroscopy.  

3. RESULTS AND DISCUSSION  

3.1. Characterization of photocatalyst 

 

The representative morphologies of the 

synthesized GO and composites were evaluated 

by Scanning Electron Microscopy (SEM), as 

depicted in Fig.1. Fig.1A shows the SEM image of 

GO layers, indicating that GO is full of wrinkles and 

consists of thin layers. The size and the number of 

layers is similar to reported investigations [12,13]. 

The morphology of the composite photocatalyst is 

significantly different compared to pure GO. Fig. 1B 

represents the TiO2-rGO_6/300 composite. Small 

uneven agglomerates of TiO2 particles can be 

found growing out from the GO surface [13].  

The Raman spectra of synthesized materials 

are shown in Fig. 3. For both TiO2-rGO composites, 

the characteristic peaks of the anatase phase are 

present. These peaks are at 158.5 cm-1, 404.3    

cm-1, 519.5 cm-1, and 638.7 cm-1 for the sample 

TiO2-rGO_6/300, and 157.3 cm-1, 401.9 cm-1, 

521.7 cm-1, and 644 cm-1 for the sample 

TiO2/rGO_6/400. Individual peaks are attributed to 

Eg, B1g, A1g+B1g, and Eg Raman modes. The 

rutile phase is not present in the synthesized 

composites [14]. Furthermore, it can be clearly 

seen that the Raman spectra of synthesized 

composites show characteristic peaks of graphene 

materials, which correspond to the D and G band 

(Table 1). The vibrations of the D and G peaks in 

rGO materials were significantly shifted compared 

to pure GO material. The laser excitation energy is 

the reason for the changes in peaks position in 

materials [13]. In our investigation, a laser with a 

wavelength of 633 nm was used. The reason for 

shifting is also in the changes of the graphene 

structure. Explicitly the G band represents the sp2 

hybridization in C-C bonds and the intensity of the 

D band corresponds to the sp3 hybridization which 

is in this structure associated with structural defects 

on the boundary [15]. Since the absolute intensity 

is difficult to determine from a solid-state sample 

 

Figure 1. Synthetized graphene oxide slurry by Hummer's method. 
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the intensity ratios between D and G peaks are 

more informative. It shows that the number of 

defects grows gradually from graphene where it is 

expectedly the smallest, to the composite with 

TiO2, where the ratio is the highest, as shown in 

Fig. 3 and Table 1. 

The ratio of intensities between D and G bands 

is utilized to determine the crystal size parallel to 

basal planes (La), using the equation of Tuinstra 

  

Figure 2. SEM images of synthesized GO (left image), and TiO2-rGO_6/300 composite (right image). 

 

 

 

 

Figure 3. Raman spectra of (A) graphite, (B) graphene oxide (GO), (C) reduced graphene oxide (rGO), 
and (D) the respective TiO2/rGO nanocomposite. 

 



RESEARCH ARTICLE    Martina Kocijan et al. 

 

 
166 

Nanomaterials Science & Engineering                                                                                                        https://proa.ua.pt/index.php/nmse/ 

and Koenig, where the coefficient 38.5 is for 

measurements at 633 nm [16]: 

 

𝐿𝑎(𝑛𝑚) =  
38.5

𝐼𝐷 𝐼𝐺⁄
 (1) 

 

The La values are 55 nm for graphite, 34 nm for GO, 

31 nm for rGO, and 27 nm for TiO2/rGO as shown 

in Table 1. A lower La value demonstrates a 

decrease of sp2 domains in the prepared materials.  

 

3.2. Photocatalytic activity 

 

The change in the maximum absorption peak for 

caffeine versus the irradiation time under simulated 

sunlight is shown in Fig. 4A-D. The maximum of the 

Table 1. Raman intensity and shift for the prepared materials. 
 

Samples D-band, cm-1    ID G-band, cm-1     IG ID/IG La, nm  

Graphite 1327.8 405 1583.5 579 0.70 55  

GO 1348.0 139 1605.0 123 1.13 34  

rGO 1325.8 774 1590.5 631 1.22 31  

TiO2/rGO_6/300 1331.0 327 1595.5 235 1.39 27  

 

  

  

Figure 4. The absorption spectra for photo-degradation of caffeine as a function of irradiation interval in 
the presence of catalysts (A) TiO2/rGO_4/300, (B) TiO2/rGO_4/400, (C) TiO2/rGO_6/300, and (D) 

TiO2/rGO_6/400. 
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peak at 274 nm decreases with the longer 

irradiation time. The same trend can be observed 

for all four measured photocatalysts. 

The performance of different TiO2/rGO 

composites was evaluated based on the 

degradation of caffeine, shown in Fig. 5A. The 

degradation of caffeine was monitored through the 

change of its characteristic peak at 274 nm. Firstly, 

the adsorption in the dark was monitored for 30 

minutes and subsequently, photocatalytic 

degradation of caffeine under simulated sunlight 

irradiation was measured, up to 90 minutes. Upon 

reaching the adsorption-desorption equilibrium (30 

minutes), the irradiation source was turned on and 

the concentration of caffeine in the observed 

suspensions started to decrease, as seen in Fig. 

5A. Results indicate that the caffeine was photo-

degraded using the prepared TiO2/rGO 

composites, as displayed in Fig. 5B.  

The percentage of photoactivity of the 

synthesized photocatalysts, shown in Fig. 5C was 

calculated using the equation: 

 

 = 
𝐴0 − 𝐴𝑡

𝐴0
∗ 100% (2) 

 

where, η is the percentage of the caffeine 

degradation, A0 is the absorbance of the initial 

caffeine concentration (before irradiation) and At is 

the concentration of caffeine at time t, expressed 

as absorbance after irradiation at the determined 

time, t (min), during the whole photocatalytic 

process. 

The first-order rate constant is calculated by the 

slope of the straight line obtained from plotting 

linear regression of -ln(A/A0) versus irradiation 

time, t, as shown in Fig. 5D, and represented with 

the following equation [17]:  

 

𝐴𝑡  = 𝐴0 ∗ 𝑒−𝑘∗𝑡 (3) 

 

where, k (min−1) is the degradation rate constant, 

At is the absorption of caffeine at the time of the 

photocatalytic process and A0 is the absorption at 

the beginning of the experiment. 

 

  

 

Figure 5. (A) Time evolution of CAF concentration in the presence of the as-prepared catalysts in the 
dark and under simulated sunlight irradiation, (B) time evolution of relative CAF concentration using 

synthesized composites, (C) photocatalytic degradation of CAF in percentage at different time, (D) first-
order kinetic curves of the CAF degradation. 
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The half-life (t1/2) was calculated by the following 

equation [18]:  

 

𝑡1/2 = 
ln (2)

𝑘
 (4) 

 

Caffeine degradation efficiency increases from 

69%, 75%, 77% to 95% for TiO2/rGO_4/300, 

TiO2/rGO_4/400, TiO2/rGO_6/300, and 

TiO2/rGO_6/400, respectively, after 90 min under 

simulated sunlight irradiation, Fig. 5C 

In Table 2 the coefficient of determination (R2), 

the reaction rate constant (k×10-3), and half-life 

photo-degradation rate (t1/2) are collected. The 

reaction rate constant and half-life of degradation 

were calculated for the composites, assuming the 

photo-degradation process followed the first-order 

kinetics model. The coefficient of determination is 

very high, proving first-order kinetics for the 

photocatalytic degradations. The reaction rate 

constant and the half-life degradation rate of 

TiO2/rGO_4/300, TiO2/rGO_4/400, and 

TiO2/rGO_6/300 photocatalysts show slower 

removal of caffeine than TiO2/rGO_6/400 

photocatalyst, as depicted in Fig. 5A., the following 

was confirmed with constants in Table 2. 

 

4. CONCLUSION 

The GO was successfully prepared by Hummer’s 

method. The TiO2/rGO composites were effectively 

synthesized by exploring the two-step method that 

combines simple hydrothermal and calcination 

treatment. The successful synthesis of the 

composite was closely associated with the time of 

hydrothermal synthesis, and calcination 

temperature. Photocatalytic properties of powders 

were determined by the degradation of caffeine 

under simulated sunlight irradiation. 

These results show that the composites 

successfully synthesized with the proposed 

method can be used for the decomposition of 

caffeine by simulated sunlight. The TiO2/rGO 

composites can also be used as highly efficient and 

“green” photocatalysts in effluent water treatment if 

the surface is exposed to sunlight. 
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ABSTRACT  

The solid solutions Bi1-xSmxFeO3 with chemical composition across the morphotropic phase boundary region 

specific for rhombohedral - orthorhombic structural transition were investigated by X-ray diffraction, electron 

microscopy and magnetometry. Structural measurements showed a concentration driven transition from the 

single phase rhombohedral structure to the single phase nonpolar orthorhombic structure through the 

formation of antipolar orthorhombic phase which coexists with the rhombohedral phase in the compounds with 

x < 0.15 followed by a coexistence with nonpolar orthorhombic phase in the compounds with x <= 0.18. 

Application external pressure provides a stabilization of the orthorhombic phase, viz. the polar rhombohedral 

phase diminishes and transforms to the anti-polar orthorhombic phase, while the anti-polar orthorhombic phase 

transforms to the non-polar orthorhombic phase. Magnetic properties of the compounds subjected to external 

pressure demonstrate an increase in the magnetization of the compounds having dominant rhombohedral 

phase, wherein coercivity significantly increases, while the spontaneous magnetization remains nearly 

constant. 

 
1. INTRODUCTION 

Recently, the scientific community has seen 

widespread research focused on bismuth ferrite 

based materials [1,2,3]. Multiferroics based on 

BiFeO3 are widely studied due to the great 

variability of chemical substitution methods that 

allow controlling chemical and physical properties 

in a wide range [4, 5]. Compounds with chemical 

composition near the structural phase transitions 

are of particular interest as such materials can be 

extremely sensitive to external influences as 

pressure, magnetic field, etc. while chemical 

composition can be easily adjusted by chemical 

doping [6]. Multiferroics based on BiFeO3 showing 

single phase or coexistent antipolar orthorhombic 

phase are of the specific interest due to their 

reduced structural stability in the phase boundary 

region controlled by chemical doping with rare 

earth elements [7]. 

Chemical substitution of bismuth ions by 

samarium ions leads to the formation of a single-

phase antipolar orthorhombic phase in a narrow 

concentration range, up to 1% in the Bi1-xSmxFeO3 

ceramics prepared by solid state reaction method 

[8], which attracts special attention, since the 

https://doi.org/10.34624/nmse.v2i4.22603
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concentration range described for the structural 

stability of the antipolar orthorhombic phase 

becomes extremely dependent on the conditions of 

preparation and processing of samples after 

synthesis [7, 9]. When using rare earth elements 

with an ionic radius smaller than that characteristic 

for samarium, a direct structural transition occurs 

from the rhombohedral to the nonpolar 

orthorhombic phase [10, 11].  

This study shows a relationship between the 

type of structural distortions, the morphology of 

crystallites, and the appearance of remanent 

magnetization for Sm-doped BiFeO3 compounds 

obtained by the sol-gel method as prepared and 

subjected to high pressure (5GPa). The results 

obtained show the difference in concentration-

controlled phase transition observed for sol-gel 

powders having nanoscale crystallites, compared 

to the compounds having the same chemical 

composition after application of high pressure. 

2. EXPERIMENTAL  

Samples of Bi1-xSmxFeO3 compounds (х = 0.08, 

0.12, 0.16, 0.18, 0.20) were obtained by the sol-gel 

method from components Bi(NO3)3·5H2O, 

Fe(NO3)3·9H2O, Sm2O3, and ethylene glycol. 

Initially, Sm2O3 was dissolved in 50 ml of H2O, in 

which 2 ml of concentrated HNO3 were previously 

dissolved. The solution was heated to 80 ° C, the 

remaining compounds were added with constant 

stirring, after their dissolution, the solution was 

stirred for another 1 hour. After that, C2H6O2 was 

added in a 2: 1 ratio to metal ions, after which it was 

stirred for another 1 hour. The resulting solution 

was evaporated at 200 °C. The resulting gel was 

dried for 12 hours at a temperature of 150 °C. The 

resulting xerogel was ground in an agate mortar 

and then heated in an oven for 1.5 hours at a 

temperature of 800 °C. Part of the compound       

Bi1-xSmxFeO3 was left as a powder, other part was 

pressed into tablets at high pressure (HP) of 

5 GPa. X-ray diffraction patterns were recorded in 

the 2 thetta range of 20 - 60º with a step of 0.02º 

using Bruker D8 Advance diffractometer with       
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Figure 1. Room-temperature XRD patterns obtained for the compounds Bi1-xSmxFeO3 (x = 0.08, 0.12, 
0.16, 0.18 and 0.20) as prepared (upper image) and after application of high pressure. 
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Cu-K radiation. Magnetic measurements were 

performed at T = 300 K and magnetic fields up to 

±14 T using Physical Properties Measurement 

Systems from Cryogenic Ltd. 

3. RESULTS AND DISCUSSION  

The XRD data obtained for powder samples of the 

Bi1-xSmxFeO3 system (х = 0.08, 0.12, 0.16, 0.18, 

0.20) showed that that at low concentration of Sm 

ions (х < 0.12) the compounds have a single-phase 

crystal structure with rhombohedral distortion of the 

unit cell similar to initial compound BiFeO3 (Fig. 1). 

The subsequent increase in the concentration 

of Sm ions (х = 0.12) results in the structural 

transition into the two-phase state characterized by 

a coexistence of orthorhombic and rhombohedral 

phases wherein there is a dominance of the 

rhombohedral phase with a small contribution of 

the antipolar orthorhombic phase. The XRD of the 

  

Figure 2. SEM images of the Bi0.92Sm0.08FeO3 before (left) and after application of high pressure of 
~5  GPa. 
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Figure 3. Magnetic field dependencies obtained for the compounds Bi1-xSmxFeO3 at temperature 300 K. 
a) as prepared compounds, b) compounds subjected to high pressure (~5 GPa). 
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compound with Sm content х = 0.16 also shows the 

two-phase structural state – a coexistence of the 

antipolar orthorhombic and the nonpolar 

orthorhombic phases with nearly equal phases 

content. The compound with Sm concentration х = 

0.18 shows a two-phase crystal structure with a 

predominance of the non-polar orthorhombic 

distortions of the unit cell (Fig. 1). 

The data obtained for the same compounds    

Bi1-xSmxFeO3 (x = 0.08, 0.12, 0.16, 0.18, 0.20) after 

application of a high pressure of 5 GPa showed the 

modification in the structural state of the 

compounds and crystallite morphology as 

confirmed by SEM measurements (Fig. 2). In the 

compound Bi1-xSmxFeO3 with х = 0.12, the amount 

of the antipolar orthorhombic phase is notably 

increased which is attested by the appearance of 

specific XRD reflections as (210)O, (212)O and a 

decrease in the intensity of the (113)R peak. For 

compounds х = 0.16, 0.18, 0.20 a change in the 

phase ratio is also notable, which shows the 

diffusion of the reflections (210)O, (210)O# and 

(212)O. 

The study of the magnetization made it possible 

to determine the differences in the evolution of the 

magnetic properties of the Bi1-xSmxFeO3 

compounds depending on the different 

concentration of the dopant ions and thus various 

structural states in the phase boundary region 

obtained in the form of a powder and after 

application of high pressure. In the compound 

Bi0.92Sm0.08FeO3, the presence of the doping ions 

causes a reduction of the modulated magnetic 

structure characteristic of the BiFeO3 compound; 

this modification occurs in magnetic field of 5T. The 

compound Bi0.88Sm0.12FeO3 is characterized by a 

remanent magnetization of about = 0.15 emu/g. 

The compound with x = 0.16 has the antipolar 

structure and spontaneous magnetization of about 

0.34 emu/g. In the compounds with x ≥ 0.18, the 

magnetic structure is stabilized, the coercive force 

of the compounds increases notably, which is 

associated with a sharp decrease in the grain size 

and associated increase in magnetic anisotropy of 

the compounds (Fig. 3a). In spite of drastic 

modification of the structural state of the 

compounds from the rhombohedral phase to the 

nonpolar orthorhombic phase the evolution of the 

magnetic structure occurs monotonically. 

For compounds Bi1-xSmxFeO3 (x = 0.08, 0,12, 

0.16, 0.18, 0.20) subjected to high pressure, the 

coercivity corresponds to the powdered 

compounds with x~0.18. This effect is associated 

with a decrease in the average crystallite size of the 

compounds (Fig. 2) which leads to increase in the 

magnetic anisotropy associated with orthorhombic 

structural phase observed in heavily doped 

compounds (Fig. 3b). 

4. CONCLUSION 

Based on the obtained results we conclude that in 

the powder compounds Bi1-xSmxFeO3 a release of 

the remanent magnetization is associated with a 

type of structural distortion, viz. the rhombohedral 

phase is characterized by nearly zero remanent 

magnetization while the orthorhombic phase with 

non-collinear orientation of the magnetic moments 

leading to non-zero remanent magnetization. An 

application external high pressure leads to a 

decrease in the average grain size of the 

compounds and thus to a release of remanent 

magnetization. A release of remanence is 

associated with uncompensated average magnetic 

moments ascribed to non-collinear orientation of 

the magnetic moments in the orthorhombic phases 

as well as an appearance of non-zero 

magentization due to reduced grain size lower than 

a modulation period of the spatially modulated spin 

structure ascribed to initial BiFeO3. 
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ABSTRACT  

Weight reduction is a never-ending goal in aerospace engineering, especially for a space launch vehicle (SLV), 

were every gram of mass has a penalty in the vehicle's performance. Since propellant tanks generally weigh 

more than half of the dry mass of a SLV, it is particularly advantageous to implement composite materials in 

their construction. Yet, difficulties with oxygen compatibility, permeability and manufacturing maturity dictate 

that aluminium alloys with high lithium content are still the state of the art in this field. Recent developments in 

the aerospace composites industry are starting to change this perception, especially regarding Carbon Fibber 

Reinforced Polymer (CFRP) application. Hence this study, which aims to propose an integral CFRP propellant 

tank concept and determine mass savings by comparing it to a metallic baseline, through finite element method 

(FEM) analysis with simulated flight loads. Tank dimensions, geometry and loads were chosen for micro-

satellite SLV application. Also, Altair's Optistruct solver was used for FEM calculations, with Altair's 

HyperWorks for pre and post-processing. A mass reduction of close to 35% has been obtained with 

comparison to the metallic baseline design for the same boundary conditions. Therefore, a sound and 

competitive design for a micro-satellite SLV propellant tank has been successfully achieved. 

 
 
1. INTRODUCTION 

Propellant tanks account for more than half of the 

dry mass and close to 90% of the volume of a 

space launch vehicle (SLV) [1, 2]. This makes 

mass reduction in propellant tanks to have a major 

potential effect in the SLV's performance, as they 

are a centrepiece in its design. Composite 

materials, particularly carbon fibber reinforced 

polymers (CFRP), exhibit superior specific-

strength and specific-stiffness than the currently 

used metallic alloys, even though they are possibly 

30 to 40% lighter [3].  

Propellant tanks are mostly cylindrically shaped 

to better use the space inside a missile-like vehicle, 

whilst holding the propellants under pressure. In 

vertical launch vehicles, they usually double as the 

main structure, becoming “load-bearing” or 

“integral” propellant tanks [1, 2]. Moreover, 

because of the long cylindrical shapes, stiffness is 

as important as strength, to avoid buckling. Hence, 

they are expected to endure mostly axial 

compression and hoop stresses. 

However, some of the properties of composite 

materials present challenges for their application in 

propellant tanks. First, there is always some rate of 

propellant diffusion with cryogenic propellants due 

to matrix porosity, but laminates that avoid micro-

cracking and internal manufacturing imperfections 

have achieved acceptable diffusion rates [3]. 

Leakage can occur through the porosity of the 

matrix, damage by delamination and accumulation 

of micro-cracks between the matrix and fibres [3]. 

Micro-cracks can be caused by the different 

thermal expansion coefficients of the materials 

https://doi.org/10.34624/nmse.v2i4.21072
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during thermal cycles or by lighter impact damage. 

In addition, the chemical compatibility with oxygen 

is an issue, as organic materials can ignite in strong 

oxidising environments under certain conditions. 

Even though CFRPs often fail some of the standard 

flammability tests, work is being done to create 

modified flammability acceptance tests for 

propellant tank application [3, 4].  

Several works have been conducted on the 

chemical stability of epoxies in pure oxygen 

environments [5, 6]. CFRPs typically have 

cryogenic strength performance  close to room 

temperature [7]. Their upper service temperatures, 

slightly above 100 degrees Celsius [8], are 

sufficient for launch vehicle application as they are 

now commonly used in solid propellant motor 

structural fuselages [2], with special care for 

thermal insulation. 

The aim of this work is to develop an integral 

CFRP propellant tank concept and determine mass 

savings by comparing it to a metallic baseline, 

through finite element method (FEM) analysis with 

simulated flight loads. 

2. LAUNCH VEHICLE AND TANK CONCEPTS  

 

 

Figure 1. SLV Concept (section and exterior views; dimensions in millimetres). 

 

 

 

Figure 2. Aluminium (left) and composite (right) tank concepts with the respective skirt joint details. 
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The geometric and performance data of a space 

launch vehicle is required to calculate the fight 

loads to which the propellant tank will be subjected, 

wherefore a small SLV conceptual design was 

developed. Then, a metallic tank concept was 

designed for baseline comparison, followed by an 

equivalent CFRP propellant tank design. With the 

tank geometry defined, the respective FEM models 

were created and simulated to assess static 

strength and static stability behaviour taking into 

account safety factors used in launch vehicle 

design, as per Anon. (2016) [9]. 

Figure 1 shows the concept of the launch 

vehicle. As today's electronics allow for the 

construction of utilitarian microsatellites (10 to 100 

kg) and nanosatellites (1 to 10 kg), this concept 

was designed for the dedicated launch of small 

payloads of up to 20 kg to orbit. It is a 3,000 kg 

gross weight, two-stage, expendable SLV with 

composite construction and cryogenic propellants 

for their superior efficiency. The upper tank of the 

first stage is the one being analysed in this work.  

The aluminium propellant tank baseline design 

is shown in Figure 2 (left side). Fabrication is 

assumed to be through forming and welding with a 

thickness of 1 mm. It is an integral tank, with the 

interface skirts to connecting to the rest of the 

vehicle, and spherical domes. The detail (Figure 2, 

left side) shows the transition zone between the 

tank itself and the skirts. Table 1 gives the chosen 

aluminium alloy mechanical properties. For the 

composite tank (Figure 2, right side), the overall 

Table 1. Aluminium properties. 

 

AL 2219-T87 

Tensile 
Yield 

Strength 

Tensile 
Ultimate 
Strength 

Density 
Poisson's 

Ratio 
Elastic 

Modulus 

[MPa] [MPa] [kg.m^-3] - [MPa] 

352 434 2,851 0.33 72,395 

 

Table 2. CFRP properties. 

 

AS4 Carbon Fiber Tow/Toughened Epoxy 

E1 E2 NU12 G12 G1Z G2Z Density 

[MPa] [MPa] - [MPa] [MPa] [MPa] [kg.m^-3] 

141,000 9,750 0.267 5,200 5,200 3,190 1,580 

Xt Xc Yt Yc S ILSS Thickness 

[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [mm] 

2,200 1,500 81 260 80 128 0.185 
E1 - Longitudinal Elastic Modulus 
E2 - Transverse Elastic Modulus 
NU12 - In-Plane Major Poisson Ratio 
G12 - Longitudinal In-Plane Shear Modulus 
G1Z - Longitudinal Out-of-Plane Shear Modulus 
G2Z - Transverse Shear Modulus 
Xt - Longitudinal Tension Strength 
Xc - Longitudinal Compression Strength 
Yt - Transverse Tension Strength 
Yc - Transverse Compression Strength 
S - In-Plane Shear Strength 
ILSS - Interlaminar Shear Strength 
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dimensions are the same. No sandwich 

construction is used to avoid delamination caused 

by trapped gases due to permeation. Table 2 

provides the mechanical properties of the selected 

carbon fibber tows with toughened epoxy matrix. 

The composite tank assumes filament wound 

manufacturing of an internal tank and external 

barrel. Both sub-components are then co-cured to 

form a single part. A detail of the transition zone 

can be seen in Figure 2, right side. 

These are the ply orientations for both sub-

components: 

- [+30/+60/-30/90/+30/-60/-30] for the external 

barrel. 

- [-45/+45]3 for the internal tank. 

3. FEM MODEL 

After modelling the tank geometry, a FEM model of 

each tank was made. Bi-dimensional quadrilateral 

shell elements of the 1st order were used with an 

element size of 25 mm. Regarding the element 

size, a convergence study was made with element 

sizes of 20 mm and 15 mm, and the maximum von 

Mises stress varied about 0.3%, therefore, the 25 

mm element size was maintained. 

A one-dimensional rigid multi-point constraint 

(MPC) element is attached to the upper skirt edge 

and its function is to evenly distribute the flight 

resultant forces and moments, as can be seen in 

Figure 3. 

As for boundary conditions, the lower skirt edge 

nodes have their displacement constrained in all 6 

degrees-of-freedom (6DOF) with single point 

constraints (SPC). 

Concerning the software used, the solver 

package was Altair's Optistruct, with Hyperworks 

for pre- and post-processing. The FEM models 

were subjected to linear static and static instability 

analysis to compare the tanks strength and rigidity 

when subjected to the flight loads. 

For the linear static analysis, Optistruct employs 

the BCS solver that is based on the stiffness matrix 

method. The von Mises distortion energy criterion 

was used to access the strength of the ductile 

isotropic metallic tank, while for the CFRP tank, 

with orthotropic laminates, the Hoffman Failure 

Index (FI) quadratic criterion was used, assuming 

First Ply Failure (FPF). 

As to the static instability analysis, an Optistruct 

linear buckling solver was used that makes a real 

eingenvalue extraction using the Lanczos method. 

 

 

Figure 3. Propellant tank FEM model (left) and load application detail (right). 

 

 Table 3. Maximum tank loads. 

 

Fz Fy Mx MEOP MSP 

[N] [N] [N.m] [MPa] [MPa] 

8,831 3,083 11,338 0.578 0.13 
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Assuming no imperfections, the first positive 

eigenvalue provides the factor of the load at which 

the structure will buckle for the respective load 

case. 

Table 3 contains the maximum resultant flight 

loads and internal pressures that were calculated 

for the launch vehicle shown previously. MEOP is 

the maximum expected operational pressure, 

including the hydrostatic pressure contribution of 

the contained propellant, while MSP is the defined 

minimum stabilizing pressure. Fz, Fy and Mx are 

the resultant maximum compression and shear 

forces and bending moment, respectively, and 

surmise all flight loads acting on the vehicle. 

Table 4 has the load case definition, while Table 

5 shows the safety factors (from Anon. (2016) [9]) 

included in the respective load cases. The first load 

case is to access the behaviour of the tank under 

maximum pressure and has no flight loads applied. 

The second load case accounts for the tank 

operating near the minimum pressure (close to 

depletion), where the maximum compressive 

stresses might appear. The pressure for this load 

case has no factor of safety to prevent increasing 

the stabilizing effect that the internal pressure has 

on the structure, and that may increase rigidity. 

This is noted as an asterisk in the load case safety 

factors. On the other hand, the third load case has 

all loads at full strength with the appropriate factors 

of safety. Finally, the fourth load case has no 

internal pressure or factors of safety. This load 

case is to access the structural behaviour in case 

of a sudden critical pressure drop during the flight, 

like in the event of a rupture or valve malfunction. 

Regarding the factors of safety, they are different 

for metallic and composite materials. Metallic load 

cases also have separate factors for yield and 

ultimate tensions, and composite materials for 

zones with and without discontinuities. A buckling 

knockdown factor is applied to the eingevalue 

factors to account for material and geometric 

imperfections. 

4. RESULTS 

After design and modelling iterations, the final 

mass for the aluminium tank was 30.18 kg and 

19.65 kg for the CFRP tank. So, by changing the 

material from aluminium to CFRP, mass savings of 

close to 35% were achieved in spite of the 

increased thickness of the composite laminates. 

The strength and rigidity analysis results are 

surmised by Table 6 for the aluminium tank and 

Table 7 for the CFRP tank. It can be observed that 

Table 4. Load case definition. 

LC Load Case Name Axial Shear Moment 
Inertial 

[g] 
Internal Press. 

1 MEOP Proof - - - 1.0 MEOP 

2 Max. Compression -Fz -Fy Mx 3.0 MSP 

3 Max. Tension -Fz -Fy Mx 3.0 MEOP 

4 Pressure failure -Fz -Fy Mx 3.0 0 

 

 
Table 5. Factors of Safety (FoS) by load case. 

 

LC Load Case Name 
FoS Metallic FoS Composite Buckling Knockdown Factor 

(K) Yield Ultimate Continuous Discontinuous 

1 MEOP Proof 1.05 - 1.05 N/A 

0.65 
2 

Max. 
Compression 

1.25* 1.4* 1.5* 2.0* 

3 Max. Tension 1.25 1.4 1.5 2.0 

4 Pressure failure - 1.0 1.0 N/A 
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load case 3 is the critical one, having the highest 

stresses and the lowest bucking margin of safety. 

The two bottom rows show the results with the 

greater factors of safety for the ultimate strength 

(aluminium, Table 6) and discontinuous zones 

(CFRP, Table 7). 

In Figure 4 the two left side images (a and b) 

show the criterion results for both tanks for the third 

load case (LC03) with the greatest factors of safety. 

It can be seen that the aluminium tank is stressed 

close to the ultimate strength of the material (a) as 

this is the most critical load case. In the composite 

tank, only the zones with discontinuities are 

relevant for this factor of safety, and, therefore, are 

the only ones shown (b). This was the limit that led 

to a final increase in the composite interior tank 

thickness during the design process, hence, the 

final composite design is lightly loaded. 

The two right side images (c and d) show the 

criterion results for the fourth load case (LC04) for 

both tanks, were the internal relative pressure is 

zero. The bending and shear effects are clearly 

visible with one side of the tanks being more 

loaded. By comparing both load cases, it is 

noticeable that the internal pressure is the most 

critical load, as the other load cases have a similar 

stress distribution to LC03. 

Lastly, Figure 5, to the left (a and b), shows 

LC03 criterion distribution, with the lower factors of 

safety for yield and continuous zones, while to the 

right (c and d) are the buckling failure modes for the 

same load case with the respective margins of 

Table 6. Aluminium tank results. 

 

Aluminium Tank 

LC 
von Myses MoS 

Max. 
Disp. 

Buckling 
Factor 

MoS (w/ K-
factor) 

[MPa] - [mm] - - 

1 240.37 0.46 1.96 N/A N/A 

2(y) 108.14 2.26 2.60 2.93 0.90 

3(y) 333.20 0.06 4.05 2.62 0.70 

4 46.63 8.31 2.03 3.65 1.37 

2(u) 114.32 2.80 2.90 N/A N/A 

3(u) 373.18 0.16 4.54 N/A N/A 

 

Table 7. CFRP tank results. 

 

CFRP Tank 

LC 

Hoffman 
FI 

Max. 
Disp. 

Buckling 
Factor 

MoS (w/ 
K-factor) 

- [mm] - - 

1 0.18 1.25 N/A N/A 

2 0.09 2.84 2.65 0.72 

3 0.37 4.24 2.46 0.60 

4 0.03 1.84 3.99 1.59 

2(disc) 0.12 3.75 N/A N/A 

3(disc) 0.55 5.65 N/A N/A 
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safety. Buckling behaviour is similar in the other 

load cases and therefore not shown.  

No positive eigenvalues could be found for the 

first load case. This should be due to the stabilizing 

effect of the internal pressure and no other 

significant loads being applied to the tank. 

As it was previously noted, the composite tank 

concept is lightly loaded and sub-optimized owing 

to discreet ply increase as a function of fibber 

roving thickness. For the internal tank subpart, the 

ply number increase was done to decrease in-

plane shear stress concentrations at the 

discontinuous zones in the worst load case. As to 

the external barrel subpart, the increase of plies 

was done to increase rigidity of the composite tank 

at the skirts for bulking knockdown factor 

compliance. Also, the internal tank ply orientation 

is optimized for the spherical domes. 

4. CONCLUSION 

As can be seen, an equivalent CFRP composite 

propellant tank design has been achieved with 35% 

mass reduction. However, the final thickness of the 

composite tank is greater than its aluminium 

counterpart, even though no sandwich construction 

was used. 

Also, this concept has potential for further mass 

reduction. For example, stiffeners can be applied to 

the barrel to increase rigidity and allow ply 

reduction. 

 

 

Figure 4. Results: (a) LC03 - Aluminium, von Mises Ultimate; (b) LC03 - Discontinuous CFRP, FI; (c) 
LC04 - Aluminium, von Mises; (d) LC04 - CFRP, FI. 

 

 

 

 

Figure 5. Results: (a) LC03 - Aluminium, von Mises Yield; (b) LC03 - Continuous CFRP, FI; (c) LC03 - 
Aluminium, Buckling, MoS 0.7; (d) LC03 - CFRP, Buckling, MoS 0.6. 
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We believe that small launch vehicles can 

benefit the most from composite components. This 

is because of the trend of the mass ratio of a launch 

vehicle becoming worse with the decrease in 

launch vehicle gross mass, leading to less 

structural efficiency in small launch vehicles.  
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ABSTRACT  

Transition metal dichalcogenide MoS2 monolayers is very promising for many applications, especially in the 
fields of optics as emitters and detectors, in electronics as transistors. It is first of all due that they have a direct 
band gap Eg, which is dependent on external applied electric fields.  

To create such an electric field, it is proposed to use the field induced polarization of ferroelectric polymers 
such as PVDF and P(VDF-TrFE). These polymers in the ferroelectric phase are capable to create significant 
polarization in very thin layers, about 5 Å. By combining such ferroelectric layers and MoS2 layers, hybrid 
nanostructures can be created, that are convenient for design of new photodetectors with controlled properties. 
The prominent properties of this hybrid structure arise and benefit namely from the ferroelectric-polarization-
induced ultra-high electric field of the PVDF or P(VDF-TrFE), that impact on MoS2 layers and control the band 
gap Eg. 

In this work, we simulate such a hybrid structure based on PVDF and MoS2 layers and study their features 
and properties. For calculating MoS2, the methods of density functional theory (DFT) are used, implemented 
in the VASP program. Semi-empirical methods based on the HyperChem software package are used to model 
and study both individual layers of the hybrid structure and the features of their joint interaction. The results 
obtained convincingly show a strong influence on the width of the MoS2 bandgap Eg from the side of the PVDF 
layers, creating polarization P and an electric field E, which affects MoS2 layers. In addition, the dependence 
of the band gap Eg under the action of electric field E from the distance between the layers PVDF and MoS2 
has been established. 

 
 

1. INTRODUCTION 

Transition metal dichalcogenides (TMD) constitute 

an important class of 2D materials: they have great 

potential for future applications as photodetector 

components due to their excellent optoelectronic 

performance [1, 2]. Bulk dichalcogenide materials 

have been studied for several decades, however, 

only recently new approaches to the creation and 

study of nanoscale devices have opened up new 

possibilities for using monolayers with 

molybdenum disulfide (MoS2), tungsten (WS2), and 

other TMDs in nanoelectronics and 

optoelectronics. Layered molybdenum and 

tungsten dichalcogenides are semiconductors with 

a band gap of 1.3–2.1 eV, while bulk materials are 

indirect-gap semiconductors, but monolayers are 

direct-gap semiconductors [2, 3]. 

https://doi.org/10.34624/nmse.v2i4.22873
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Naturally, such 2D materials have attracted 

much attention in the last decade for the 

manufacture of photodetectors [3 - 5]. Among 

them, the optoelectronic properties of the field-

effect transistor, especially for the MoS2 

photodetector (sometimes called the 

phototransistor), have attracted the most intense 

attention of researchers. 

Here, photodetectors and transistors based on, 

for example, 2D graphene [6, 7] and MoS2, as well 

as their combinations, including those with other 

van der Waals structures [8], are promising. 

On the other hand, the use of the properties of 

organic polymer ferroelectrics (FEP) [9-11], 

especially the discovery of two-dimensional 

ferroelectrics based on polymers (FEP) such as 

polyvinylidene fluoride (PVDF) and its copolymer 

with trifluoroethylene - polyvinylidene fluoride-

trifluoroethylene P(VDF-TrFE) [12-22] turned out to 

be a significant breakthrough here, as it made it 

possible to create more and more efficient and at 

the same time nanoscale composite structures that 

have an ever wider range of adjustable properties, 

including pyroelectric, optical and piezoelectric 

properties) [9 - 22]. At the same time, composite 

nanostructures based on PVDF/ P(VDF-TrFE) in 

combination with Graphene/Graphene oxide [23-

27]) are now being created and studied here. Note 

that in the study of such nanomaterials, computer 

methods for modeling structures and calculating 

the physical properties of these materials are also 

widely used [16-27]. 

As a result, interest in such new composite and 

hybrid nanomaterials with a two-dimensional 

structure (2D materials) has grown dramatically 

recently. Thus, in [4], it is proposed to use MoS2 in 

combination with an organic polymer ferroelectric 

based on PVDF, which is safe and biocompatible. 

Such a photodetector [4], built on the basis of a 

hybrid quasi-autonomous FEP structure of the 

PVDF / P(VDF-TrFE) type in combination with 

MoS2, already has more possibilities. The 2D MoS2 

ultrafine structure brings a great advantage for the 

heat dissipation of such a pyroelectric infrared 

detector. At the same time, the P(VDF-TrFE) 

polarization ferroelectric electric field significantly 

improves the photoconductive properties of MoS2 

and reduces the dark current and noise. 

A further development of this approach is also 

work [5], which presents a version of the prototype 

photodetector with a broader spectral response, 

built on a quasi-autonomous hybrid structure of an 

organic FEP (P(VDF-TrFE)) and a two-dimensional 

semiconductor MoS2. The two-dimensional 2D 

ultrafine structure of MoS2 brings here a great heat 

dissipation advantage for such a pyroelectric 

infrared detector. 

In addition, the electric field of ferroelectric 

polarization can not only restrain and reduce the 

dark current in the entire spectrum, but also change 

and narrow the band gap of MoS2, thereby 

regulating the width of the optical absorption zone 

here, which significantly increases the 

photoconductive properties of MoS2. The most 

impressive characteristic of this type of detector is 

that these mechanisms are synergistic [5]. 

In the present work, the main attention is 

focused to the study of the structural and physical 

properties, the interaction of FEP of the PVDF and 

P(VDF-TrFE) types with two-dimensional 2D 

structures of dichalcogenides of the MoS2 type - 

using the methods of computer molecular 

modelling and calculations by different methods. 

These numerical and computer studies in this work 

are carried out on the basis of the developed and 

already well-tested approaches on other materials 

(PVDF, Graphene, Hydroxyapatite) using the 

density functional theory (DFT) [28-31] and 

quantum-chemical semi-empirical methods (such 

as PM3, ZINDO/1, etc.) [16-27, 49]. Theoretical 

studies and calculations of the properties of a 

number of TMD have already been carried out by 

various methods [32–36], and we use these results 

for comparison with data obtained in our 

calculations. In this work, we consider not only the 

TMD and FEP themselves, but also the models and 

properties of hybrid nanostructures based on them, 

for example, such as “PVDF + MoS2” [31]. 

In the future, a similar simulation and study of 

nanomaterials and heterostructures for 

photodetectors based on MoTe2 [37], MoSe2 [38], 

MoSe2-Cr [1, 39] and other dichalcogenides of 

transition metals and related ferroelectric 

nanostructures will be carried out. 

https://proa.ua.pt/index.php/nmse/
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2. COMPUTATIONAL METHODS AND DETAILS  

The calculations were carried out using the first 

principles DFT methods, implemented in Vienna 

Ab Initio Simulation Package (VASP) [40–43]. The 

generalized gradient approximation (GGA) with the 

exchange-correlation potential was evaluated 

using the Perdew, Burke, and Ernzerhof (PBE) 

functional [43,44]. Core states were described by 

means of the projector augmented wave (PAW) 

method [45]. The values of the Kohn-Sham 

energies of the ground states of systems were 

calculated using plane waves with kinetic energy 

up to Ecut  = 400 eV to expand the wave functions 

with fairly satisfactory convergence.  

The primitive cell of single-layer MoS2 

containing one Mo atom and two S atoms was used 

under periodic boundary conditions. A vacuum 

space of 19 Å adopted along z-axis was used to be 

able to decouple possible periodic interactions. The 

valance electrons s2p4 for S and 4p5s4d for Mo 

were included in the PAW pseudopotentials.  

For single layer MoS2 calculation (with a direct 

band gap) GGA-PBE method was used taking into 

consideration of the van der Waals (vdW) 

interactions based on the method for VdW 

correction developed by Grimme S., Antony J., 

Ehrlich S., and Krieg S. [46] and named D3. This 

method is compatible with PBE and is implemented 

in VASP (as “PBE + D3”).    

For the self-consistent calculations the Brillouin 

zone (BZ) was sampled by 11 x 11 x 1 Gamma-

centred k-point grid obtained with Monkhorst-Pack  

scheme [47]. The band structure was evaluated on 

a path with k-spacing 0.05 Å-1. The real-space grid 

of 20 x 20 x 128 points was chosen to keep 

approximately constant spacing proportional to the 

length of a1, a2, and a3 lattice vectors. The 

experimental data [4, 35, 48] provides the lattice 

constants a1 = a2 = a = b ~ 3.19 Å of the known 

crystal structures MoS2 and with a3 = c = ~ 19.0 Å, 

which corresponds to the vacuum length between 

two adjacent layers in the supercell. The relevant 

grid density appears to be about ~ 6 points/Å along 

all the three directions. 

To obtain the values of the energy, dipole 

moment, and polarization of the various MoS2 and 

PVDF cluster structures the HyperChem package 

[49] was used with various quantum-mechanical 

semi-empirical methods. The method PM3 

(Parametrization No. 3, developed by Stewart 

J.J.P.  [50-52]) in the restricted Hartree-Fock (RHF) 

approximation was mainly used. This PM3 method 

is based on the AM1 method (Austin Model 1, 

developed by Dewar M.J.S., et al. [53]). However, 

in this our work another method named as 

ZINDO/1 [54] is used widely. This method ZINDO/1 

is based on a modified version of the intermediate 

neglect of differential overlap (INDO) [55], which 

was developed by Michael Zerner [54] is most 

suitable for transition metals. An intermediate 

neglect of differential overlap (INDO, ZINDO/1 

scheme retains some of the one-center terms of 

the overlapped integrals and the neglect of 

diatomic differential overlap (NDDO) [52] schemes 

used in these approaches keep all of the one-

center terms. Zerner’s original INDO/1 used the 

Slater orbital exponents with a distance 

dependence for the first row transition metals only.  

However, in HyperChem [49]   constant orbital 

exponents are used for all the available elements 

too, as recommended by Anderson, Edwards, and 

Zerner [54].  

The main part of all quantum-chemical 

calculations in HyperChem was made using Single 

Point (SP) calculation method, which allow to 

obtain all necessary molecular electronic orbitals 

energy data values, such as, energy of the highest 

occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). Difference 

of these energies determine the forbidden band 

gap Eg =  ELUMO – EHOMO . For some cases, when is 

necessary to taken into account the changes of 

geometry of the molecular systems, the 

optimization of molecular systems and finding of 

their optimal geometry is performed in this work 

using the Polak–Ribere (conjugate gradient 

method) algorithm, included in HyperChem 

package [49]. This approach is a especially 

important for the case of the dipole momentum 

rotation switching (and polarization switching) in 

the applied electric field at the critical point of the 

systems, such as, phase transition and reversal 

point of the hysteresis loop of the ferroelectric polar 

system.  Simulation of the system under an 

imitated applied constant electric field is available 

in HyperChem packages too [49]. 
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3. RESULTS AND DISCUSSION  

Results of calculations performed using VASP [40-

43] are shown on Fig. 1., where is presented the 

structure of the single monolayer MoS2 with several 

unit cells (top and side views – Fig. 1 a, b). The 

lattice constant from self-consistent GGA-PBE 

calculations (a = 3.18999 Å ~ 3.19 Å) is close to the 

experimental data  [33, 48] and theoretical value of 

other authors  [32, 35, 56]. 
The electronic band structure obtained for 

single-layer MoS2 with Eg = 1.632 eV, is presented 

on Fig. 1 c. It was intensively investigated recently 

by both experiments and theory  [2-5, 32-39, 56]. 

The data obtained by different authors varies in 

some wide range.   
A direct band gap, for example, of about 1.75 

eV was obtained from the measurements [2].  The 

dispersion of bandgap in the range of 1.75 -1.90 eV 

in experiments may be come from the different 

preparation and measurement methods. Emilio 

Scalise [56] reported a value of 1.72 eV from GGA-

PBE method calculation. The theoretical findings 

on direct bandgap calculations disperse also from 

1.63 eV up to 2.76 eV. (depending on the exchange 

and correlation functionals used) [35]. Otherwise, 

C. Ataca [36] calculated a direct band gap of about 

1.63 eV by GGA-PBE method taking into 

consideration of the van der Waals corrections 

(vdW) [46], and 1.87 eV by linear density 

approximation (LDA) method. As it can be seen, 

the LDA data turn out to be somewhat 

overestimated, while taking into account van der 

Waals interactions seems to give more realistic 

results. Data recently obtained by Wang et al. 

(published in Supplementary Materials section to 

[4]) shown very close similar data with Eg = 1.63 eV 

(Fig. 2 a). 
    It is worth to mention that the width of the band 

gap Eg   significantly depends here on the applied 

 

 

 

Figure 1. The structure of single-layer MoS2 (obtained using Jmol after VASP calculations):  
a) top view, b) side view; and c) the computed electronic band structure of MoS2 single monolayer  

with direct band gap transition along k-point variation with direct transition localization at K with 
computed energy value Eg = 1.632 eV. 

https://proa.ua.pt/index.php/nmse/
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external electric field E - this has been established 

 

Figure 2. The band gap computed by DFT method [ 4] (a)  and  dependence Eg (E) from [ 35] (b).  

 

 

 

Figure 3. The PVDF single layer model structure under applied electric field E: a) direct position, b) 
switched on the opposite orientation position, c) and d) show the similar design of experimental units 

from Wang et al. work [4]. (D and P are the dipole moment and polarization of the PVDF chain of single 
layer, consequently).  
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both experimentally and theoretically [2-5, 34-39]. 

Moreover, this dependence is different (as well as 

the value of Eg itself at an electric field E = 0) for 

different multi-layered MoS2 structures (besides 

single mono- layer, were studied bilayer MoS2 [32, 

33], triple-layers MoS2 [4]). But here we are 

primarily interested in the single MoS2 structure 

with direct bandgap.  

In particular, a similar structure was recently 

investigated and calculated in [35] and this 

dependence is shown in Fig 2 b. Typical values of 

the applied electric field E in the range of 0.0–

0.001...0.2 V/Å = 0.0 — 0.01...2 V/nm lead to a 

change in Eg  from 1.7 eV to 1.0 - 0.6 eV.  The band 

gap Eg value as a function of electric field is 

displayed in Figure 2b for single MoS2 layer 

structure (from work [35]). Despite the ripple 

character of studied MoS2, it is clearly shown that 

Eg  is linear dependent on electric field for any case.  

The similar linear relationship of Eg with rise of the 

electric field was reported also in the other 

transition-metal dichalcogenide, such as, bilayers 

under external electric field [33]. 

Among other things, it turned out that this range 

of variation of Eg ~ 1.8 - 0.6 eV is very important for 

optical measurements.  From experimental studies 

and the bandgap calculations, it can be seen that 

the single-layer MoS2 seems to be active for visible 

light absorption spectrum. For example, the peaks 

of the imaginary dielectric constant (which is sully 

used for measures the light absorption ability of 

materials) lie among the visible light range (350 nm 

– 700 nm, or 0.34 eV – 1.77 eV) for single-layer 

MoS2. Since it would display high absorption of the 

sunlight and could be ideal for various 

photocatalysts applications, etc. 

Another important point here was the search for 

the most suitable tools for controlling and 

regulating the change in the width of Eg in the MoS2 

layers of the vehicle, including, by influencing on 

MoS2 samples by an electric field. The problem and 

the important task here was to find such a method 

 

Figure 4. Hysteresis loop of the polarization depending on electric field P(E), computed by both PM3 
and ZINDO/1 methods in RHF approximation using HyperChem package [49].  
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and means that would allow us the manipulation at 

the nanoscale, at sufficiently small micro-sizes, to 

create the appropriate technology, nano-devices 

and equipment. 

It turned out that for this purpose, embedded 

layers of such a ferroelectric polymer films as 

PVDF and its copolymers P (PVDF-TrFE) can be 

very convenient. These materials are capable of 

creating and maintaining their spontaneous 

ferroelectric polarization just at the nanoscale 

sizes. And the electric field created by their 

polarization is capable of penetrating into the MoS2 

layers and affecting its Eg. 

This idea was realized by Wang et al., for 

example, in their work [4]. 

It should be taken into account that the value of 

the PVDF polarization itself also depends on the 

electric field, which can be applied to layers of 

PVDF sandwiched between two electrodes. Thus, 

it is possible to easily change and render both the 

magnitude of this polarization and the width of the 

bandgap Eg in MoS2 layers at the nano level. 

The magnitude and direction of polarization P of 

this polymer ferroelectric is easily controlled by 

applying an electric field to the PVDF layers. It is 

also important here that on the basis of this 

polymer ferroelectric it is possible to create ultrathin 

layers up to one monolayer with a thickness of d ~ 

0.5 nm, which nevertheless has a highly ordered 

polar structure. Practically important polymer 

 

Figure 5. The MoS2 single monolayer model interacting with PVDF layer (“PVDF + MoS2” model): a) with 
direct PVDF orientation of the polarization vector P and with atoms F directed to atoms S, b) with 

switched PVDF on the opposite orientation of the polarization vector P and with atoms H directed to 
atoms S of MoS2, c) and d) present the corresponding samples design of the hybrid structure 

configuration, which was used in Wang et al. work [4].  
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structures of various thicknesses, including 

copolymers based on PVDF with tri-fluorine-

ethylene (P (VDF-TrFE), can be easily removed 

either by ultracentrifugation methods (spun or spin 

coating films, with thickness ~ 100-300 nm ) or by 

Langmuir-Blodgett (LB) technique  (for ultra-thin 

films 0.5 - 100 nm). And these films are now quite 

well studied, including by the methods of molecular 

modeling [12-22]. 

In this work, we consider such a hybrid structure 

of «PVDF + MoS2» - using the approaches of 

computer molecular modeling methods. First of all, 

we will consider and evaluate PVDF itself their 

main characteristic features and properties that 

allow them to be applied as a control factor on the 

Eg inside MoS2 structure. This first model of the 

PVDF single layer and its behaviour in electric field 

E is shown in Fig. 3. 

It is important that the polarization P and the 

field created by P outside the PVDF layers also 

depend on the electric field applied to the PVDF 

layers. Changing the magnitude and direction of 

the applied field E changes the magnitude of 

polarization P and switches the direction of 

polarization and, accordingly, changes the 

magnitude of the electric field induced in the MoS2 

layers. 

We here simulate these properties, calculate 

and investigate the methods of semi-empirical 

calculations in the HyperChem software package. 

Here we have enough experience of such 

calculations [16-27]. The example of the main 

results and features for such simple PVDF chain 

(layer), computed by two semi-empirical quantum-

chemical methods, is presented on Fig. 4. The 

main peculiarity of PVDF behaviour in applied 

electric field is following: 1) proportional rise of the 

polarization in the direct electric field, 2) switching 

on the opposite orientation of the polarization 

 

Figure 6. Computed dependence P(E) for the hybrid “MoS2+PVDF” model with hysteresis loop 
behaviour, having the asymmetric P(E) branches and various coercive field Ec

+ and Ec
-.  
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vector P under influence of the electric field E, 

when E reached its critical coercive values Ec.    

The simplest model of the more complex hybrid 

structure, consisting of PVDF and MoS2 single 

layer, is shown in Fig. 5. This model we also 

investigate by various methods from HyperChem 

package software [49].  Note that here besides 

PM3 here we wide use the ZINDO/1 method, 

available for transition metals. In any case we 

compare the data obtained by both methods for the 

case of the distance between PVDF and MoS2 

layer d = 10 Å  (see below in Table 1). 

The dependence P(E) have hysteresis loop 

character with switching points at the E = ± Ec (Fig. 

4). 

For hybrid model “MoS2 + PVDF” (Fig. 5) this 

behaviour have the similar character, but 

transforming to the more complex dependence with 

two asymmetric branches of the polarization P  

behaviour (up and down zero field E) and having 

two different coercive field  Ec
+ and Ec

- (Fig. 6). 

 For comparison computed data of both used 

semi-empirical RHF methods (PM3 and ZINDO/1), 

the calculations performed at the distance d = 10 Å 

(between PVDF and MoS2 components) were 

presented in the Table 1. 

In HyperChem software after self-consistent 

calculations of the molecular structures by any 

quantum-chemical semi-empirical methods (as 

well by ab initio and DFT methods, included into 

HyperChem package) the data resulted and 

obtained have following main magnitudes (and its 

values in corresponding units): 1) dipole moment 

(in Debye unit), 2) total energy (in a. u. or can be 

converted to other units too), 3) energy of the 

highest occupied molecular orbital (HOMO in eV 

units) and energy of the lowest unoccupied 

molecular orbital (LUMO, eV), etc. We can 

Table 1. Computed data for both PM3 and ZINDO/1 methods at the distance d between two 
components of the “MoS2+PVDF” model:  d=10 Å, RHF approximation, both MoS2 and PVDF, total 

calculating volume of the system V= 469.96 Å3.   

 

Ez, 

V/nm 

Dz, 

Debye 

|Pz|, 

C/m2 

|Ez*|= 

=Pz/(20), 

V/nm 

E HOMO, 

eV 

E LUMO, 

eV 

Eg, 

eV 

ZINDO/1       

 
-1.0 
-0.5 
0.0 
0.25 
0.5 
1.0 
2.5 
4.0 
5.0 

 

 
-15.2632 
-19.0451 
-20.4119 
-21.7524 
-21.9214 
-25.7201 
-32.1791 
-39.1240 
-43.8091 

 
0.1083 
0.1352 
0.1449 
0.1544 
0.1556 
0.1825 
0.2284 
0.2777 
0.3109 

 
1.22 
1.53 
1.64 
1.74 
1.76 
2.06 
2.58 
3.14 
3.51 

 

 
-6.235692 
-6.295287 
-6.065749 
-6.324941 
-6.231306 
- 6.305033 
-6.09897 
-5.116526 
-4.040537 

 
-1.790490 
-1.889087 
-1.996101 
-1.654380 
-1.912776 
-1.865325 
-1.981790 
-1.968208 
-2.051025 

 
4.445202 
4.406200 
4.069648 
4.670561 
4.328530 
4.439708 
4.117167 
3.148328 
1.989512 

PM3       

 
-1.0 
-0.5 
0.0 
0.25 
0.5 
1.0 
2.5 
4.0 
5.0 

 

 
- 

-13.4113 
-14.3315 
-14.8299 
-15.2687 
-16.0992 
-19.0066 
-21.8701 
-23.6958 

 

 
- 

0.0952 
0.1017 
0.1053 
0.1084 
0.1143 
0.1349 
0.1547 
0.1677 

 

 
- 

1.075 
1.15 
1.19 
1.22 
1.29 
1.59  
1.75 
1.89 

 
- 

-9.569354 
-9.563627 
-9.422036 
-9.533896 
-9.451263 
-9.530275 
-8.486326 
-7.425726 

 
- 

-3.372284 
-3.360310 
-3.280216 
-3.335629 
-3.760474 
-3.347384 
-3.464778 
-3.320158 

 

 
- 

6.197070 
6.203317 
6.141820 
6.198267 
5.690789 
6.182891 
5.021548 
4.105568 
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calculate also the volume V, using special program.  

The band gap Eg = E LUMO – E HOMO. These 

data are presented in Table 1. 

 As usual, the value of the polarization P is 

obtained from dipole moment D (in Debye units): 

 

 P = 3.33558255*D/V (in C/m2),  

 

where V is structure’s volume on the Van der 

Waals surface.  

Here we should note that, the prominent 

properties of this hybrid structure arise and benefit 

from the ferroelectric-polarization-induced ultra-

high electric field of the PVDF (or P(VDF-TrFE) as 

in real usual samples). 

To determine and estimate the magnitude of 

this local electric field Ez* at the interface between 

PVDF and MoS2 layers, which is created inside the 

MoS2 layer from PVDF polarization P, we use the 

expression  Ez* = Pz/(20). Here e is the dielectric 

constant (permittivity) of the material (for MoS2 it is 

 = 4 – 6 [57, 58], e0 is the vacuum constant (0 = 

8.85·10-12 C/(V·m)). For our estimation in this our 

work, and presented in Table 1 as an example for 

the calculations at d = 10 Å (as well for other 

estimations), we use the middle value e = 5.  

As results, we obtained data for Ez* ~ 1-2 V/nm 

for PM3 calculations and more high values Ez* ~ 

1.2 – 3.5 V/nm for ZINDO/1 at the interface 

distance d = 10 Å (see in Table 1). These data are 

some higher than estimations in [4] about of 0.5 

V/nm. But, in [4] was used the experimental data 

for polarization estimation as remnant polarization 

~ 7 mC·cm-2 =  0.07 C/m2 ~ 0.1 C/m2, which is less  

from our estimation. But, we must mentioned, that 

we consider an ideal and simplified PVDF model, 

while the experimental value of remnant 

polarization for P(VDF-TrFE) is some less then 

 

Figure 7. Electronic molecular orbitals for main energy states of the hybrid “MoS2+PVDF”  model and 
using the different semi-empirical computing methods:  

a) LUMO and b) HOMO computed by PM3 in RHF approximation;   
c) LUMO and d) HOMO computed by ZINDO/1 in RHF approximation.  

https://proa.ua.pt/index.php/nmse/
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computed one. Therefore, these estimates can be 

considered as quite close. 

The more detailed computed data of the P(E) 

for this case are presented on the Fig. 6. These 

data shown two various branches of P(E) with 

different asymmetric coercive field. This 

asymmetry occurs because the MoS2 layers is 

located only from one side of the PVDF layers (see 

on Fig. 5). As a result, we obtain the similar 

hysteresis behaviour of the P(E) for the hybrid 

model system (Fig 6) as for alone PVDF (Fig. 4), 

but it is shifted and having some different 

asymmetric shape of this hysteresis loop. 

It means also that the additionally applied 

electric field E to the PVDF layers (using electrodes 

shown on Fig. 3) influences then trough risen 

polarization P(E) directly on the MoS2 layer, which 

is positioned at the some distance d from PVDF 

place (Fig 5).  

Further interesting and very important 

characteristic features is that the electronic 

molecular orbitals HOMO and LUMO are localized 

precisely on the MoS2 layer positions remote at a 

distance d from the PVDF layer, as are shown in 

Fig. 7 (where are presented HOMO and LUMO 

computed using both PM3 and ZINDO/1 methods). 

Therefore, it is clearly show that the ferroelectric-

polarization-induced ultra-high electric field of the 

PVDF (or P(VDF-TrFE) impact directly on the MoS2 

layer structure and influence on the Eg = E LUMO 

– E HOMO.  

The next most important feature of this hybrid 

model system “PVDF + MoS2” is that the 

dependence of band gap Eg(E) clearly exists only 

 

Figure 8. Computed energy band gap Eg(E) for hybrid model “MoS2 + PVDF” (Fig. 5 a) from the applied 
electric field E. This data is computed for distance d between MoS2 and PVDF components d = 10 Å as 

one of example of this hybrid system. 
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for electric field E>0 (shown in Fig. 8), while for the 

E<0 we obtain only fluctuations around the average 

Eg value, close to the value existing without electric 

field. (see in Fig. 8 left side at the E<0). 

The specific feature of the Eg (E) behaviour is 

again asymmetric dependence of the band gap Eg 

from electric field E and existence of two different 

coercive field Ec
+ and Ec

-, which limited the region 

of the existence of the electric field from PVDF 

layer impact on the MoS2 layer. 

The most characteristic feature here is that 

namely only at  E > 0  there is a pronounced 

dependence of Eg from the electric field  E (Fig. 8). 

Another important founded and observed 

(possibly obvious) factor is the dependence on the 

distance between the PVDF and MoS2 layers (Fig. 

9). The calculations performed using ZINDO/1 

method show that this dependence have the similar 

close to linear behaviour Eg(E)  (see details in Fig. 

9) as it was founded for several different MoS2 

structures by various authors [4-6,32-35, 56].   

The very important feature is that this behaviour 

depends also from the distance d - between MoS2 

and PVDF.  it is characteristic that this behaviour 

Eg(E) has a similar, close to linear type of behaviour 

at different distances d between both components 

of the hybrid structures. But at the same time, with 

an increase in this distance d, the slope of the 

dependence becomes steeper and it shifts along 

the E axis. 

It is the results obtained here for very simple 

theoretical molecular models and they describe 

approximative results of its features and 

behaviours.  But these data obtained show the 

main principal features of the Eg behaviour from 

electric field E and intermediate distance d 

between both nanostructures MoS2 and PVDF, 

which would be very important for further practical 

design of the devise unit of the created 

photodetector samples. 

The results obtained are, of course, somewhat 

different from the most precise DFT calculations. 

 

Figure 9. Computed dependence of the Eg (E) for different distances d - between MoS2 and PVDF 
components of the hybrid model system. 

  

 

https://proa.ua.pt/index.php/nmse/


Nanomater. Sci. Eng., Vol. 2, No. 4, pp. 183-197 (2020) RESEARCH ARTICLE 

 

 
195 

Nanomaterials Science & Engineering                                                                                                        https://proa.ua.pt/index.php/nmse/ 

But they are qualitatively very similar and reflect the 

main characteristics and dependencies. A more in-

depth study will be carried out in further 

investigations using the DFT VASP methods. 

4. CONCLUSION 

Performed modelling and calculations presented in 

this study directly show that the band gap Eg of the 

MoS2 layer is strongly affected by external electric 

field. The Eg changes are influenced, controlled 

and regulated by the electric field formed by a 

polarization in the ferroelectric polymer layers such 

as PVDF and its copolymers P(VDF-TrFE) 

depending on the discussed distance d. The 

electric field formed in the ferroelectric layers 

strongly affects the band gap Eg of the MoS2 

layered structure. The nano-size devices created 

on the basis of such hybrid nano-structures can be 

considered as the prototypes of the photodetectors 

and other photosensitive units for numerous 

practical applications. Further studies based on the 

most powerful DFT software (such as VASP, etc.) 

will open many new features for fundamental 

knowledges and practical usage.   
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