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Preface |iii 

PREFACE 
 

The author gives thanks to Allah for bestowing His blessing and direction, allowing the 
Metalurgi Journal Volume 38, Edition 1, 2023 to be successfully published. 

The first article results from Ressa Muhripah Novianti and colleagues research activities 
on The Addition of C, Zn-C, and Sn-C on Anatase Titanium Dioxide (TiO2) for Dye-Sensitized 
Solar Cells Application. Norbert Egan Christo Panthoko and his colleagues presented the 
second article, Synthesis of Tin Oxide Nanocrystallites with Various Calcination 
Temperatures using Co-Precipitation Method with Local Tin Chloride Precursor. Lalu 
Suhaimi and his colleagues presented Recovery of Manganese from Manganese Ore Reductive 
Acid Leaching Process using Reeds (Imperata Cylindrica) as Reducing Agent in the following 
article. For the fourth article, Rizky Ramadhani Rivai and his colleagues discussed 
Characterization and Analysis of Hardness, Microstructure, and Crystallography of SS 304-
Sheathed MgB2 Superconducting Wires. The fifth article, written by Arief Dwi Rohman and 
his colleagues, discussed A Preliminary Study of Cobalt Solvent Extraction from Nickel 
Sulphate Solution using Organic Extractant PC-88A. 

The publication of this volume in Metalurgi Journal will benefit the advancement of 
research in Indonesia. 
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Ressa Muhripah Noviantia, Natalita Maulani Nursamb, Shobihb, Jojo Hidayatb, Syoni Soepriyantoa (aDepartment of 
Metallurgical Engineering, Bandung Institute of Technology, bResearch Center for Electronics, National Research and 
Innovation Agency) 

Metalurgi, Vol. 38, No. 1, 2023 

The Addition of C, Zn-C, and Sn-C on Anatase Titanium Dioxide (TiO2) for Dye-Sensitized Solar Cells Application 

DSSC (dye-sensitized solar cell) is a third-generation photovoltaic technology that can convert solar energy into electric 
current using a photoelectrochemical mechanism. Photoelectrode is one of the significant elements in DSSC, where 
photoexcited electrons are generated, and serves as an electron transport medium. Anatase titanium dioxide (TiO2) is often 
used as photoelectrode material because of its excellent photoactivity, high stability, non-toxicity, environmental 
friendliness, and low price. Many DSSC modifications have been conducted to overcome the efficiency limitations in DSSC, 
and one of them is carried out by modifying the TiO2 via doping. In this study, TiO2 doped with C and co-doping with Zn 
(Zn-C) and Sn (Sn-C) were prepared using sol-gel reactions, and they were subsequently applied and tested as 
photoelectrode in DSSC. The results showed that undoped and doped TiO2 had a porous spherical morphology with 
inhomogeneous particle sizes. The addition of C, Zn-C and Sn-C dopants has reduced in the crystallite size and the band 
gap energy of TiO2. The efficiency of DSSC with undoped TiO2 DSSC was 3.83%, while the best performance was obtained 
from DSSC C-TiO2 with an efficiency of 4.20%. In contrast, the DSSC with Zn-C-TiO2 and Sn-C-TiO2 co-doping produced 
unexpectedly lower efficiency of 0.71% and 0.85%, respectively.     

 
 

Keywords: DSSC (dye-sensitized solar cell), TiO2, photoelectrode, dopant, efficiency 
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Norbert Egan Christo Panthokoa, Fairuz Septiningruma, Akhmad Herman Yuwonoa, Eka Nurhidayaha, Fakhri Akbar 
Maulanaa, Nofrijon Sofyana, Donanta Dhaneswaraa, Tri Arinib, Lia Andriyahb, Florentinus Firdiyonob, Latifa Hanum 
Lalasarib, Yahya Winda Ardiantoc, Ria Wardhani Pawanc (aDepartment of Metallurgical and Materials Engineering, 
University of Indonesia, bResearch Center for Metallurgy, National Research and Innovation Agency, cPT Timah Industri) 

Metalurgi, Vol. 38, No. 1, 2023 

Synthesis of Tin Oxide Nanocrystallites with Various Calcination Temperatures using Co-Precipitation Method with Local 
Tin Chloride Precursor  

Indonesia is one of the largest tin metal producers in the world, and one of its derivative products is tin chloride (SnCl4). 
This material has been used as a raw ingredient for the production of organotin compounds such as methyltin mercaptide 
for PVC (polyvinyl chloride) plastic industry as a heat stabilizer. On the other hand, this precursor can be used to 
synthesize SnO2 nanomaterials, which have other strategic potentials, including photocatalysts and solar cell applications. 
In this study, the synthesis of SnO2 nanocrystallites was carried out using a local tin chloride precursor via the co-
precipitation method, followed by a calcination process at temperatures of 300, 400, 500, and 600 °C, for further usage as 
an ETL (electron transport layer) in a PSC (perovskite solar cell) device. The basic properties characterization was 
carried out using XRD (X-ray diffraction), ultraviolet-visible (UV-Vis) spectroscopy, and SEM (scanning electron 
microscopy), while the photocurrent-voltage (I-V) curve photovoltaic performance of the device was performed using a 
semiconductor parameter analyzer. The characterization results showed that increasing the calcination temperature from 
300 to 600 °C increased the average crystallite size from 1.19 to 13.75 nm and decreased the band gap energy from 3.57 to 
3.10 eV. The highest PCE (power conversion efficiency) was obtained from the device fabricated with SnO2 
nanocrystallites calcined at a temperature of 300 °C, which was 0.0024%. This result was obtained due to the highest 
transmittance of this sample as compared to others; the higher the transmittance, the better the performance of the ETL, 
which in turn increased the overall efficiency of the PSC.    

Keywords: SnO2 nancrystallites, co-precipitation method, calcination temperature, electron transport layer, perovskite 
solar cell 
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Lalu Suhaimi, Samsul Bahtiar, Andi Sarina, Khairunnisya (Metallurgical Engineering, Sumbawa University of 
Technology) 

Metalurgi, Vol. 38, No. 1, 2023 

Recovery of Manganese from Manganese Ore Reductive Acid Leaching Process using Reeds (Imperata Cylindrica) as 
Reducing Agent 

 

Recovery of manganese from manganese ores was investigated by reductive leaching method using reeds as a reductant in 
the sulfuric acid medium. Cellulose, hemicellulose, and lignin are natural reducing agents which are widely used as 
reducing agents to recover manganese. Effects of calcination temperature and the holding time calcination on the leaching 
efficiency of manganese and impurities were examined. The calcination temperature and the holding time calcination have 
a significant effect on the extraction of manganese. The experimental results demonstrated that the higher the calcination 
temperature used, the higher the percentage of manganese obtained, namely 79.58% and 87.38%, respectively. The XRD 
(x-ray diffraction) pattern shows that the manganese phases formed at 700 and 800 °C are Mn3O4 (hausmannite) and 
Mn2O3 (bixbite), respectively. The morphology in the sample with calcination temperature at 700 °C showed agglomerate- 
shaped particles and unevenly dispersed. Meanwhile, the sample with calcination temperature at 800 °C exhibited 
agglomerated particles of inhomogeneous size and were more evenly distributed. Variation of holding time in the 
manganese ores recovery process also affects the results of manganese recovery. The composition of the manganese 
recovery in the samples using holding time calcination variations of 3 and 4 hours was 83.88% and 89.24%, respectively. 
The results of the XRD analysis showed that the manganese phase formed using 3 hours of calcination holding time was 
dominated by Mn3O4 (hausmannite). Meanwhile, the manganese phase formed using 4 hours of holding time of calcination 
was dominated by Mn2O3 (bixbite). 

Keywords: Reeds, manganese, reductant, Mn3O4 (haussmannite), Mn2O3 (bixbite) 
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Rizky Ramadhani Rivai1, Andika Widya Pramono2, Tri Hardi Priyanto3, Awan Maghfirah1 (1Physics Study Program, 
Faculty of Mathematics and Natural Sciences, University of North Sumatra, 2Research Center for Advanced Materials, 
3Research Center for Radiation Detection and Nuclear Analysis Technology, National Research and Innovation Agency) 

Metalurgi, Vol. 38, No. 1, 2023 

Characterization and Analysis of Hardness, Microstructure, and Crystallography of SS 304-Sheathed MgB2 Superconducting 
Wires 

This research was conducted to analyze the hardness, microstructural morphology, and crystallography of the MgB2 
compound in the form of a SS 304-sheathed superconducting wire. MgB2 superconducting wire with SS 304 outer sheath 
was manufactured using an ex-situ rolling process. The results of the Vickers hardness test with a load of 0.3 N showed the 
MgB2 hardness value of 355.1 HV. The results of observations with SEM-EDS (scanning electron microscopy-energy 
dispersive spectroscopy) showed the agglomerations of the second phase of (Mg)B-O with various compositions due to the 
rolling process. There was also a longitudinal crack in the MgB2 area due to the work-hardening phenomenon in the 
brittle MgB2 solid. There were no obvious Bragg peaks in the MgB2 phase. The detected Bragg peaks came from the 
austenitic (-Fe) of SS 304-sheath.    

Keywords: magnesium diboride, agglomeration, FCD/TD, crystallographic texture, neutron absorption 
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Sultan Ageng Tirtayasa University, bResearch Centre for Metallurgy, National Research and Innovation Agency) 
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A Preliminary Study of Cobalt Solvent Extraction from Nickel Sulphate Solution using Organic Extractant PC-88A 

In the present study, a solvent extraction experiment was done to separate cobalt from the nickel sulfate solution using 2-
ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC-88A) as an extractant. The experiment was carried out on a 
laboratory scale using a separating funnel to extract cobalt from the nickel sulfate solution with PC-88A. The mixed 
solution was shaken in a separating funnel for a specified time. After the solvent extraction experiment was finished, the 
organic phase PC-88 was separated from the nickel sulfate solution by decantation. The nickel and cobalt content in the 
aqueous nickel sulfate solution was then analyzed using AAS (atomic absorption spectrophotometry). In this experiment, 
the variable for experiments was covering solution pH from 2 to 6, shaking time from 30 minutes to 120 minutes, shaking 
speed from 20 rpm (revolutions per minute) to 80 rpm, and the volume ratio of aqueous to organic phase (A:O ratio) was 
from 1:1 to 1:4. The effects that experimental variables to the cobalt extraction were observed in this experiment. The 
result of the experiment at room temperature, solution pH 5, shaking speed 60 rpm, shaking time 90 minutes, A:O ratio 1:4 
and concentration of PC- 88A 40% show PC-88A can extract 97.21% of cobalt from nickel sulfate solution. Therefore, it 
was necessary to conduct two stage extraction process to extract 100% of the cobalt from the nickel sulfate solution. 

Keywords: Solvent extraction, nickel, cobalt, nickel sulphate, PC-88A 
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Abstract 
DSSC (dye-sensitized solar cell) is a third-generation photovoltaic technology that can convert solar energy into 
electric current using a photoelectrochemical mechanism. Photoelectrode is one of the significant elements in 
DSSC, where photoexcited electrons are generated, and serves as an electron transport medium. Anatase titanium 
dioxide (TiO2) is often used as photoelectrode material because of its excellent photoactivity, high stability, non-
toxicity, environmental friendliness, and low price. Many DSSC modifications have been conducted to overcome the 
efficiency limitations in DSSC, and one of them is carried out by modifying the TiO2 via doping. In this study, TiO2 
doped with C and co-doping with Zn (Zn-C) and Sn (Sn-C) were prepared using sol-gel reactions, and they were 
subsequently applied and tested as photoelectrode in DSSC. The results showed that undoped and doped TiO2 had a 
porous spherical morphology with inhomogeneous particle sizes. The addition of C, Zn-C and Sn-C dopants has 
reduced in the crystallite size and the band gap energy of TiO2. The efficiency of DSSC with undoped TiO2 DSSC 
was 3.83%, while the best performance was obtained from DSSC C-TiO2 with an efficiency of 4.20%. In contrast, 
the DSSC with Zn-C-TiO2 and Sn-C-TiO2 co-doping produced unexpectedly lower efficiency of 0.71% and 0.85%, 
respectively.     
 
Keywords: DSSC (dye-sensitized solar cell), TiO2, photoelectrode, dopant, efficiency  
 
1. INTRODUCTION 

The increasing human population increased 
demand for energy sources [1].  Most energy 
consumed globally comes from non-renewable 
sources, which will eventually deplete. In 
addition, using these energy sources can cause 
environmental pollution [2].  Therefore, it is 
necessary to have alternative energy sources that 
can solve this problem. Solar cell is a 
semiconductor-based device that can convert 
sunlight directly into electrical current using 
photovoltaic principles without producing 
harmful emissions [3]. DSSC (dye-sensitized 
solar cell) is an emerging technology based on 
hybrid organic-inorganic materials. Brian 
O'Regan and Michael Gratzel first discovered the 
solar cell in 1991. To name a few, DSSC offers 
the benefit of low production cost, a simple 

fabrication process, and abundant and 
environmentally friendly materials [4]-[5]. 

Photoelectrode is one of the essential 
elements that determine the performance of 
DSSC. The semiconductor layer in the 
photoelectrode acts as a medium to transfer 
electrons from the dye molecules to the 
conductive substrate [6]. Titanium dioxide (TiO2) 
semiconductor is mostly used as photoelectrode 
material in DSSC because of its properties, such 
as excellent photoactivity, chemical stability, 
non-toxicity, environmental friendliness, and low 
price. Among the three TiO2 phases, TiO2 with an 
anatase phase is preferred due to its superior 
optical and physical properties [2].  

During the past years, many efforts have 
been carried out to boost the power conversion 
efficiency of DSSC, one of which was done by 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
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modifying TiO2 via doping. The choice of 
dopants for doping on TiO2 was considered from 
several things, including the atomic radius. Zn 
and Sn atoms with atomic radii of 1.42 Å and 
1.40 Å, respectively, are the two potential 
candidates to be substituted into the TiO2 crystal 
lattice, replacing some Ti atoms with atomic radii 
of 1.47 Å. In addition, Zn and Sn also have good 
electrical properties, are resistant to corrosion, 
could increase the photoactivity of TiO2, and 
could maintain the stability of the anatase TiO2 
phase structure [7]-[9]. In addition to metal 
dopants, doping using a non-metallic element, 
such as C atoms with atomic radii 0.7 Å, is also 
viable because the atomic radius is not much 
different from the O atom 0.6 Å, thus making it 
possible to replace the O atom with C atom. C 
atom also has high photoactivity, good stability, 
is easy to obtain, and has been reported to help 
reduce the rate of electron-hole pair 
recombination [10]-[11]. 

The doping of TiO2 could be carried out 
using various methods, such as hydrothermal, 
solvothermal, electrospinning, spray pyrolysis, 
liquid-phase deposition, and the sol-gel method. 
Among those many methods, the sol-gel method 
is preferred by many researchers due to its 
simplicity, and it can be used to obtain 
nanoparticles with tuneable particle size and 
homogeneity [12]. In this contribution, we report 
using the sol-gel technique to synthesize of TiO2 
doped with C and co-doped with Zn (Zn-C) and 
Sn (Sn-C). This work aims to analyze the effect 
of such TiO2 photoanode modifications on the 
electrical performance of DSSC. 

 
2. MATERIALS AND METHODS 
2.1 Materials and Characterizations 

The materials used are TTIP (titanium-IV 
isopropoxide), IPA (isopropyl alcohol), deionized 
water, aniline, SnCl2 (solid crystalline tin-II 
chloride), ZnCl2 (zinc chloride), FTO (fluorine-
doped tin oxide) substrate, platinum paste, 
ruthenium dye (Z907), TiCl4 solution, colloidal 
TiO2, terpineol, triton, and EL-HPE electrolyte 
solution. 
    XRD (x-ray diffraction), SEM-EDX (scanning 
electron microscope-energy dispersive x-ray 
spectroscopy), and ultraviolet-visible diffusion 
reflectance spectroscopy (UV-vis DRS) 
measurements were conducted to characterize the 
physical and optical properties of the materials. 
Meanwhile, current-voltage (I-V) curves and 
IPCE (incident photon-to-current conversion 
efficiency) spectra were measured to analyze the 
resulting DSSC’s electrical performance. The I-V 
characteristics were measured under a solar 

simulator (Newport) with a light intensity of 500 
W/m2 integrated with an AM1.5G filter.  

 
2.2 Synthesis of Undoped TiO2 and C-doped 

TiO2 
     The synthesis was initiated by mixing 100 mL 
of IPA with 10 mL of deionized water and 
stirring with a magnetic stirrer for 30 min. Then, 
1.56 mL of TTIP was added to the solution by 
dripping slowly using a pipette. For the synthesis 
of C-doped TiO2 powder, 100 μL of aniline was 
added to the solution while stirred for 4 h with a 
stirring speed of 6000 rpm. As for the synthesis 
of undoped TiO2 powder, no aniline was added 
during the stirring. After stirring, the mixture was 
allowed to stand at room temperature for 72 
hours until a gel precipitate was formed. The gel 
formed was then separated from the residue. 
After the gel was separated from the residue, the 
gel was dried in an oven at 70 °C for 6 h until a 
solid was formed. The resulting solids of 
undoped TiO2 and C-doped TiO2 were crushed 
using a mortar until a fine powder was formed. 
Then, the undoped TiO2 and C-doped TiO2 
powders were calcined at 450 °C for 3 hours in a 
vacuum furnace to form the anatase phase. 

 
2.3 Synthesis Zn-C and Sn-C Co-doped TiO2  
     Powders of Zn-C and Sn-C co-doped TiO2 
(i.e., with 10 mol % Sn and Zn) were synthesized 
by dissolving 0.17 g of solid ZnCl2 or 0.24 g of 
SnCl2 into 50 mL IPA and 10 mL deionized water 
(solution A). Solution A was stirred for 20 min 
using a magnetic stirrer. In another glass beaker, 
1.56 mL of TTIP was added little by little to 100 
mL of IPA and stirred for 30 min using a 
magnetic stirrer to form a homogeneous solution 
(solution B). During the stirring of solution B, 
solution A was slowly poured into solution B, 
and continued for 4 hours at a stirring speed of 
6000 rpm. The following process is the same as 
the steps in the synthesizing the undoped TiO2 
and C-doped TiO2 powders. 

 
2.4 Preparation of Undoped TiO2, C Doped, 

Zn-C and Sn-C Co-doped TiO2 Paste 
     The undoped TiO2, C-doped, Zn-C, and Sn-C 
co-doped TiO2 powder were made into pastes to 
be attached to the FTO glass by the screen 
printing method. A colloidal TiO2 was required 
to make the paste as a binder to the mixture. The 
synthesis of colloidal TiO2 was carried out by 
mixing 75 mL of deionized water with 2 mL of 
IPA in a reflux reactor. Then, 12.5 mL of TTIP 
was added to the mixture by dripping slowly 
using a pipette while stirring with a magnetic 
stirrer. After mixing the solution, it was 
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continued by adding 0.6 mL of 65% nitric acid 
(HNO3). Next, the reflux reactor was paired with 
a condenser, heated, and stirred on a hot plate at 
80 °C for 8 hours. Upon completion, a white and 
slightly transparent colloidal TiO2 solution was 
obtained. 

To prepare the paste, 0.26 grams of TiO2/C-
TiO2/Zn-C-TiO2/Sn-C-TiO2 powder was crushed 
with a mortar until a fine powder was produced, 
and 0.2 mL of colloidal TiO2 was added and 
stirred evenly. Then 0.1 mL of terpineol and 0.2 
mL of triton were added as a binder solution and 
stirred evenly until there were no lumps. 

 
2.5 Preparation of Photoelectrodes  
     Before the coating step, the FTO substrate was 
coated with a blocking layer by immersing the 
FTO substrate with 40 mM TiCl4 solution on a 
hot plate at 70 °C for 30 min. After that, the 
substrate was rinsed twice using deionized water 
and dried. The dried substrate was sintered using 
a muffle furnace at 500 °C for 30 min. 

Then the FTO substrate was coated with 
TiO2/C-TiO2/Zn-C-TiO2/Sn-C-TiO2 paste using a 
screen printing method, where the coating was 
carried out 2 times. The printed FTO substrate 
will be leveled for 5 min, then dried in the oven 
at 120 °C for 10 min and sintered in a vacuum 
furnace at 500 °C for 30 min.  
     The paste-coated FTO substrate was 
immersed in TiCl4 solution in the same way as 
before to produce a TiO2 reflector layer that 
increased light absorption in the DSSC. 
     The following process is the immersion of the 
samples in Z907 dye solution. The solution was 
prepared by dissolving 20 mg of Z907 dye 
powder with 100 mL of ethanol. The immersion 
was carried out for 24 h at room temperature. 
After immersion, the substrate was rinsed with 
ethanol and dried using a hair dryer. 

 
2.6 Preparation of Counter Electrodes   
     The FTO substrates that have been perforated 
for electrolyte filling were coated with the 
platinum paste using the screen printing method. 
The paste coating process was carried out 2 times 
and then, the substrate was annealed at 450 °C in 
a belt conveyor furnace. 

 
2.7 Dye-Sensitized Solar Cell Assembly  
     The finished photoelectrode and counter 
electrode were attached with surlyn thermoplastic 
using a hot press at 125 °C for 40 s. After the two 
substrates were attached, the EL-HPE electrolyte 
solution was injected into the gap between the 
two substrates through the hole on the counter 
electrode. After the electrolyte solution was filled, 

the hole on the counter electrode was closed with 
surlyn thermoplastic and aluminum foil by 
soldering. The DSSC that had been completely 
constructed was then coated with conductive 
silver ink on the sides of the counter electrode 
and photoelectrode to increase the conductivity 
during electrical measurements. 

 
3. RESULT AND DISCUSSION  
3.1 Crystal Structure 
     The crystal structure and phase composition of  
TiO2, C-TiO2, Zn-C-TiO2, and Sn-C-TiO2 were 
studied by XRD (x-ray diffraction) analysis, and 
the results are shown in Fig. 1. It can be seen that 
the diffraction peaks are relatively sharp, 
indicating that all samples have good crystallinity. 
Phase identification was made by matching the 
measured diffraction peak position data with the 
JCPDS (joint committee for powder diffraction 
standard). The diffraction patterns of TiO2, C-
TiO2, and Zn-C-TiO2 showed diffraction peaks 
indicating a single phase, that is, anatase. The 
typical peak of anatase TiO2 was found at 2θ (°) 
25.3°; 37.8°; and 48.07°, which is the highest 
intensity peak compared to other anatase 
diffraction peaks. In Sn-C-TiO2, apart from the 
diffraction peak of the anatase phase, one peak 
indicates the rutile phase at 2θ=27.06°. The 
anatase phase is typically favourable in DSSC 
(dye-sensitized solar cell) because it has excellent 
photoactivity compared to other phases, 
especially for solar cell applications. This is 
because the anatase phase has a wider active 
surface area so that the absorption of dyes will be 
more optimal and has implications for more 
photons that can be absorbed [7],[13]. 

 
Figure 1. XRD patterns of undoped and various doped TiO2   
 
     The presence of dopant atoms does not change 
the diffraction pattern. This indicates that the 
dopant Sn and Zn managed to enter the TiO2 
crystal lattice substituting the Ti atom, while C 
entered the crystal lattice substituting the O atom. 
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In addition, it is also seen that the presence of 
dopants indicates an increase in the intensity of 
the diffraction peak, suggesting enhanced 
crystallinity. With good crystallinity, the electron 
injection process in TiO2 will be faster, and 
consequently, more photoexcited electrons could 
be transferred, which eventually will improve the 
performance of DSSC [7]-[8],[10],14].  
     The crystallite size was calcula[ted using the 
Debye-Scherrer equation as follows: 

                             (1) 
where λ is the x-ray wavelength (1.54 Å), β is the 
FWHM (full widht half maximum), and θ is the 
diffraction angle (degrees). The calculated 
crystallite sizes are shown in Table 1. 
 
Table 1. Crystallite size of undoped and doped TiO2  

Samples 
Anatase 

crystallite 
size (nm) 

Rutile 
crystallite 
size (nm) 

Crystallite 
size (nm) 

TiO2   87.26 - 87.26 
C-TiO2 1.5 80.49 - 80.49 
Zn-C-TiO2 53.67 - 53.67 
Sn-C-TiO2 56.43 57.65 57.04 
 
     The presence of C, Zn-C, and Sn-C dopant led 
to the formation of  TiO2 with smaller crystal size  

than that of the undoped TiO2 due to a decrease 
in the regularity of the crystal lattice. This is 
because the presence of C, Zn, and Sn has been 
reported to slow down the growth of TiO2 due to 
differences in atomic radius resulting in several 
degrees of lattice deformation [15].  
 
3.2 Surface Analysis 
     The surface morphology of the undoped TiO2 
and doped TiO2 semiconductors was analyzed 
using SEM, as shown in Fig. 2. The figure shows 
that the undoped TiO2 and C-TiO2 particles have 
irregular spherical shapes with inhomogeneous 
particle sizes. Similar morphology was also 
observed in Zn-C-TiO2 and Sn-C-TiO2, which 
exhibit inhomogeneous particle shapes and sizes. 
Many particle aggregates were also present, 
especially the TiO2 samples with dopants. The 
inhomogeneous particle size distribution is likely 
to be caused by agglomeration. It can be seen that 
Zn-C-TiO2 and Sn-C-TiO2 contain more 
agglomerations than C-doped TiO2, so the 
resulting particles seem relatively larger. 

 

 

    
 (a) (b) 

    
 (c) (d) 

Figure 2. Surface morphology of  (a) TiO2, (b) C-TiO2, (c) Sn-C-TiO2, and (d) Zn-C-TiO2 
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     In the morphology of the four samples, it can 
also be seen that some pores could facilitate the 
dye adsorption into the TiO2 layer. Consequently, 
the number of photons that can be absorbed, as 
well as the redox pairs of the electrolyte, is 
expected to increase [16]. When more photons 
are absorbed, more electrons will be injected 
from the dyes into TiO2, which will then be 
transported to the FTO substrate and the outer 
circuit to produce a higher photogenerated 
current. 
     EDX (energy dispersive x-ray spectroscopy) 
analysis was conducted to determine the 
elemental composition of undoped TiO2 and 
doped TiO2. The results of EDX are shown in 
Table 2. The content of elements produced from 
EDS shows the absence of other unexpected 
elements. In undoped TiO2, C content is still 
obtained, almost the same as C-TiO2 powder but 
in different amounts.  The C content in undoped 
TiO2 is thought to come from the TTIP (titanium-
IV isopropoxide) precursor containing carbon 
and organic chains. Meanwhile, in the C-TiO2 
powder, the C content was attributed to the 
dopant precursor, aniline, and TTIP. Zn-C-TiO2 
has a minimal Zn element content of 0.59 %wt, 
while Sn-C-TiO2 shows a reasonably high Sn 
element content of 18.16%wt. Dopant content 
that is too high is typically not expected because 
it can change the crystal properties of the TiO2, 
as seen in the XRD (x-ray diffraction) Sn-C-TiO2 
diffraction pattern with the appearance of the 
rutile phase. 
 
Table 2. Elemental composition of undoped and doped TiO2  

Sample 
Wt (%) 

Ti O C Zn Sn 

TiO2 48.46 46.47 5.06 - - 

C-TiO2 48.44 45.85 5.70 - - 

Zn-C-TiO2 53.96 41.53 3.92 0.59 - 

Sn-C-TiO2 35.88 41.08 4.88 - 18.16 

 

3.3 UV-Vis DRS Analysis 

     The values of bandgap energy were calculated 
using the Kubelka-Munk equation from the 
measured UV-Vis DRS absorbance data: 

 (1) 

where R is the reflectance. To estimate the 
bandgap value, a tangential line was fitted and 
extrapolated from the Kubelka-Munk absorbance 
data, and the results are shown in Table 3. 
     The bandgap energy of synthesized undoped 
TiO2 is 3.03 eV, slightly lower than a typical 

bandgap energy value for anatase TiO2, which is 
3.2 eV. This is likely to be attributed to residual 
C content in the undoped TiO2, as previously 
shown in the EDX results. The presence of this C 
content will form a new sub-band above the 
valence band so that it changes the band gap 
energy value. 
     The bandgap energy of Zn-C and Sn-C co-
doped TiO2 was 2.92 eV and 2.86 eV, 
respectively. The presence of Zn-C and Sn-C 
dopant atoms causes the bandgap energy to 
decrease due to the synergistic effect of the two 
dopant types, namely the formation of energy 
levels above the valence band and below the 
conduction band, which consequently increases 
the separation between holes and electrons [17]. 
These two new sub-bands are very beneficial for 
photocatalyst applications because the energy 
required for electron excitation from the valence 
band to the conduction band is getting smaller to 
increase the photocatalyst performance. It is 
different for DSSC applications. The presence of 
dopants will increase the absorption of the dye on 
TiO2 and increase the energy for electron 
injection from the dye to TiO2 [6]. This will have 
implications for the speed of electron transport 
from TiO2 to the FTO substrate, followed by the 
flow of electrons to the external circuit for the 
current generation. 
 
Table 3. Bandgap energy of undoped TiO2 and doped TiO2 

Sample Bandgap Energy (eV) 
TiO2 3.03 

C-TiO2 2.91 
Zn-C-TiO2 2.92 
Sn-C-TiO2 2.86 

 
3.4 Photovoltaic Performance of DSSCs 
     To determine the performance of the DSSCs, 
an current-voltage (I-V) characterization test was 
carried out to obtain several important electrical 
parameters in the solar cell. These parameters are 
JSC (short circuit current), VOC (open circuit 
voltage), FF (fill factor), and power conversion 
efficiency (η), all of which are summarized in 
Table 4.  The measurements were carried out 
under standardized solar cell characterization 
conditions, with irradiation from a solar simulator 
with an AM1.5G spectrum filter at room 
temperature.  
     The photocurrent density – voltage (J – V) 
curves measured on the fabricated DSSCs with 
various TiO2 modifications are illustrated in Fig. 
3. The value of Voc, Jsc, and FF are known to 
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determine the efficiency of DSSC.  From the J-V 
curves in Fig. 3 and the electrical parameters in 
Table 4, the undoped TiO2 produced DSSC with 
Jsc of 4.24 mA/cm2, Voc of 0.70 V, FF of 0.65, 
and efficiency of 3.83%. From the J-V curve, it 
can be seen that the DSSC with C-doped TiO2 
shows significantly better performance than the 
DSSC with Zn-C and Sn-C co-doped TiO2. The 
DSSC parameters with C-doped TiO2 produced a 
Jsc of 5.05 mA/cm2, Voc of 0.67 V, FF of 0.62, 
and a power conversion efficiency of 4.21%. 

 
Table 4. Electrical parameters of DSSC with photoelectrode 
variations 

Sampel 
Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
Efficiency 

(%) 

TiO2  0.70 4.24 0.65 3.83 
C-TiO2  0.67 5.05 0.62 4.21 
Zn-C-TiO2 0.63 0.92 0.61 0.71 
Sn-C-TiO2 0.68 1.17 0.53 0.85 

      
DSSC with Zn-C and Sn-C co-doped TiO2 
photoelectrodes produced lower DSSC 
parameters than the C-doped TiO2 and even the 
undoped TiO2. This indicates that the TiO2 
modifications for these two samples did not work 
as expected. It was observed that during the 
injection of electrolytes, the electrolyte solutions 
in Zn-C-TiO2 and Sn-C-TiO2 samples were 
challenging to be infiltrated into the cells. 

 
Figure 3. Photocurrent density-voltage curves of DSSCs 
with TiO2 photoelectrode variations 

 
     The reason was possibly due to the 
hydrophobicity of the Zn-C-TiO2 and Sn-C-TiO2 
surface properties [12]. Thus the wetting effect of 
the photoelectrode by the electrolyte took a lot of 
work to achieve. In turn, the  performance of the 
DSSC will be affected because this electrolyte 
solution acts as a charge carrier that collects 

electrons at the counter electrode and brings 
electrons back to the dye molecule, resulting in 
an electron transfer cycle in the cell [19]. When 
there is insufficient electrolyte solution in the cell, 
the electron transfer cycle will be disrupted, 
thereby lowering the current generated by the 
DSSC. 

In addition to the I-V test, IPCE (incident 
photon-to-current conversion efficiency) testing 
was also carried out to determine the spectral 
response of the DSSC. This test was carried out 
on selected samples that have previously shown 
high I-V performance for each variation.  

Figure 4 shows the IPCE spectra that were 
collected between 300 to 800 nm. It can be seen 
that DSSC has a good photoelectric response in 
the UV light range of 300 – 370 nm and visible 
light range of 370 – 700 nm. The IPCE curves 
mainly consist of two absorption regions 
characterized by the presence of two light 
absorption peaks, i.e., the first peak was 
attributed to the light absorption by TiO2. In 
contrast, the second peak was attributed to the 
light absorption by the dye molecules. 
     In the UV light region, the first peak is formed 
at a wavelength of 340 nm, which typically 
corresponds to the absorption band edge of TiO2. 
Light absorption by TiO2 occurs within the short-
wave range because TiO2 has a large band gap 
energy of around 3.0 – 3.2 eV, so higher energy 
is required for electron excitation. In the visible 
light region, the second peak at a wavelength of 
about 520 nm was mainly attributed to the light 
absorption by the ruthenium Z907 dyes [20]. The 
dye absorption that occurs in a longer wavelength 
range corresponds to the bandgap energy of dye 
at around ~1.5 eV. Hence the energy required for 
electron excitation is smaller than that required in 
TiO2. 

 
Figure 4. IPCE spectra of  DSSCs with TiO2 photoelectrode 
variations 
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The IPCE of DSSC values is determined by 
the amount of light that the dye can absorb, the 
number of electrons excited from the dye to the 
conduction band of TiO2, and the number of 
photoexcited electrons transferred from the 
conduction band of TiO2 to the external circuit. 
The highest IPCE value was shown by C-doped 
TiO2, indicating that carbon is the most optimal 
dopant to improve the DSSC performance 
compared to Zn-C and Sn-C co-doped TiO2. The 
higher IPCE value indicates that more photons 
are converted into the current [20]. The IPCE 
results align with the results obtained from the 
current-voltage measurement shown in Fig. 3, 
where the DSSC with C-doped TiO2 
photoelectrode produced the highest current 
density. 

 
4. CONCLUSION 
     TiO2 photoelectrodes modified with carbon 
doping and various co-doping were synthesized 
using a simple sol-gel method, and the resulting 
materials were applied and tested in DSSC (dye-
sensitized solar cell). The presence of C, Zn, and 
Sn dopants overall decreased bandgap energy and 
crystal size. DSSC with C-doped TiO2 achieved 
the highest performance with a power conversion 
efficiency of 4.21%. DSSC with co-doping 
modifications in the form of Zn-C-TiO2 and Sn-
C-TiO2, produced lower efficiency than the 
DSSC with pristine TiO2, which was suspected 
mainly due to poor wettability at the 
TiO2/electrolyte interface. 
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Abstract 
Indonesia is one of the largest tin metal producers in the world, and one of its derivative products is tin chloride 
(SnCl4). This material has been used as a raw ingredient for the production of organotin compounds such as 
methyltin mercaptide for PVC (polyvinyl chloride) plastic industry as a heat stabilizer. On the other hand, this 
precursor can be used to synthesize SnO2 nanomaterials, which have other strategic potentials, including 
photocatalysts and solar cell applications. In this study, the synthesis of SnO2 nanocrystallites was carried out using 
a local tin chloride precursor via the co-precipitation method, followed by a calcination process at temperatures of 
300, 400, 500, and 600 °C, for further usage as an ETL (electron transport layer) in a PSC (perovskite solar cell) 
device. The basic properties characterization was carried out using XRD (X-ray diffraction), ultraviolet-visible 
(UV-Vis) spectroscopy, and SEM (scanning electron microscopy), while the photocurrent-voltage (I-V) curve 
photovoltaic performance of the device was performed using a semiconductor parameter analyzer. The 
characterization results showed that increasing the calcination temperature from 300 to 600 °C increased the 
average crystallite size from 1.19 to 13.75 nm and decreased the band gap energy from 3.57 to 3.10 eV. The highest 
PCE (power conversion efficiency) was obtained from the device fabricated with SnO2 nanocrystallites calcined at a 
temperature of 300 °C, which was 0.0024%. This result was obtained due to the highest transmittance of this sample 
as compared to others; the higher the transmittance, the better the performance of the ETL, which in turn increased 
the overall efficiency of the PSC.    
 
Keywords: SnO2 nancrystallites, co-precipitation method, calcination temperature, electron transport layer, 
perovskite solar cell  
 
1. INTRODUCTION 
     Richard Feynman’s 1959 scientific speech 
entitled “There is Plenty Room at the Bottom” 
paved the way for the rapid development of 
nanotechnology in today’s modern world, from 
the processes of synthesis and characterization to 
its applications [1]. An example of its 
development is the application of metal oxide in 
gas sensors [2], lithium-ion batteries [3], and 

solar cells [4]. One of the metal oxides with 
excellent potential for the development of 
nanotechnology in Indonesia is SnO2 (tin oxide). 
Indonesia has scored in tin production through 
PT. Timah Tbk, with an increase of 128.7% in 
2019 and a total production of 73,390 tons from 
the previous 33,444 tons in 2018 [5]. 
     The use of nanomaterials, especially in the 
field of renewable energy, has continued to grow 
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until now. It is such a significant opportunity to 
utilize solar energy sources in Indonesia. With an 
average daily intensity of solar radiation of 4.8 
kWh/m2, Indonesia has the potential to generate 
more than 207 gigawatts of electrical energy 
from solar energy sources, beating out hydro, 
hydrothermal, wind, and ocean waves [6]. The 
advancement of solar cells, particularly PSC 
(perovskite solar cells), is needed as an 
alternative to renewable energy in Indonesia. 
Concerning this strategic point, SnO2 could be 
utilized as an ETL (electron transport layer) 
material in PSCs.  
     SnO2 was chosen as an alternative ETL 
material due to its excellent electron mobility 
properties (240 cm2/(V.s)) [7]. In addition, SnO2 
can also be synthesized at low temperatures and 
produce high efficiency and good PSC stability 
[8]. Among the various chemical methods for 
metal oxide nanoparticle preparation, the co-
precipitation method has shown good advantages, 
such as not requiring high temperatures and 
pressures. Also, filtration and washing can 
eliminate any impurities left over from the 
reaction process [9]. 
     In this paper, SnO2 nanocrystallites were 
synthesized using local SnCl4 (tin chloride) from 
PT. Timah Industri by co-precipitation method 
and calcination at 300, 400, 500, and 600 °C. 
According to the literature review, no similar 
research has been conducted on synthesizing  
SnO2 nanocrystallites for PSC applications from 
indigenous Indonesian materials. The 
characterization of the synthesized samples was 
carried out using XRD (x-ray diffraction), SEM 
(scanning electron microscope), and UV-Vis 
spectrophotometer. The PSC device was 
fabricated and consisted of SnO2 nanocrystallites 
as the ETL, with a planar heterojunction 
architecture of ITO/SnO2/CH3NH3PbI3/Spiro-
OMeTAD/Au used for the performance test. 

 
2. MATERIALS AND METHODS 
2.1  Materials 

The materials used in this study were tin (IV) 
chloride (SnCl4, PT. Timah Industri), ammonium 
hydroxide (NH4OH, Merck), hydrochloric acid 
(HCl, fuming 37%, Merck), lead (II) iodide (Pbl2, 
Sigma Aldrich), methylammonium iodide 
(CH3NH3I, Greatcell Solar), dimethylformamide 
(DMF, Merck), polyethylene glycol (Triton X-
100, Sigma Aldrich), Spiro-OMeTAD 
(C81H68N4O8, Solaronix), distilled water, acetone, 
ethanol, and ITO (indium tin oxide) glass 
substrate. All chemicals in this study were used 
without further purification. 

2.2  Synthesis and Characterization of SnO2 
Nanocrystallites  

In water solvent, 0.2 M SnCl4 solution and 0.8 
M NH4OH solution were mixed and stirred until 
they formed a pH 9 homogenous solution. After 
that, the precipitate process was carried out for 
approximately 3 days until a white precipitate 
was formed, which was then filtered using 
Whatman filter paper No. 41 and washed with 
100 ml of distilled water, and then the precipitate 
was separated again by the centrifugation method. 
The white precipitate was washed three times 
until the pH was close to 7 (neutral). The sample 
was then dried in an oven at 110 °C for 24 hours 
to obtain clear crystals of SnO2, which were then 
mashed using a mortar to form a powder. 
Furthermore, the SnO2 powder was calcined in a 
muffle furnace for 3 hours at 300, 400, 500, and 
600 °C to be further analyzed using XRD (x-ray 
diffraction), SEM (scanning electron microscope), 
and UV-Vis spectrophotometer.  
     The estimation of the average crystallite size 
of SnO2 nanocrystallites was calculated 
according to the following Scherrer’s equation 
[10]: 

 
             (1) 

 
Where D is the average crystallite size (nm), k 

is the Scherrer constant (0.9), λ is the wavelength 
of X-rays, CuKα (1.5406 Å), β is the full width at 
half maximum/FWHM (radian), and θ is the 
diffraction angles (degrees). 

The optical band gap energy (Eg) of 
synthesized materials was calculated from 
absorbance data by using Tauc’s equation [11]: 

 (2) 
 
Where α is the absorbance coefficient, hν is the 
incident photon’s energy, A is the proportional 
constant, and Eg is the optical band gap energy. 
The exponent value of n indicates the nature of 
the electron transition in the material, which can 
be ½ for the direct transition and 2 for the 
indirect transitions [12]. 
 
2.3  Fabrication of Perovskite Solar Cell  

Preparation of the ITO glass substrate begins 
the first stage of PSC fabrication. The 1.5 × 2 cm 
ITO glass was covered with duct tape, and the 
rest section was etched with HCl for 15 minutes. 
Next, the duct tape was removed, and the ITO 
glass substrate was washed using an ultrasonic 
cleaner for 20 minutes with distilled water, 
acetone, and ethanol, respectively [13].  
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The second stage is the deposition of the SnO2 
layer onto the ITO glass, prepared in the first 
stage. SnO2 slurry was made by mixing the SnO2 
powder with distilled water, acetone, ethanol, and 
PEG in a ratio of 3:2:4:2:2. This SnO2 slurry 
solution was pulverized with a mortar so that it 
was evenly distributed. The slurry was then 
deposited onto the ITO glass by the doctor blade 
method and annealed in the open air at 110 °C for 
1 hour [13]. 
The next stage is the coating of perovskite 
material (CH3NH3PbI3 0.8 M), obtained by 
mixing 276 mg PbI2 with 470 mg CH3NH3PbI3. 
The mixed powder was dissolved in 5 mL of 
DMF and heated at 80 °C for 2 hours. A 100 µL 
perovskite solution was then dripped onto SnO2-
coated ITO glass and allowed to stand for one 
minute before spin coating at 3000 rpm for 30 
seconds. The SnO2@perovskite-coated ITO glass 
was heated at 150 °C for 1 hour in a muffle 
furnace [13].  
     Next is the HTL (hole transport layer) coating, 
which was obtained by dissolving 70 mg of 
Spiro-OMeTAD in 1 mL of chlorobenzene. After 
that, the solution was dripped onto 
SnO2@perovskite-coated ITO glass and spin-
coated for 30 seconds at 3000 rpm. Finally, a thin 
gold (Au) film was applied to the PSC 
(perovskite solar cells) configuration using the 
sputtering method at a pressure of 10-1 mbar and 
a current of 10 mA for 120 seconds [13]. The 
structure of the fabricated PSC layer is shown in 
Fig. 1. 

 
Figure 1. Perovskite solar cell layer structure with planar n-
i-p heterojunction configuration 
 
     PSC performance testing was conducted to 
obtain the I-V curve using a semiconductor 
parameter analyzer (HP Agilent 4145B) with a 
standard illumination intensity of 100 mW/cm2. 
The power conversion efficiency (PCE, η) was 
then calculated using the equation [14]: 
 

 (3) 
 
Where η is the PCE,   is the fill factor,   is the 
short-circuit photocurrent,   is the open circuit 
voltage, and   is the illumination intensity used 
during the test (100 mW/cm2). While the value of 
FF was obtained by using the equation [14]: 

 (4) 
 

Where   and   are the current and voltage 
obtained from the maximum power on the I-V 
curve, which was obtained from the test results. 

 
3. RESULT AND DISCUSSION  
3.1  Crystal Structure Analysis  
     The formation of SnO2 nanocrystallites begins 
with the formation of a white precipitate, 
Sn(OH4), in the gel phase, which results from the 
reaction of SnCl4 with NH4OH (Eq. (5)). When 
the white gel is dried, the water vapor is released, 
leaving behind white SnO2 crystals (Eq. (6)) [15]. 

 
    (5) 

  
                            (6)  

 

 
Figure 2. XRD pattern of SnO2 nanocrystallites samples 
uncalcined and calcined at 300-600 °C  
 
Figure 2 shows the x-ray diffraction pattern of 
SnO2 nanocrystallite samples synthesized by the 
co-precipitation method with no calcination and 
with calcination at temperatures ranging from 
300 to 600 °C. The diffraction peaks on the graph 
correspond to the crystal planes (110), (101), and 
(211) in the ICDD database No. 01-077-0447. 
This indicates that the synthesized samples had a 
rutile phase with a tetragonal structure. The graph 
depicts the sample’s crystallinity increases with 
increasing calcination temperature. This shows 
that the calcination temperature substantially 
affect the formation of purified SnO2 crystals.  
     According to the XRD graph, SnO2 
nanocrystallite samples that were calcined at 
temperatures higher than 300 °C have more 
excellent crystallinity than samples that were 
calcined at 300 °C or not calcined. When the 
calcination temperature is increased, the intensity 
of the diffraction peak becomes higher and 
sharper, and the width becomes narrower. This 
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indicates that the precursor obtains sufficient 
energy to form SnO2 crystals [15].  
The results of calculating the average crystallite 
size of SnO2 nanocrystallites with the Scherrer 
equation (Eq. (1)) are presented in Table 1. The 
average crystallite size of samples that were not 
calcined and were calcined at temperatures 
ranging from 300 to 600 °C has increased from 
1.19 to 13.75 nm.  
 
Table 1. The estimation of average crystallite size of SnO2 
nanocrystallites obtained using the Scherrer equation 
Calcination 
temperature 

(°C) 
hkl 2θ (°) FWHM 

The average 
of crystallite 

size (nm) 

Uncalcined 

110 26.42 4.16 

1.19 
101 33.94 4.48 
200 33.94 628.07 
211 57.68 9.38 
220 57.90 7.59 

300 

110 26.76 3.24 

2.04 
101 33.84 3.15 
200 38.14 3.03 
211 52.12 3.93 
220 55.73 617.68 

400 

110 26.79 1.68 

3.77 
101 34.03 1.49 
200 45.17 63.22 
211 52.04 1.82 
220 65.36 2.76 

500 

110 26.69 1.17 

6.32 
101 33.97 1.04 
200 38.04 1.02 
211 51.92 1.06 
220 54.56 130.15 

600 

110 26.72 0.69 

13.75 
101 34.01 0.64 
200 38.08 0.58 
211 51.95 0.66 
220 54.89 0.55 

 
3.2  Optical Properties Analysis  
     Figure 3(a) depicts the optical absorbance 
spectrum of SnO2 nanocrystallites samples. The 
curve shows a high absorbance in the ultraviolet 
region and a low absorbance in the visible light 
region. The absorbance peak of the sample 
shifted to the visible light region, or redshifted, as 
the calcination temperature increased from 300 to 
500 °C. This phenomenon affects the optical 
band gap energy (Eg) of the SnO2 nanocrystallites 
samples.  

 According to the calculation results of the 
Tauc method (Eq. (2)) in Table 2, the optical 
band gap energy tends to decrease with 
increasing calcination temperature, from 3.57 eV 
(uncalcined) to 2.81 eV (calcined at 500 °C). 

However, the optical band gap energy was 
discovered to rise 3.10 eV in the 600 °C calcined 
sample. 
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Figure 3. (a) Absorbance, and (b) transmittance spectra of 
SnO2 nanocrystallites samples uncalcined and calcined at 
300-600 oC 
 
     This conforms to the absorbance spectrum 
curve of the sample, which also underwent a 
blueshift. 
 
Table 2. The optical band gap energy (Eg) with increasing 
calcination temperature 

Calcination temperature (°C) Band gap energy (eV) 
Uncalcined 3.57 

300 3.18 
400 2.95 
500 2.89 
600 3.10 

 
The size of the crystallite affects the optical band 
gap energy in a nanoparticle. Due to quantum 
effects, the band gap energy of the nanoparticle 
will decrease with increasing crystallite size and 
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vice versa [16]. In general, the decrease in band 
gap energy in the SnO2 samples was consistent 
with the XRD analysis results, which 
demonstrated that the average crystallite size 
grows as the calcination temperature rises.  
     In the case of the 600 °C calcined sample, the 
band gap energy has increased again. Meanwhile, 
the crystallite size has increased due to the 
received heat energy driving force. There is a 
possibility that other phases may emerge in minor 
quantities, which are undetectable by XRD 
testing but perform an important role in 
influencing the mechanism of electron excitation 
from the valence band to the conduction band of 
SnO2 nanocrystallites in this study. These 
nanocrystallites were discovered by UV-Vis 
spectroscopy at the absorption edge and 
represented by the optical band gap energy 
measurement results. However, additional 
characterization with more advanced tools, such 
as XANES and XPS, is required to confirm this.  
Another explanation that can be related is the 
influence of the calcination temperature, which 
has a part in controlling the intrinsic defect in the 
SnO2 crystal [17]. The higher the calcination 
temperature, the more significant the defect 
reduction, particularly oxygen vacancy, which 
increases the optical band gap energy [18]. This 
also happened in a study by Kamble et al., [19], 
which confirmed an increase in optical band gap 
energy due to defect reduction of SnO2 
nanocrystallites after the calcination process at 
800 °C for 2 hours. 

As ETL (electron transport layer) materials, 
SnO2 nanocrystallite samples must have high 
transmittance. So that photons can easily pass 
through the ETL to the perovskite layer, where 
electron charge excitation occurs. The overall 
performance of the PSC (perovskite solar cells) 
improves with increasing transmittance of the 
ETL material [20]. For further analysis, the 

absorbance spectrum of the SnO2 nanocrystallite 
samples was processed to obtain the percentage 
of transmittance using the Lambert-Beer equation 
as follows [21].  
 

 (7) 
 
Where T is the percentage of transmittance (%) 
and A is the absorbance. 
     As shown in Figure 3(b), the above 
calculation results were then plotted as a curve 
between the transmittance percentage and 
wavelength. According to the transmittance curve, 
it can be seen that the percentage of transmittance 
of all SnO2 nanocrystallites samples increased in 
the visible light area. Higher transmittance 
intensities were discovered in SnO2 
nanocrystallite samples that were calcined at 300 
and 400 °C. However, the curve for the 300 °C 
calcined sample has a greater range of light 
transmittance areas than the curve for the 400 °C 
calcined sample. This indicates that more photons 
of light are transmitted to the ETL layer and 
excite electrons in the perovskite layer in that 
sample. Therefore, the ETL transmittance 
performance of the 300 °C calcined sample is 
greater than that of other samples.  
 
3.3  Surface Morphology Analysis 
     The surface morphology of the synthesized 
samples is observable in Fig. 4. According to the 
SEM observations, the samples tend to aggregate. 
due to the use of mortar in refining clear SnO2 
crystals into fine SnO2 powder, which has a very 
high surface energy that leads to the formation of 
agglomerates. This result can also be correlated 
to forming strong hydrogen bonds in the 
precipitate during the synthesis process [22].  
 

 

 
(a) 

 
(b) 

 



 

14 | Metalurgi, V. 38.1.2023, P-ISSN 0126-3188, E-ISSN 2443-3926/ 9-18 

 
(c) 

 
(d) 

  

 
(e) 

 

Figure 4. Surface morphology of SnO2 nanocrystallites samples (a) uncalcined and calcined at (b) 300, (c) 400, (d) 500, and (e) 
600 °C 
 
3.4  Perovskite Solar Cell Performance  
     The PSC configuration in this study consisted 
of ITO/SnO2/CH3NH3PbI3/Spiro-OMeTAD/Au. 
From the results of processing the I-V curve (Fig. 
5), it was determined that only the SnO2 
nanocrystallites sample calcined at 300 °C could 
serve as an ETL layer and produced the highest 
PCE (power conversion efficiency), which was 
0.0024% (Table 3). In this study, uncalcined and 
calcined SnO2 nanocrystallite samples at 
temperatures other than 300 °C produced no 
difference in the I-V curve and thus did not affect  
the PCE.   

 

 
Figure 5. PSC I-V curve with ITO/SnO2/CH3NH3Pbl3/Spiro-
OMeTAD/Au configuraton 

For comparison, in 2016, Jiang et al., [7] used a 
commercial tin precursor (Alfa Aesar) to produce 
SnO2 nanoparticles as ETL through a low-
temperature solution process. They achieved a 
high PCE of almost 20%. The work by Liu et al., 
[23] uses the same tin precursor and achieves 
high PCE of 19.38%.  
     The PSC device fabrication process using 
SnO2 nanocrystallite samples, apart from the 
300 °C calcined sample, had problems with 
uneven depositions of the SnO2 layer onto the 
ITO glass using the doctor blade method. In 
addition, the perovskite layer fabrication process 
carried out in the open air and not in an inert 
environment also contributed to the low PCE 
obtained. It has been reported in other studies that 
most high-efficiency PSC devices are obtained 
by manufacturing a perovskite layer under inert 
conditions using a glove box [24].    
     It is recommended to preserve the substrate at 
an increased temperature for future fabrication of 
perovskite solar cell layers using doctor blade 
deposition in order to obtain a pinhole-free, 
uniform, and smooth coating. This will increase 
the solvent evaporation rate, promoting 
nucleation, and crystal growth [25]. 
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4. CONCLUSION 
    SnO2 nanocrystallites have been successfully 
synthesized using a local tin chloride precursor 
through the co-precipitation method and 
calcination treatment at various temperatures of 
300, 400, 500, and 600 °C. The crystal structure 
characterization revealed that the higher the 
calcination temperature, the higher the 
crystallinity and the larger the average size of the 
formed SnO2 nanocrystallites.  The increasing 
size of crystallites also causes a reduction in band 
gap energy due to quantum effects. Thus, the 
calcination treatment in the co-precipitation 
method affects the characteristics of the resulting 
SnO2 nanocrystallites. The SnO2 nanocrystallites 
have been applied as an ETL material in PSC 
with a planar n-i-p heterojunction configuration 

composed of ITO/SnO2/CH3NH3PbI3/Spiro-
OMeTAD/Au.  
    The highest PSC efficiency was achieved by 
PSC composed of SnO2 nanocrystalline with a 
calcination temperature of 300 °C, which was 
0.0024%. This result is following the 
transmittance level of the sample, which has a 
wider range of transmittance areas compared to 
other samples so that more photon energy can 
pass through the ETL and ultimately improve the 
overall PSC performance. In this study, the PSC 
efficiency is still very low. This is because of 
limitations during making the device, such as the 
thickness of the layers of the different structures 
that make up the solar cells and the non-inert 
condition in which the device is made. 
 

 
 

Table 3. Photovoltaic characteristics of the perovskite solar cells based on different calcination temperature 
Calcination 

temperature (°C) Voc (V) Isc (A/cm2) Vmaks (V) Imaks (A/cm2) FF PCE (%) 

Uncalcined 5 0.0001 2.7 0.0001 0.2922 0.0001 
300 5 0.0013 3.35 0.0007 0.3747 0.0024 
400 5 0.0001 2.9 0.0001 0.3975 0.0001 
500 5 0.0001 2.7 0.0001 0.3038 0.0001 
600 5 0.0001 2.5 0.0001 0.2834 0.0001 
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Abstract 

Recovery of manganese from manganese ores was investigated by reductive leaching method using reeds as a 
reductant in the sulfuric acid medium. Cellulose, hemicellulose, and lignin are natural reducing agents which are 
widely used as reducing agents to recover manganese. Effects of calcination temperature and the holding time 
calcination on the leaching efficiency of manganese and impurities were examined. The calcination temperature and 
the holding time calcination have a significant effect on the extraction of manganese. The experimental results 
demonstrated that the higher the calcination temperature used, the higher the percentage of manganese obtained, 
namely 79.58% and 87.38%, respectively. The XRD (x-ray diffraction) pattern shows that the manganese phases 
formed at 700 and 800 °C are Mn3O4 (hausmannite) and Mn2O3 (bixbite), respectively. The morphology in the 
sample with calcination temperature at 700 °C showed agglomerate- shaped particles and unevenly dispersed. 
Meanwhile, the sample with calcination temperature at 800 °C  exhibited agglomerated particles of inhomogeneous 
size and were more evenly distributed. Variation of holding time in the manganese ores recovery process also 
affects the results of manganese recovery. The composition of the manganese recovery in the samples using holding 
time calcination variations of 3 and 4 hours was 83.88% and 89.24%, respectively. The results of the XRD analysis 
showed that the manganese phase formed using 3 hours of calcination holding time was dominated by Mn3O4 
(hausmannite). Meanwhile, the manganese phase formed using 4 hours of holding time of calcination was 
dominated by Mn2O3 (bixbite). 
 
Keywords: Reeds, manganese, reductant, Mn3O4 (haussmannite), Mn2O3 (bixbite) 
 
1. INTRODUCTION 
     Global warming, as a result of increased 
GHGs (greenhouse gas) emission activities, has a 
severe impact on people's survival. One reason 
for the increasing of GHGs emissions is the 
production of ever-increasing amounts of carbon. 
Transportation is one of the contributing sectors 
to increasing carbon production. Therefore, a 
strategy is needed to reduce GHGs emissions in 
transportation.  
     One strategy that can be implemented to 
reduce GHG emissions caused by transportation 
is by switching to the use of electric 
transportation. Electric vehicles have advantages 
over ICE (internal combustion engine) based 
vehicles in reducing air pollution and GHG 
emissions. Electric vehicles produce far less air 

pollution and can be near zero compared to ICE 
(internal combustion engine) based vehicles [1].  
     Using electric transportation as a strategy to 
reduce GHGs emissions has encouraged 
researchers, especially in the fields of materials 
science and engineering, to continue to innovate 
to meet battery needs and obtain the increasing 
battery performance that continously. The battery 
in an electric car or motorcycle functions as an 
energy storage device in the form of DC (direct 
current) electricity. 
     Manganese is one of the materials developed 
by researchers to be applied as a component of 
battery systems [2]-[5]. In nature, manganese ore 
can be found in various forms. For example, 
MnO2 (pyrolusite), BaMn9O16(OH)4 
(psilomelane), Mn2O3 (manganese), Mn3O4 
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(haussmannite), Mn2O3 (manganite), Mn3O4 
(haussmannite), MnCO3 (rodhochrosite), and 
MnSiO3 (rhodonite). The investigation on the 
processing of manganese ores with a content of 
less than 40% through hydrometallurgical 
processes has been carried out in recent years [6]. 
The type of reducing agent is the important factor 
influencing the recovery process of manganese 
ore using the hydrometallurgical method. 
Generally, the types of reducing agents used are 
inorganic and organic. Inorganic reductant 
substances such as SO2 (sulfur dioxide), Fe2SO4 
(ferrous sulfate), iron powder, and other iron salts 
have disadvantages compared to the organic 
reducing agents [6]. One of the deficiencies of 
using inorganic reductants as reducing agents is 
that they are not eco-friendly. Therefore, one of 
the solutions is using reductants derived from 
agriculture or biomass.  
     Cellulose, hemicellulose, and lignin are 
natural reducing agents which are widely used as 
reducing agents to recover manganese. This type 
of reducing agent is commonly found in 
agriculture or biomass. Wu et.al. [7] has carried 
out manganese recovery from low-grade 
manganese ores using cellulose as the reducing 
agent. The results showed that the amount of 
manganese obtained was more than 90%. Xiong 
et al., [8] have studied the leaching process of 
low-grade pyrolusite using a lignin-reducing 
agent with 2M H2SO4 solvent. This study 
obtained manganese with a percentage of more 
than 91%. Ali et al., [9] have succeeded in the 
recovery of manganese with a percentage of 
92,48% from a high-grade manganese ore under 
similar conditions by using 4% corncob as a 
reducing agent at 90 °C. 
     One of the plants that are easily found in 
nature that contains cellulose, hemicellulose, and 
lignin is reeds. Reeds (imperata cylindrica) 
contain about 40.22% cellulose, so this plant can 
potentially be optimized as reducing agents to 
recover manganese from their ores [10]. 
Furthermore, reeds (imperata cylindrica) are 
abundant plants in Indonesia and have yet to be 
utilized optimally. Based on this, this research 
will recover manganese ore obtained from West 
Sumbawa Regency, West Nusa Tenggara 
Indonesia, by using reeds (imperata cylindrica) 
as a reducing agent. 

 
2. MATERIALS AND METHODS 
     The process of recovering manganese from its 
ores in this research was carried out in several 
stages. The first, is making reducing agent from 
reeds (Imperata Cylindrica). Second, the process 

of manganese recovery using the leaching 
method. 

 
2.1 The Process of Making Natural Reducing 

Agents from Reeds (Imperata Cylindrica) 
     The fabrication of the reductor agent was 
strated with the reed washing process. The reeds 
were soaked in water for two hours. After that, 
the reeds were dried under the rays of the sun. 
The dried reeds were then cut into small pieces, 
mashed using a blender, and sieved. 5 grams of 
reed powder was macerated using 17.5% NaOH 
solution for 48 hours. After that, the sample was 
filtered using filter paper. The precipitate 
obtained from the maceration process is then 
washed using water. The sample was then dried 
using an oven until a dry precipitate was obtained.  

 
2.2 The Recovery Process of Manganese Ores  
     The leaching process of manganese ores 
begins with the process of refining the 
manganese ores. The refined manganese ores 
were then dried using an oven at a temperature of 
110 ℃ for 1 hour to remove the moisture content. 
The next step is the process of hydrolysis. The 
hydrolysis process was done by mixing 20 grams 
of manganese ores and 5 grams of reed powder 
using 100 ml of 5% H2SO4 acid solution. The 
mixture was then stirred using a magnetic stirrer 
with 700 rpm of speed for 2 hours at a 
temperature of 90 ℃. The mixture obtained from 
this process was filtered to separate the filtrate 
and residue. 
     The filtrate obtained from hydrolysis was then 
precipitated by adding NaOH solution to the 
filtrate until a pH of 9 was obtained. The 
following process was to separate the deposit and 
the filtrate using filter paper. The precipitate 
obtained was then washed until it reached a 
neutral pH. The samples from the deposition 
process were then dried by using an oven at a 
temperature of 100 ℃ for one hour. The dried 
samples then calcined with temperature 
variations and in holding time calcination.  
 
2.3 Sample Characterization 
     Samples that had been calcined at various 
temperatures of 700 and 800 ℃ and holding 
times of 3 and 4 hours were characterized. The 
characterization carried out on the samples 
included XRF (x-ray fluorescence), Brand: 
PANalytical, Type: Minipal 4. The 
characterization of the sample by using XRF 
aims to determine the percentage of manganese 
(purity) obtained. Characterization to determine 
the phase formed in the sample was carried out 
using XRD (x-ray diffraction), Brand: 
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PANalytical, Type: Expert Pro and 
characterization using SEM (scanning electron 
microscopy), Brand: FEI, Type: Inspect-S50 used 
to see the microstructure manganese powder. 
3. RESULT AND DISCUSSION  
3.1 Various Calcination Temperatures 
     Table 1 shows the composition of the 
chemical elements contained in the precipitate 
from leaching after the recovery process was 
carried out using a calcination temperature of 
700 ℃ which was analyzed using XRF (x-ray 
fluorescence). According to Table 1, the 
percentage of recovering manganese from its ores 
is 79.58%.  

 
Table 1. The results of XRF analysis the sample with 
temperature calcination of 700   

Elemen Wt.% 
       Al 5.50 

P 0.51 
S 6.40 

Ca 1.69 
Mn 79.58 
Cu 0.12 
Zn 0.63 
As 0.53 
Mo 4.80 
Re 0.30 

 
     Meanwhile, Table 2 shows the XRF analysis 
results of samples with a calcination temperature 
of 800 °C. The percentage of manganese 
recovery from manganese ores with a calcination 
temperature of 800 °C is 87.38%. 

 
Table 2. The results of XRF analysis with temperature 
calcination of 800   

Element Wt.% 
Al 1.50 
P 0.10 
S 3.90 

Ca 0.51 
Mn 87.38 
Cu 0.13 
Zn 0.57 
As 0.88 
Mo 4.80 
Re 0.20 

 
     Based on the results of the XRF analysis of 
these samples, it was shown that a higher 
calcination temperature would result in a greater 
percentage of manganese recovery. 
     Figure 1 shows the results of the phase 
analysis of manganese samples recovered from 
manganese ores. Based on the XRD (x-ray 

diffraction) analysis, most of the manganese 
phase formed at a calcination temperature of 
700 ℃ is dominated by bixbite (Mn2O3). 
Meanwhile, the impurities are not detected by the 
XRD instrument because the composition of 
these impurities is small. The Mn3O4 phase peak 
was detected at 2θ, ~18.022°; ~28.927°; 
~32.395°; ~36.103°; ~38.105°; ~44.435°; 
~50.857°; ~56.053°; ~58.533°; and ~59.938°, 
respectively corresponding to the crystal plane 
(101); (112); (103); (211); (004); (220); (105); 
(303); (321); and (224). 
 

 
Figure 1. X-ray diffraction patterns for Mn recovered from 
manganese ores with calcination temperatures of 700  and 
800  

 
     Meanwhile, the sample with a calcination 
temperature of 800 ℃  was dominated by 
manganese phase in the form of hausmannite 
(Mn3O4) which was detected at 2θ peaks: 
~23.139°; ~26.781°; ~32.854°; ~38.235°; 
~55.183°; and ~65.791° respectively correspond 
to the crystal planes (121), (022), (222), (040), 
(044), and (262). These data are also supported 
by the research conducted by Lan et al., [11] 
where calcination temperature plays an important 
role in the structure and the morphology of 
modifications. The difference in the formation of 
compounds resulting from calcination is because 
high temperatures can move the atoms to change 
the mineral structure into a new structure, and 
atomic diffusion also occurs accompanied by the 
release of organic compounds. Furthermore, 
temperature differences during the calcination 
process cause changes in the manganese oxide 
compound from the pyrochroite type to 
manganese oxide in various forms. The 
mechanism for changing the structure of 
pyrochroite to MnO2 and Mn2O3 occurs because 
the pyrochroite atoms vibrate, and the arms 
between atoms are elongated due to heat energy 
in the calcination process. The process of 
changing the structure is caused by an increase in 
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heat and dissolution or dissolution of atoms 
contained in the oxidation area, which is the ion 
exchange area [12]. 
     Figure 2 shows the microstructure of the 
samples at the variation calcination temperatures 
of 700 and 800 ℃ (Figs. 2(a) and 2(b)) which 
were characterized using SEM (scanning electron 
microscope). 
 

 
 
 
 
 
 
Figure 2. The SEM images of the sample calcined at (a) 
700 ℃, and (b) 800 ℃ 

 
     According to SEM analysis, the morphology 
of the hausmannite manganese oxide phase is in 
the form of agglomerated powder particles, and 
the powder particles are not evenly distributed 
(Fig. 2(a)). Meanwhile, the sample calcined at 
800 ℃ (Fig. 2(b)) showed the morphology of the 
bixbite oxide phase (Mn2O3) in the form of 
agglomerated particles with inhomogeneous sizes 
and evenly distributed.  

 
3.2 Various Holding Time Calcination 

Table 3 shows the percentage of elemental 
content found in manganese ore after the 
recovery process was carried out using reeds as 
the reducing agent with a calcination time of 3 
hours with a calcination temperature of 700 ℃. 
According to Table 3, the percentage of 
recovering manganese from its ores is 83.88%.  

     Figure 3 shows the results of the analysis of 
the phases formed in each sample. According to 
the results of the XRD analysis, most of the 
manganese phase formed using 3 hours of 
holding time calcination was dominated by the 
hausmannite (Mn3O4) phase.  

 
Table 3. The results of an XRF analysis of a sample with a 
holding time of 3 hours and a calcination temperature of 
700 °C 

Element Composition (%) 
Al 3.80 
P 0.20 
S 3.60 

Ca 1.64 
Mn 83.88 
Cu 0.10 
Zn 0.60 
As 0.72 
Mo 4.50 
Re 0.20 
Bi 0.33 

  
     Meanwhile, Table 4 shows the recovering 
manganese from its ores with a holding time of 
calcination at 4 hours with a calcination 
temperature of 700 ℃. The composition 
percentage of recovering manganese with the 
holding time calcination of 4 hours is more 
significant than the holding time calcination of 3 
hours, which is 89.24%. Characterizing the 
sample using XRF, shows that the longer the 
holding time calcination, the higher the recovery 
of the manganese obtained.  

 
Table 4. The results of an XRF analysis of a sample with a 
holding time of 4 hours and a calcination temperature of 
700 °C 

Element Composition (%) 
Al 1.30 
P 0.10 
Si 0.60 
S 2.30 

Ca 0.52 
Mn 89.24 
Cu 0.10 
Zn 0.63 
As 0.70 
Mo 4.00 
Re 0.20 

 
     Meanwhile, the dopants are not detected by 
the XRD instrument because the composition of 
these dopants is small. The peak of the 
hausmannite phase was detected at 2θ, ~18.014°; 
~30.990°; ~32.383°; ~36.084°; ~58,500°; and 
~59,910° respectively corresponding to the 

(a) 

(b) 
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crystal plane (101); (112); (103); (200); (103); 
(211); (321); and (224). The peak of the most 
dominant Mn2O3 phase is detected at the peak of 
2θ: ~32.954°, corresponding to the crystal’s plane 
(222).  
 

 
Figure 3. X-ray diffraction patterns for Mn recovered from 
manganese ores with holding time calcination of 3 and 4 
hours 
 
Other Mn2O3 phase peaks formed at 2θ, 
~23.139°; ~26.781°; ~38.235°; ~55.183° and 
~65.791° correspond to the crystal planes (121), 
(022), (040), (044), and (262), respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
Figure 4. SEM images of the sample with holding time 
calcination at (a) 3 hours, and (b) 4 hours 

Meanwhile, in samples with a calcination 
holding time of 4 hours, the manganese phase 
formed was dominated by the bixbite (Mn2O3) 
phase. 
     Figure 4 shows the microstructure of the 
samples using 3 and 4 hours of calcination 
holding times (Figs. 4(a) and 4(b)), which were 
characterized by using SEM with 1000x 
magnification. The sample using 3 hours of 
holding times calcination showed the 
morphologically formed plate particles (Figure 
4(a)). Meanwhile, the sample using 4 hours of 
holding times calcination showed the 
morphology of the bixbite oxide phase (Mn2O3) 
in the form of flake particles that were evenly 
distributed (Fig. 4(b)). 

 
4. CONCLUSION 
      The recovery of manganese ores obtained 
from West Sumbawa Regency, West Nusa 
Tenggara, Indonesia, using reeds (Imperata 
Cylindrica) as the reducing agent, has been 
successfully investigated. Increasing the 
temperature of the calcination process generates 
an increased percentage of manganese from 
79.58% to 87.38%. Increasing the calcination 
temperature also changes the structure of the 
sample. In addition, putting temperature variation 
in the calcination process produces different 
morphological patterns. 
Increasing the holding time of the calcination 
process generates an increased percentage of 
manganese from 83.88% to 89.24%. Besides, 
increasing the holding time also changes the 
structure obtained from the sample. Furthermore, 
different holding times in the calcination process 
produce different morphological patterns. 
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Abstract 
This research was conducted to analyze the hardness, microstructural morphology, and crystallography 
of the MgB2 compound in the form of a SS 304-sheathed superconducting wire. MgB2 superconducting 
wire with SS 304 outer sheath was manufactured using an ex-situ rolling process. The results of the 
Vickers hardness test with a load of 0.3 N showed the MgB2 hardness value of 355.1 HV. The results of 
observations with SEM-EDS (scanning electron microscopy-energy dispersive spectroscopy) showed the 
agglomerations of the second phase of (Mg)B-O with various compositions due to the rolling process. 
There was also a longitudinal crack in the MgB2 area due to the work-hardening phenomenon in the 
brittle MgB2 solid. There were no obvious Bragg peaks in the MgB2 phase. The detected Bragg peaks 
came from the austenitic (γ-Fe) of SS 304-sheath.    
 
Keywords: Magnesium diboride, agglomeration, FCD/TD, crystallographic texture, neutron absorption  
 
1. INTRODUCTION 
     Superconductors are materials capable of 
conducting electric current with zero resistivity at 
very low temperatures. Superconductors can 
conduct current even in the absence of a voltage 
source. This material can also act as a perfect 
diamagnetic material, so it can completely reject 
the external magnetic field as long as it is below 
its critical value (Hc) [1]. Magnesium diboride 
(MgB2), which was discovered in 2001 by 
Nagamatsu et al., [2] is a metal-based 
superconducting material with a critical 
temperature (Tc) of 39 K, so that it can be used in 
the operational temperature range of 20-25 K in 
more economical cryocooler conditions. The 
research and development of MgB2 are expected 
to replace the low-temperature superconducting 

materials NbTi and Nb3Sn due to the higher Tc of 
MgB2. In addition, Mg is an abundant and 
cheaper metal resource compared to Nb, Ti, and 
Sn. Superconducting applications are usually 
used in the form of wire or tape. In this study, the 
process of making wire was carried out using the 
ex-situ powder-in-tube method. Using the ex-situ 
method shows more optimal results and low 
solid-state reaction between the stainless-steel 
sheath and MgB2 which impacts the formation of 
oxides. Choi et al., [3] carried out a carbon 
doping process on MgB2 superconducting wire 
using the ex-situ powder in-tube method. 
     This study; put ready-made MgB2 powder 
with > 99% purity into stainless steel (SS) metal 
tubes. This study used SS 304 steel tubes which 
were cheaper than other metal tubes. The 
previous characterization also showed that the SS 
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tube did not react with MgB2 when heated [4]. 
Only a little research has been done to 
quantitatively characterize the crystallographic 
texture of MgB2 superconducting wire, in 
addition to the frequency of publication topics 
that are not too high. The latest publication by 
Melone et al., [5] discusses the crystallographic 
texture of MgB2 wire with SiC nano doping. 
Previously, Kováč et al., [6] discussed the 
anisotropy of the critical electric current (Ic) of 
in-situ MgB2 in the form of bands, one of which 
is due to the texture of MgB2 near the interface 
with the Fe, Ta, and Nb sheaths. Even further 
back, Song et al., [7] published articles on the 
anisotropy of grain morphology and 
crystallographic texture and their implications for 
the flux pinning mechanism of MgB2 in the form 
of pellets, filaments, and thin films. 
     This research was conducted to characterize 
and analyze the crystallographic texture of MgB2 
in wire form, its hardness value, and 
microstructure morphology. 

 
2. MATERIALS AND METHODS 
     MgB2 powder with a purity > 99% was put 
into a SS 304 tube with an initial diameter of 6 
mm. This MgB2-containing SS 304 tube was  
rolled to reduce the wire diameter to 3.2 mm. 
Several tests were carried out on the rolled wire, 
including the Vickers hardness test, 
microstructure observation, XRD (x-ray 
diffraction) test, and crystallographic texture test.  
     In the Vickers hardness test, the cut and 
mounted wire samples were ground using 
abrasive paper numbers 40 to 2000 until the 
sample’s surface was scratch-free. The samples 
were then polished using 1-micron alumina 
polishing fluid. The Vickers hardness test was 
performed using a pyramid-shaped diamond 
indenter. This test was carried out at five points 
with the same load, 0.3 N. The sample for the 
Vickers hardness test was also used for 
microstructure observation using a JEOL JSM-
6390A SEM (scanning electron microscope). 
     For the XRD test, the wire sample was 
chopped or filed first to obtain a powder or flake 
form so that low-power x-rays can penetrate it. 
When a crystalline material is analyzed using 
XRD, the x-rays are diffracted at specific angles 
that depend on the spacing between the planes of 
atoms within the crystal lattice. Each set of 
planes diffracts the x-rays at a particular angle, 
producing a diffraction peak in the XRD pattern. 
The material’s crystal structure can be 
determined by analyzing the positions and 
intensities of the diffraction peaks. 

     However, for x-rays to interact with the 
crystal lattice and produce diffraction peaks, the 
material must be powdered or flake. This is 
because x-rays have a limited penetration depth 
and are scattered in all directions when 
interacting with bulk material. By grinding or 
filing the sample into a powder or flake, the 
sample's surface area is significantly increased, 
allowing the x-rays to penetrate the material from 
many different directions and increasing the 
number of diffraction directions observed in the 
XRD pattern. 
     Increasing the number of diffraction directions 
is important because it provides more 
information about the material’s crystal structure. 
The more diffraction directions observed, the 
more accurately the crystal structure can be 
determined, including the lattice parameters, 
space group, and the orientation of the crystal 
lattice concerning the sample surface. This 
information is important for understanding the 
material’s physical properties, such as its 
mechanical, thermal, and electrical properties, 
and designing new materials with tailored 
properties. 
     XRD tests and analysis were carried out to 
determine the position of the Bragg peaks at a 
specific diffraction angle range and the 
percentage of elements contained in the MgB2 
superconducting wire, using the PANalytical 
EMPYREAN XRD test kit with Cu-Kα radiation, 
with a wavelength (λCu) of 1.54060 Å and a 
position angle between 10.0024° to 79.9684°. 
     Neutron diffraction is a powerful technique 
used to study the crystal structure of materials, 
particularly those that contain light elements such 
as hydrogen or lithium, which are difficult to 
analyze using x-ray diffraction. Neutron 
diffraction experiments are typically performed 
using a neutron source, such as a research reactor 
or a spallation source, which produces a beam of 
neutrons directed onto the sample. 
     The data from the XRD test with the 
PANalytical EMPYREAN instrument was then 
used to observe crystallographic textures with the 
neutron FCD/TD (four-circle 
diffractometer/texture diffractometer). The 
neutron FCD/TD (four-circle diffractometer/ 
texture diffractometer) is a specialized instrument 
used for neutron diffraction experiments. It 
consists of a sample stage that can rotate around 
four different axes, allowing the sample to be 
oriented in various positions concerning the 
neutron beam. The instrument is also equipped 
with detectors that can measure the intensity of 
the diffracted neutron beam at different angles, 
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which can be used to determine the crystal 
structure and orientation of the sample. 
     In a neutron diffraction experiment with the 
FCD/TD, the sample is first mounted onto the 
sample stage and oriented in a specific direction 
concerning the neutron beam. The neutron beam 
is then directed onto the sample, and the detectors 
detect the diffracted neutrons. By analyzing the 
positions and intensities of the diffracted neutron 
peaks, the material’s crystal structure can be 
determined, including the positions of the atoms 
within the crystal lattice and the symmetry of the 
lattice. 
     In addition to determining the crystal structure, 
the FCD/TD can also be used to study 
crystallographic textures, which refer to the 
preferred orientation of the crystal lattice within 
the material. By rotating the sample stage around 
different axes and measuring the diffraction 
patterns at each orientation, it is possible to 
determine the preferred orientation of the crystal 
lattice and how it affects the material properties. 
This information is important for understanding 
the anisotropic properties of materials, such as 
their mechanical, thermal, and electrical 
properties, and for designing new materials with 
tailored properties. 

This study used an FCD/TD (four-circle 
diffractometer/texture diffractometer) to 
determine the two-dimensional crystallographic 
texture of MgB2 compounds with crystal 
orientation relative to the 2θ angles of the peak 
intensity of the XRD results. However, because 
FCD/TD used a neutron beam with a different 
wavelength (λn) than the Cu-Kα (λCu) 
wavelength from XRD PANalytical 
EMPYREAN, the 2θ angles of XRD had first to 
be converted to 2θ angles for FCD/ TD, using an 
equation based on Bragg's law: 

 
 =                                                    (1) 

 
      

 
 
 
 
 
 
 
 
 
 

 
Figure 1. The bundle of MgB2 wires 

 

There were two types of wire samples for this 
neutron diffraction test, one with a diameter of 
2.5 mm and the other with a diameter of 3 mm. 
The wire samples were bundled to provide a 
large enough surface area for diffraction. The 
average diameter of the bundled wires was 8.75 
mm, with a length of 1.5 cm (Fig.1). The data 
resulting from neutron diffraction was then 
processed using the MAUD (materials analysis 
using diffraction) application. 
 
3. RESULT AND DISCUSSION  
3.1 Longitudinal Anatomy of Wire Samples 
     Figure 2 shows a sample of SS 304-sheathed 
MgB2, which experienced a rolling reduction 
process. The diameter of the MgB2 
superconducting wire sample decreased from 6.0 
mm to 3.2 mm, or a 71.6% reduction.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Sample of rolled MgB2 superconducting wire 
 
     Figure 3 shows the longitudinal anatomy of 
this SS 304-sheathed MgB2 wire sample, where 
the MgB2 compound was flanked by SS 304. It 
can be seen that there was a longitudinal crack in 
the MgB2 area due to the work-hardening 
phenomenon in the brittle MgB2 solid.  
     Figure 4 shows the results of measuring the 
average thickness of the SS 304 tube and the 
MgB2 area using the JEOL JSM-6390A SEM. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Longitudinal anatomy of a sample of rolled MgB2 
superconducting wire. The yellow arrow indicates the 
longitudinal crack in the MgB2 
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direction 

1.5 cm

8.75 mm

MgB2
SS 304 sheath

Rolling 
direction 

Rolling 
direction 



 

28 | Metalurgi, V. 38.1.2023, P-ISSN 0126-3188, E-ISSN 2443-3926/ 25-32 

Measurements of the diameter of the SS 304 wire 
sheath showed an average value of 3.224 mm and 
an inner diameter filled with MgB2 of 1.428 mm. 

 
 
 
 
 
 
 
 
 
 

Figure 4. Measurement of the wire sample's average 
diameter, the thickness of the SS 304 tube, and the area of 
the MgB2 compound. The yellow arrow indicates the 
longitudinal crack in the MgB2 

 
3.2 Hardness of Wire Samples 
     Table 1 shows the hardness value of each 
indentation and its average value. 

 
Table 1. MgB2 superconducting wire hardness values 
 

 

 
 
 
 
 
 

     The Vickers hardness test took into account 
the value of diagonal 1 and diagonal 2 to obtain 
the HV hardness value using the following 
equation: 

 
D =              (2) 

HV =             (3) 

HV =              (4) 
 
where: 
D  = average diagonal length 
D1  = length of diagonal 1 
D2  = length of diagonal 2 
HV = Vickers hardness value 
F = load.  

 
Based on Equations 2-4, the average hardness 

value of the MgB2 superconducting wire was 
355.1 HV (3.482 GPa). Previous research 
conducted by Herbirowo et al., [8] on SS 316-
sheathed MgB2 wire which was annealed at 
800 °C and rolling, showed a hardness value of 
377.2 HV. The difference in hardness values was 
mainly due to the nickel content in SS 304 and 
SS 316. SS 304 contains an average of 8.0% 

nickel, while SS 316 contains 10.0% nickel. The 
higher the nickel is, the value of the strength and 
hardness of the steel increases. In addition, SS 
316 contains 2.0% Mo (molybdenum). Mo 
functions not only to increase corrosion 
resistance but also to increase steel’s hardness, 
toughness, and strength. 

 
3.3 Microstructures of MgB2 Wire 
     Figure 5 shows the morphology of the MgB2 
compound on a superconducting wire. Clumping 
or agglomeration (white arrows) occurred in the 
MgB2 compound due to the rolling process, 
where the MgB2 powder wire was subjected to 
roll compaction pressure. The inhomogeneity of 
agglomerate sizes in MgB2 powder was 
determined by several factors, such as the outer 
and inner diameters of the wire, the rolling or 
rolling tool system, and the interaction between 
process parameters and the physical properties of 
the material (MgB2 and SS 304 sheath) [9].  

 
 
 
 
 
 
 
 
 
 

 
Figure 5. Morphology of MgB2 compounds in 
superconducting wire samples. Agglomerations with non-
uniform size distribution are indicated by white arrows 

 
     EDS analysis of these lumps also indicated the 
presence of the second phase (Mg)B-O 
(discussed later). At the same spot as Fig. 5, an 
elemental mapping analysis was carried out to 
determine the distribution of the main elements, 
as shown in Fig. 6. 
     From Figure 6, it can be seen that the most 
dominant elements were Mg (Fig. 6(d)), then O 
(Fig. 6(c)), and B (Fig. 6(b)). The presence of 
elemental oxygen indicated the occurrence of an 
oxide phase. Figure 7 shows the results of the 
analysis of the EDS in-situ composition by spot 
on several lumps or agglomerates. These lumps 
were suspected to be the second phase (Mg)B-O 
with various compositions (Figs. 7(a)-(c), and 
(e)).  
 
 
 
 
 
 

Test No. HV Hardness  
(GPa) 

1 357.8 3.5088 
2 337.4 3.3087 
3 317.6 3.1145 
4 371.2 3.6402 
5 391.5 3.8981 

Rolling 
direction 
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(a) 
  
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

 
 
 
 
 
 
 
 
 
 
 

(c) 
 
 
 
 
 
 
 
 
 
 
 
 

 
(d) 

Figure 6. Results of elemental mapping analysis on MgB2 
superconducting wire samples: (a) SEM, (b) elemental 
boron (B) (c) elemental oxygen (O), and (d) elemental 
magnesium (Mg) 

 
     The existence of the second phase (Mg)B-O 
was also previously reported by Chen et al., [10], 
where the element oxygen originated from the 
boron powder precursor, B2O3. 

 
 
 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e)  

Figure 7. The EDS in-situ composition analysis results by 
spot on the agglomerates of the MgB2 compound indicated 
the presence of a second phase (Mg)BO with various 
composition variations 
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Amorphous boron contains more B2O3 
compounds than crystalline boron. However, 
after synthesis, the second phase (Mg)B-O is 
mainly produced by crystalline boron [10]. The 
results of the EDS analysis of the agglomerates in 
Fig. 7(d) show the presence of Nb (niobium) 
impurity. 

 
3.4 X-Ray Diffraction Analysis 
     Figure 8 shows the XRD results of the MgB2 
superconducting wire sample, where the highest 
peak of the MgB2 compound occurs at an angle 
of 2θ = 42.428° and for iron (Fe) from the SS 
304 sheath at 44.510°. The compositional 
analysis of the XRD results showed an MgB2 
content of 74.1% and α iron of 25.9%. 

 

 
 

Figure 8. Graph of XRD characterization results of MgB2 
superconducting wire 
 
3.5 Crystallography Analysis 
     Previously it was known that the maximum 
intensity of MgB2 occurred at an angle of 2θCu = 
42.428° or θCu = 21.214°. By using the values of 
λCu = 1.54060 Å and λn = 1.2799 Å and Equation 
1, the value of the angle θn was calculated to be 
17.495°, or 2θn = 34.989°. The results of the 
diffraction data from FCD/TD were then 
processed in the MAUD (material analysis using 
diffraction) application. 
     Two types of phases were observed using 
FCD/TD, namely γ-Fe (austenite) and MgB2. 
Austenitic steel hasana fcc (face-centered cubic) 
structure with a space group of Fm-3m. 
Depending on the carbon content, the lattice 
parameter of γ-Fe varies from 3.5680 Å  (C = 
0.45%) to 3.6043 Å (C = 1.25%) [11]. MgB2 has 
a hexagonal structure with lattice parameters a = 
b = 3.06 Å  c= 3.52 Å, α = 90°, β = 90°, γ = 
120,° and a space group of P6/mmm [12]-[13]. 
     From the results of the initial analysis of the 
Bragg peak with MAUD, there was good 
compatibility between the Bragg peaks of the 
austenitic γ-Fe phase with the experimental 
results, as shown in Fig. 9 (for wire diameter = 

3.0 mm) and Fig. 10 (for wire diameter = 2.5 
mm).  

 

 
 

Figure 9. The compatibility between γ-Fe phase Bragg peaks 
with the experimental results, for wire diameter = 3.0 mm 
 
The difference in peak intensities in Fig. 9 and 
Fig. 10 can be correlated with the extent of wire 
reduction. The wire reduction was 75.0% for a 
wire diameter of 3.0 mm, whereas the wire 
reduction was 82.6% for a wire diameter of 2.5 
mm. Such wire reduction induced the 
development of crystallographic texture or 
preferred orientations due to material 
deformation [13]-[14]. 
 

 
 

Figure 10. The compatibility between γ-Fe phase Bragg 
peaks with the experimental results, for wire diameter = 2.5 
mm 
 

 
Figure 11. No compatibility between MgB2 Bragg peaks 
with the experimental results, for wire diameter = 3.0 mm 
   
   In the MgB2 phase, there was no Bragg peak 
corresponding to the theoretically produced 
MgB2 Miller index for both wires with diameters 

Bragg peaks 
O          experimentals 

Bragg peaks 
O          experimentals 
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of 2.5 mm and 3.0 mm (Figs. 11 and 12). There is 
no Bragg peak in the MgB2 diffraction pattern 
since boron, and its boride compound are 
neutron-absorbing materials [15]-[16]. Even 
though the abundance of 10B isotope in nature is 
only 18.9-20.4% [17], it has a neutron cross-
section of 3835-3840 barns (1 barn = 10-24cm2) 
for 0.025 eV neutron [18]. On the other hand, the 
11B isotope (with the 79.6-81.1% portion) has a 
neutron cross-section of only 5.28 barns [18]- 
[19].  

To overcome this issue, researchers may use 
other techniques such as neutron diffraction, 
which is more sensitive to the presence of 10B, or 
use isotopically enriched samples containing a 
higher proportion of 11B. These methods can help 
to improve the resolution and accuracy of the 
XRD analysis of MgB2. 
 

 
Figure 12. No compatibility between MgB2 Bragg peaks 
with the experimental results, for wire diameter = 2.5 mm 

 
4. CONCLUSION 
     The average hardness value of the MgB2-SS 
304 superconducting wire was 355.1 HV (3.482 
GPa), lower than that of the MgB2-SS 316 
superconducting wire. This condition was 
triggered by the higher Ni and Mo content in SS 
316 compared to SS 304. Observation of the 
microstructure of the MgB2 compound on this 
superconducting wire shows the presence of 
agglomerates of various sizes, which were also 
the second (Mg)B-O phase with variations in 
composition. There were no obvious Bragg peaks 
in the MgB2 phase. This was probably due to the 
effect of the very large neutron absorption cross-
section of the 10B isotope so that most of the 
neutrons were absorbed by the material, and only 
a small part of neutrons was scattered and 
captured by the detector. The detected Bragg 
peaks came from the austenitic (γ-Fe) of SS 304-
sheath. 
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Abstract 
In the present study, a solvent extraction experiment was done to separate cobalt from the nickel sulfate solution  
using 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC-88A) as an extractant. The experiment was carried 
out on a laboratory scale using a separating funnel to extract cobalt from the nickel sulfate solution with PC-88A. 
The mixed solution was shaken in a separating funnel for a specified time. After the solvent extraction experiment 
was finished, the organic phase PC-88A was separated from the nickel sulfate solution by decantation. The nickel 
and cobalt content in the aqueous nickel sulfate solution was then analyzed using AAS (atomic absorption 
spectrophotometry). In this experiment, the variable for experiments was covering solution pH from 2 to 6, shaking 
time from 30 minutes to 120 minutes, shaking speed from 20 rpm (revolutions per minute) to 80 rpm, and the volume 
ratio of aqueous to organic phase (A:O ratio) was from 1:1 to 1:4. The effects that experimental variables to the 
cobalt extraction were observed in this experiment. The result of the experiment at room temperature, solution pH 5, 
shaking speed  60 rpm,  shaking time  90 minutes, A:O ratio 1:4 and  concentration of PC- 88A 40% show  PC-88A 
can extract 97.21% of cobalt from nickel sulfate solution. Therefore, it was necessary to conduct two stage 
extraction process to extract 100% of the cobalt from the nickel sulfate solution.    
 
Keywords: Solvent extraction,  nickel,  cobalt,  nickel sulphate, PC-88A 
 
1. INTRODUCTION 
     Nickel and cobalt are used extensively in 
metallurgy and non-metallurgy. There are many 
uses for nickel, such as stainless steel, high- 
temperature steel, magnetic materials, 
electroplating, non-ferrous alloys, ceramic 
materials, catalysts, batteries, fuel cells, and 
chemicals [1]-[2]. There are numerous 
applications for cobalt in the metallurgical, 
petroleum, chemical, electronic, pharmaceutical, 
and medical industries because of its unique 
chemical and physical properties. Cobalt is 
commonly used in the metallurgical industry to 
produce alloy metals for gas turbines, nuclear 
power plants, engine vanes, automotive engines, 
engine valves, aviation fuel nozzles, and cutting 

wear-resistant tools [3]-[5], magnetic materials 
such as Alnico and Samarium cobalt [6]-[8], the 
catalyst for sulfur removal and oil hydrogenation 
processes [9]-[11], drying materials for paint, 
promoters for the polymerization process [12], 
pigment materials [13]-[14], raw materials for 
rechargeable batteries [15], Fuel Cell Cathode 
materials [16], and implant materials for heap 
joints, dentist, cardiovascular stent [17]-[21]. 
Cobalt has a broad spectrum application in many 
industries; therefore cobalt consumption in the 
world tends to increase [22]. There are 
predictions that global cobalt consumption will 
reach 220 000 tons by 2025 and 390 000 tons by 
2030 [23]. 
     Cobalt is generally obtained as a by-product 
of the nickel, copper, and zinc extraction process 

https://creativecommons.org/licenses/by-nc-sa/4.0/
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[22], [24]-[29] and from used batteries [30]-[31]. 
Cobalt can also be obtained from the nickel matte 
[32]-[33] by-product of nickel laterite processing 
through the caron process or HPAL (high- 
pressure acid leaching) [1]. In this process, cobalt 
is obtained through the leaching process of 
materials containing cobalt, followed by a solvent 
extraction process to separate the cobalt from 
other contained elements in the solution and the 
cobalt deposition process from the solution, 
including the electrowinning process to 
precipitate the cobalt from the cobalt chloride 
solutions [34].  
     Solvent extraction separate a metal ion from 
another existing metal ion in a solution (water 
phase) by adding insoluble organic materials into 
the water phase to transfer a metal ion from the 
water phase to the organic phase. The stripping 
process is carried out to remove the loaded metal 
from the organic phase. Metals can be separated 
from complex ions in solutions by solvent 
extraction because it is an efficient and flexible 
method [35].  
     The are many extractants for the cobalt 
solvent extraction process. The extractants used 
are Cyanex 272, D2EHPA (acid extractant), 
Alamine 306, Alamine 304 (base extractant), and 
Cyanex 923 (solvating extractant). In acidic 
solutions, Cyanex 272 and D2EHPA have been 
used to extract cobalt, but when the solution 
contains ionic manganese, these two extractants 
are less effective at extracting cobalt, as they can 
both extract manganese first before extracting 
cobalt [36]; therefore, alternative extractants are 
needed for cobalt extraction from nickel sulfate 
solution. 
     To separate cobalt from the nickel sulfate 
solution in this paper, a solvent extraction study 
has been done by using PC-88A as an organic 
extractant. This study aims to investigate the 
effect of solvent extraction parameters, such as 
shaking speed, shaking time, water phase to 
organic phase ratio, and solution pH, on cobalt 
extraction. 

 
2. MATERIALS AND METHODS 
2.1  Raw Materials for Experiment 

The raw material for this experiment was a 
nickel sulfate solution containing cobalt ions. To 
obtain this mixed solution, nickel sulfate 
hexahydrate (Merck) and cobalt sulfate 
heptahydrate (Pudak Scientific) were dissolved in 
H2SO4 (aqueous sulfuric acid) solution and mixed 
to form a nickel-cobalt sulfate solution with an 
approximately 10: 0.5 Ni/Co mass ratio. In 
contrast the organic extractant used in the 
experiment was 2-ethythexyl phosphonic acid 

mono-2-ethylhexyl, known with the trade name 
PC-88A from Daihachi Chemical. In some 
experiments,  PC-88A was diluted with kerosene 
to obtain an appropriate PC-88A concentration 
for the solvent extraction. The detail of the PC-
88A Kerosine volume ratio is explained in the 
section variable for an experiment. 

 
2.2 Variable for Experiment  
     The variables covered in this solvent 
extraction experiment were shaking speed 20; 40; 
60; 80 rpm, shaking time 30; 45; 60; 90; 120 
minutes, a ratio of water to organic phase (A:O 
ratio) 1:2; 1:3; 1:4, the concentration of PC88A 
20, 40, 60, 80, 100%, and pH adjusted with 
sulfuric acid or sodium hydroxide solutions. 
Those experimental variables were observed in 
the cobalt extraction from the nickel sulfate 
solution by PC-88A. 
 
2.3 Solvent Extraction Experiment 
     The solvent extraction experiment to extract 
cobalt from the nickel sulfate-containing ionic 
cobalt solution (water phase) was carried out by 
mixing a certain volume of nickel sulfate solution 
(water phase) with PC-88A (organic phase) in the 
separating funnel. The mixed solution was 
shaken for a certain time using a mechanical 
shaker. After the experiment, the organic phase 
and the aqueous phase were separated by 
decantation, and the solution's nickel and cobalt 
content was then determined using an AAS 
(atomic absorption spectrophotometry). The 
percentage of cobalt extraction was calculated 
using Equation 1. 

 
% E Co  = [Co]I – [Co]A   x 100 %              (1) 

 [Co]I    
 

Some ionic nickel may be removed from the 
sulfate solution during the cobalt extraction. As a 
result, Equation 2 is utilized to determine the 
percentage of nickel extraction.   
 
% E Ni = [Ni]I – [Ni]A   x 100 %         (2) 

[Ni]I    
Where:  
% E Co = Cobalt percent extraction  
% E Ni = Nickel percent extraction 
[Co]I = Cobalt content in the nickel sulfate  

   solution before extraction 
[Co]A = Cobalt content in the nickel sulfate  

   solution after extraction  
[Ni]I = Nickel content in the nickel sulfate  

   solution before extraction 
[Ni]A = Nickel content in the nickel sulfate  

   solution after extraction 
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3. RESULT AND DISCUSSION  
3.1 Effect of Shaking Speed on Cobalt 

Extraction  
     The effect of shaking speed on a cobalt 
extraction from a nickel sulfate solution 
containing cobalt ions was studied at room 
temperature, the shaking time was 30 minutes, 
the water-to-organic phase ratio was 1:1, and the 
solution pH was 2 and 5, and shaking speed was 
20 rpm, 40 rpm, 60 rpm, and 80 rpm. The result 
of an experiment  in Fig. 1 shows that increasing  
in shaking speed from 20 rpm to 40 rpm caused a 
slight increase in the nickel and cobalt extraction, 
but a further increase in rpm to 80 rpm had not 
given any significant effect for both cobalt and 
nickel extractions. This experiment result shows 
the minimum shaking speed for creating a good 
contact between organic phase and aqueous 
phase was at 40 rpm. For shaking speed equal to 
40 rpm or longer than 40 rpm, interfacial contact 
between organic and water phases has been  
effective for the cobalt transferring process from 
the water phase to the organic phase. Another 
research activity show  the same tendency during 
cobalt extraction from nickel chloride solution by 
using TNOA (tri normal octyl amine) as an 
organic extractant [37].   
 

 
 

(a) 

 
(b) 

Figure 1. Effect of shaking speed on metal extraction, (a) Ni 
Extraction, and (b) Co extraction 

 

3.2 Effect of Shaking Time on Cobalt 
Extraction 

     The effect of shaking time on a cobalt and 
nickel extraction from the nickel sulfate solution 
containing cobalt ions was investigated at room 
temperature, with the solution pH ranging 
between 2 and 5, the volume water to organic 
phase ratio (A:O ratio) was set to 1:1. The 
shaking time ranged from 30 minutes to 120 
minutes. The results of an experiment are shown 
in Fig. 2, which demonstrates that increasing the 
shaking time from 30 minutes to 120 minutes had 
little effect on the extraction of nickel and cobalt. 
The experiment's findings indicate that 30 
minutes of shaking was the minimum amount of 
shaking required to transfer cobalt from the water 
phase to the organic phase. The aqueous and 
organic phases have been thoroughly mixed for 
30 minutes or more of shaking, and the cobalt 
transfer process is more effective now. The same 
pattern was seen in a different research project 
that used TNOA (tri-normal-octyl-amine) as an 
organic extractant for extracting cobalt from a 
nickel chloride solution [37]. 

 

(a) 
 

 
(b) 

 
Figure 2. Shaking time effect on nickel and cobalt 
extraction, (a) Ni, and (b) Co 
 
3.3 Effect of A:O ratio on Cobalt Extraction 
     This experiment examined the role of the 
aqueous to organic phases (A:O) ratio on the 
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extraction of cobalt and nickel from a nickel 
sulfate solution containing cobalt ions. The 
experiment was conducted at room temperature, 
with the solution's pH range being between 2 and 
5, shaking time for 90 minutes, and the A:O ratio 
varying from 1:1 to 1:4. The experimental results 
in Fig. 3 show that the percentage of cobalt 
extraction increases as the A:O ratio increases in 
all solution pH conditions, due to the increased 
PC-88A concentration, which encourages cobalt 
extraction and causes the cobalt extraction from 
nickel sulfate solution to increase. A higher 
percentage of cobalt extraction was attained in 
the solution with an A:O ratio of 1:4 due to the 
higher PC-88A content, which promotes cobalt 
extraction.     
 

 
(a) 

 

 
(b) 

Figure 3. Effect of (A:O) ratio on metal extraction (a) Ni, 
and (b) Co 
      
     The results of the experiment also show that 
87.97 % of cobalt and  57 % of nickel was  
extracted by the PC-88A from the nickel sulfate 
solution at a solution pH 5 and an A:O ratio equal 
to 1:4. Comparing our result with another 
research activity, there is similar tendency with 
Julian wang [38] experimental result which had 
conducted a research activity to separate cobalt 
from nickel sulfate solutions. His experiment 
result shows the cobalt extraction from the sulfate 
solution increased when the ratio of the organic 
phase to the aqueous phase was increased. These 
experiment results show the increase of the A:O 

ratio creates more concentration of extractant in 
the solution which creates more cobalt extraction. 
 
3.4 Effect of  PC 88A Concentration on 

Cobalt  Extraction 
     The effect of PC-88A concentration on cobalt 
extraction from the nickel sulfate solution 
containing cobalt ions was examined at room 
temperature, with the solution pH ranging 
between 2 and 5, shaking time was  90 minutes, 
shaking speed was 60 rpm, A:O ratio was  1:4, 
and PC 88A concentration varied from 20% to 
100%. 
 

 
(a) 

 

 
(b) 

Figure 4. Effect of PC 88A concentration on metal 
extraction (a) Ni, and (b) Co 
 

The experimental results in Fig. 4 demonstrate 
that increasing the concentration of PC 88A from 
20% to 40% resulted in a slight increase in the 
extraction of nickel and cobalt, but increasing the 
concentration of PC 88A from 40% to 100% has 
had no significant effect on the extraction of 
nickel and cobalt.  As shown by the experiment's 
findings in Fig. 4, adding PC 88A had less impact 
on cobalt extraction than raising the solution pH 
from 2 to 5. Cobalt exists as a cation species in 
the solution phase, responsible for the increased 
cobalt extraction at a higher solution pH [39], 
which  is easier to extract  by acidic 
organophosphorus extractant PC-88A [40].  
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3.5 Effect of  Solution pH on Cobalt 
Extraction  

     The effect of solution pH on the nickel and 
cobalt extraction from nickel sulfate solution 
containing cobalt ions was studied at room 
temperature, the PC-88A concentration was 40%, 
and the solution pH was varied from pH 2 to pH 
6. The experimental results in Fig. 5 show that 
increasing the solution pH from pH 2 to pH 5 
causes an increasing  in cobalt and nickel 
extraction. Referring to Equation 3, when the 
water phase (nickel sulfate solution) is mixed 
with the organic phase (PC-88A), the ionic cobalt 
(Co2+) in the nickel sulfate solution reacts with 
the organic phase of PC-88A (RH) according to 
the following the reaction: 

 
Co2+ + 2 RH =  R2Co +  2 H+           (3) 
 
The equilibrium constant (K) for reaction 3 is 
expressed by Equation 4 as follows: 

 
 

K = [R2Co][H+]2          (4) 
[Co 2+][RH]2 

 
 

And if the cobalt distribution in the organic phase 
(R2CO) and the water phase (Co 2+) is expressed 
by Equation 5 below: 

 
D  =  [R2Co]/[Co 2+]          (5) 

 
Then Equation 5 is substituted into Equation 4, 
the equilibrium constant of Equation 3 can be 
expressed by Equation 6 as follows: 

 
K  =   D [H+]2          (6) 

  [RH]2 
 

And if Equation 6 is expressed in logarithmic 
form it will creates Equation 7 as follows: 

 
Log D =  log K +  2 log RH + 2 pH         (7) 
 
Equation 7 shows the increase of pH could 
increase the cobalt distribution in the organic 
phase, or the cobalt extraction increases when the 
solution pH increases. The correlation between 
pH and with a distribution of cobalt in organic 
phase (D) in Equation 7  has the same tendencies 
and with the experimental results in Fig. 5. 
Another experiment conducted by Julian [38] and 
Luiz [39] show the same tendencies. Luiz  
conducted experimented to separate cobalt and 
nickel from spent nickel–metal–hydride batteries 
by solvent extraction with D2EHPA (di-2-

ethylhexyl phosphoric acid) followed by Cyanex 
272 (bis-2,4,4-trimethylpentyl phosphinic acid,  
and Junlian  [38] conducted an experiment to 
separate cobalt and nickel separation from sulfate 
solutions by using (2-ethylhexyl) (2,4,4-
trimethylpentyl) phosphinic acid. Their 
experiment result shows the cobalt and nickel 
extraction increased when the solution pH 
increased. Another similar results are observed 
by Luo, who conducted experiments on cobalt 
extraction from chloride solution with PC-88A as 
an extractant, where an increase in the pH of the 
solution led to an increase in cobalt extraction 
[41]. 
 
3.6 Multistage Extraction using McCabe 

Thiele Method 
     The experimental result in Fig. 5 reveals that 
the maximum value of cobalt extraction with PC 
88 A is 97,21% at pH 5. As a result, some cobalt 
ions remain in the nickel sulfate solution.  A 
multi-stage solvent extraction procedure should 
be used to obtain more pure nickel sulfate 
solutions. A cobalt-free nickel sulfate solution is 
created at this stage.   
 

 
Figure 5. Effect of pH on cobalt and nickel  extraction 
 

 
Figure 6. Mc Cabe thiele diagram use for the extraction 
process of Co from nickel sulfate 
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In this study, the McCabe Thiele diagram was 
used for the multistage extraction simulation, as 
it is depicted in Fig. 6, where the raw material 
used was a nickel sulfate solution with a nickel 
content of 8.775 g/l and cobalt content of 0.409 
g/l. This solution composition has been used in 
previous research to observe the effect of pH, PC 
88A concentration, shaking speed, shaking time, 
and aqueous-to-organic ratio on cobalt extraction. 
The McCabe Thiele diagram in Fig. 6 shows two 
stages. The extraction process can separate all the 
cobalt ions from the nickel sulfate solution using 
a 40% concentration of PC-88A extractant. In the 
first extraction stage, it produces a nickel sulfate 
solution (water phase) containing 0.0114 g/L 
cobalt ions, and in the second. 

 
4. CONCLUSION 
     The conclusion of the study on the separation 
of cobalt from nickel sulfate solution containing 
cobalt ions using the solvent extraction methods 
is cobalt ion can be separated from nickel sulfate 
solution containing cobalt ion by solvent 
extraction method using organic solvent PC-88A. 
The best condition for cobalt extraction from 
nickel sulfate solutions is at room temperature, 
solution pH 5, shaking speed 60 rpm, shaking 
time 90 minutes, A:O ratio of 1:4 with a PC-88A 
concentration of 40 %. At this condition almost 
97.21 % of Cobalt could be extracted from the 
nickel sulfate solutions. Therefore, the 2-stage 
extraction process with PC-88A is needed to 
obtain a more purer nickel sulfate solution. 
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