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Abstract

There were many researches had been done by scientists on electro-deposition
of tin and tin chalcogenide thin films. Most of them were using SnCl,, Sn(EDTA),
Sn(OH),, SnSO, and so on. But, there are not many studies have been done on the tin
sulfoselenide (SnSSe) which is the derivative of the tin thin films. Therefore, an
alternative for the tin ion source is tin (II) methanesulfonate to fabricate the tin and tin
chalcogenide thin films. The process of electrodeposition of tin and tin chalcogenide
thin films on the copper substrate by using a solution of tin (II) methanesulfonate
(CH3S05),Sn (50 wt. % in H,O), natrium thiosulfate (Na,S,05), natrium selenite
(Na,SeO;) and methane sulfonic acid (CH;SO;H) is described. The chemical bath
contained 0.01M tin (II) methanesulfonate, 0.01M natrium thiosulfate, 0.01M natrium
selenite (Na,SeO;), and 40ml of methane sulfonic acid (>99.5%) are prepared. Cyclic
voltammetry (CV) experiments are conducted using potentiostat and galvanostat to
study the reduction and oxidation potential. The CV experiments are conducted under
different potential. The electrodeposition of Sn, SnS and SnSSe are observed and
described. The characterization of the coated tin and tin chalcogenide thin films on the
copper substrate were studied by using EDAX, SEM, AFM, XRF and XRD. The results

of the characterization are studied.

The electrodeposition of tin from tin (II) methanesulfonate solution with 1-
butyl-1-methylpyrrolidinium trifluoro methanesulfonate (BMPOTF) ionic liquid at
varying concentration was studied under the room temperature. Cyclic Voltammetry
served to characterize the electrochemical behaviour of tin reduction and oxidation. The

diffusion coefficient of stannous ions in the mixture of BMPOTF ionic liquid and MSA



based electrolyte obtained via Randles-Sevcik was approximately 2.11 x 107cm?.
Electroplating on copper panel was conducted under different current densities to
determine BMPOTF based tin plating solution current efficiency. Mixture of BMPOTF
and MSA based tin plating solution gave current efficiency as high as 99.9%. The
deposit morphology of the mixture BMPOTF and MSA based tin coated substrates was
observed by using EDX and SEM. A dense, fine and polygonal grain structure was
obtained. Voltammetry and chronoamperometry for the electrodeposition of tin from tin
(II) methanesulfonate mixed with ionic liquid and methane sulfonic acid at room
temperature was studied. Cyclic voltammetry shows redox waves of tin (II), which
proves that the electrodeposition of tin from tin (II) methanesulfonate is a diffusion-
controlled process. The diffusion coefficient of tin (II) ions in the solvent mixture
showed good agreement from both voltammetry and chronoamperometry results. The
diffusion coefficient of tin (II) in the mixture was much smaller than in aqueous solution,

and it depends on the anion of the ionic liquid.



Abstrak

Terdapat banyak penyelidikan telah dilakukan oleh ahli sains terhadap
elektrodeposisi filem nipis tin dan tin chalkogenid. Kebanyakan adalah menggunakan
SnCl,, Sn(EDTA), Sn(OH),, SnSO, dan lain-lain. Tetapi, tidak banyak kajian telah
dilakukan terhadap tin sulfoselenide (SnSSe) iaitu sebagai terbitan untuk filem nipis tin.
Oleh itu, sebagai pilihan untuk sumber ion tin ialah tin (II) methanesulfonate untuk
fabrikasi filem nipis tin dan tin chalkogenid. Proses elektrodeposisi filem nipis tin dan
tin chalkogenid terhadap substrat tembaga dengan menggunakan campuran cecair tin
(IT) methanesulfonate (CH;SO5),Sn (50 wt. % in H,0), natrium thiosulfate (Na,S,03),
natrium selenite (Na,SeO;) dan asid methane sulfonic (CH;SO;H) telah diselidik.
Campuran cecair kimia yang mengandungi 0.01M tin (II) methanesulfonate, 0.01M
natrium thiosulfate, 0.01M natrium selenite (Na,SeO;), dan 40ml asid methane sulfonic
(>99.5%) telah disedia. Eksperimen kitaran voltammetri telah dilakukan dengan
menggunakan potensiostat dan galvanostat untuk mengkaji potensi reduksi dan
oksidasi. Eksperimen kitaran voltammetri telah dilakukan dengan potensi berlainan.
Elektrodeposisi Sn, SnS dan SnSSe telah dikaji dan diselidik. Pencirian saduran filem
nipis tin dan tin chalkogenid terhadap substrat tembaga telah dikaji dengan

menggunakan EDAX, SEM, AFM, XRF and XRD. Hasil pencirian telah dikaji.

Elektrodeposisi tin dari campuran cecair tin (II) methanesulfonate yang
mengandungi 1-butyl-1-methylpyrrolidinium trifluoro methanesulfonate (BMPOTF)
cecair ionik dengan kepekatan berlainan telah dikaji pada suhu bilik. Kitaran
Voltammetri adalah sebagai pencirian kelakuan elektrokimia reduksi dan oksidasi tin.

Pekali penyebaran ion tin di dalam campuran berasas cecair ionik BMPOTF dan MSA



elektrolit dicapai melalui persamaan Randles-Sevcik ialah menghampiri 2.11 x 10”cm?.
Penyaduran tin terhadap panel tembaga telah dilakukan di bawah kepadatan electrik
berlainan untuk menentukan efisien electrik dalam penyaduran tin dengan
menggunakan campuran cecair berasas BMPOTF. Campuran cecair yang berasas
BMPOTF dan MSA telah memberi efisien electric setinggi 99.9%. Morfologi endapan
tin pada substrat tembaga dari cecair campuran yang berasas BMPOTF dan MSA telah
dikaji dengan menggunakan EDX dan SEM. Suatu struktur bijiran polygonal yang
padat dan teliti telah dicapai. Voltammetri dan kronoamperometri bagi elektrodeposisi
tin dari campuran tin (II) methanesulfonate dengan cecair ionik dan asid methane
sulfonic pada suhu bilik telah dikaji. Kitaran voltammetri menunjukkan aliran redoks
untuk tin (IT) telah membuktikan elektrodeposisi tin dari tin (II) methanesulfonate ialah
suatu proses kawalan difusi. Pekali penyebaran ion tin (II) di dalam campuran pelarut
membuktikan kedua-dua hasil penyelidikan dari voltammetri dan kronoamperometri
adalah tepat dan teliti. Pekali penyebaran tin (II) di dalam campuran cecair adalah

bergantung pada anion cecair ionik.
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Chapter 1 : General Introduction
1.1 Introduction :

Tin and tin chalcogenides thin films are very important in industrial application,
for instance tin is important in industrial tin plating and tin chalcogenides can be used as
solar cell materials. This research focused on the deposition of tin and tin chalcogenides

on copper substrate by using electrochemical deposition method (ECD).

Electrochemical deposition method (ECD) is very common to be used because of
it is a simple and economically viable technique, and this method produces good quality
thin films for device application °!. In the ECD method, preparation of chemical bath
is very important. This is to ensure feasibility of tin and tin chalcogenides deposition
and also in order to obtain good quality thin films. Therefore, composition of the

chemical bath is essential part of this work.

Electrochemical deposition is an electroplating process of a metal coating or
semiconducting ions electrochemically deposited on a conducting surface. Usually,
electrochemical deposition or electroplating are used to prevent surface corrosion on the
substrate, for the aesthetic appearance, to design for the special surface properties and to

engineer for the mechanical surface properties.



An electrochemical deposition system (ECD) usually contains electrolytes
aqueous solution or also known as chemical bath. Basically, anode and cathode are

dipped into chemical bath containing required metal ions.

During ECD process, positive ions or cations are deposited at negative terminal or

cathode, and negative ions or anions are deposited at positive terminal or anode.

Cathodic Reaction : M"™ g +ne” — M

Anodic Reaction : M, —ne” =>M"

(s)

In this research, electrochemical bath consists of tin (II) methanesulfonate and
methanesulfonic acid (MSA) mixture of solution. Tin source was from tin (II)
methanesulfonate whereas sulfur source was from natrium thiosulfate and selenium
source was from natrium selenite. In the deposition of tin, ionic liquid was used as an
additive to the chemical bath. Ionic liquid was used in the electrodeposition of tin in
order to obtain good morphology of the thin film’s surface. The ionic liquid used was 1-

butyl-1-methylpyrrolidinium trifluoro methanesulfonate (BMPOTF).

Problems associated with preparation of good chemicals bath for the

electrochemical deposition of tin and tin chalcogenides thin films are:

@) The chemicals source must be suitable. Tin (II) methanesulfonate and natrium
thiosulfate are very suitable chemicals sources, easily releasing Sn** ion and

also sulfur is easily reduced from S,05” through electrochemical deposition.
2



(i1))  The chemicals bath must be homogeneous. Acid is required in the chemicals
bath because acid can be used to dissolve any undissolved chemicals to make
the chemicals bath more homogeneous. Strong inorganic acid such as HCI,
H>SO,4 and HNO; are not suitable, because these acids can cause corrosion
problems on copper substrate during electrochemical deposition. Therefore,
methanesulfonic acid is very suitable to be used as solvent in the preparation

of the chemical bath.

(ii1)) Gas evolution. Evolution of chlorine gas might interfere with the
electrochemical deposition process of tin when SnCl, is used as the tin source.
Therefore, tin (II) methanesulfonate is very suitable to be used as an

alternative tin source in fabrication of SnS thin films.

(iv)  Corrosion of substrate during electrochemical deposition process. Chemical
bath containing tin (II) methanesulfonate, methanesulfonic acid (MSA) and
natrium thiosulfate mixture of solutions is very suitable because it does not

corrode copper substrate during electrochemical deposition process.

(v)  Methanesulfonic acid was used in the preparation of chemical bath in this
work because it can function as an antioxidant in the chemical bath for the
laboratory scale preparation of SnS thin films. Sn** can be easily oxidized
into Sn**, therefore, methanesulfonic acid is very important to be used to

prevent oxidation of Sn** into Sn** .

Other benefits of tin electroplating from methanesulfonic acid bath outlined in this

research are (1) environmentally friendly method of fabrication of tin chalcogenide tin



films; (2) cost effective; (3) application in electroplating industries; (4) potential

application in solar cell industries.

Tin chalcogenide thin films are advanced material which consist of tin element
combined with other metal or non-metal elements such as SnS and SnSSe whereby they
can be deposited on metal substrate like copper plate, titanium plate and glass substrate

like Indium Tin Oxide (ITO) glass.

The research on tin chalcogenide thin films is important due to its application in

semiconductor, solar cells and batteries industries.

Many related research have been done in Malaysia and abroad on tin (Sn) thin
film and its application. But, source of tin (Sn) are SnCl,, SnSO4, Sn(CO3), which at
most cases are unsuitable, because SnCl, produces Cl, gas, SnSO, produces SO,, SO3
gas and H,SO4, Sn(CO3) produces CO and CO, gas which can be dissolved in water to
give H,(CO;). When it comes to release of gas, it complicates the whole
electrodeposition process and pH of the electrolyte can be changed. Whereas for
electrodeposition of thin films derived from tin, Sn(OH); is unsuitable because Sn(OH),

react with other metal ion to produce unwanted precipitation of metal oxides.

Currently, most of the researchers use SnCl,, but SnCl, produces Cl, gas during

the process of electrochemical deposition of tin (Sn) element. The Cl, gas produced at



first is not environmental friendly, secondly, Pt rod or Pt wire which performed as
counter electrode is sensitive to Cl, gas. PtCl, can be formed when the Pt metal come

into contact with chlorine gas.

In semiconductor industries, electroplating of tin is essentially by using
methanesulfonic acid (MSA) as medium of solution and solvent. But, very few research
have been done on the tin derivatives thin films by using mixture solution of tin (II)
methanesulfonate and methanesulfonic acid. Examples for tin chalcogenide tin films are

SnS and SnSSe thin films.

Also, mixture of tin (II) methanesulfonate and methanesulfonic acid is
commonly used in industrial tin plating. There are very few studies on fabrication of tin
chalcogenide thin films by using chemical bath containing mixture of tin (II)
methanesulfonate and methanesulfonic acid. For instance, tin sulfide (SnS) thin film
fabrication which was done previously, mostly by using tin chloride or tin sulfate as
precursor chemicals. But, in this research, method of tin sulfide thin film fabrication by
using chemical bath containing mixture of tin (II) methanesulfonate and

methanesulfonic acid was investigated.

Therefore, tin (II) methanesulfonate was used in this research instead of tin

chloride. It is more environmentally friendly than SnCl,.



Medium of solution would be methanesulfonic acid and water. Methanesulfonic
acid (MSA) is environmentally friendly unlike most tin precursor chemicals. Tin
derivatives thin films were fabricated by using potentiostat and galvanostat. Cyclic
Voltammetry (CV) was performed to study reduction and oxidation potentials. The CV
experiments were conducted under different potentials and scan rates. The thin films
can be electrodeposited on copper, titanium and ITO glass substrates. Then, the
electrodeposition of the tin derivatives thin films was observed, and most optimum
conditions of their controlling parameters which produce these semiconductor thin films
were identified. Characterization of the coated tin derivatives thin films was studied by
using EDAX, SEM, XRD and AFM. Results of characterization were analyzed. These
tin derivatives thin films have potential to be applied as semiconductor advance

materials, optoelectronics materials, solar energy cells and battery materials.

1.2 Objectives:

Research objectives are (1) to deposit tin thin film on copper substrate by using
chemical bath of tin (II) methanesulfonate solution mixture containing ionic liquid
BMPOTF; (2) to investigate diffusion coefficient of chemical bath of tin (II)
methanesulfonate solution mixture containing ionic liquid BMPOTTF ; (3) to deposit tin,
tin sulfide and tin sulfoselenide on copper substrate by using chemical bath of tin (II)
methanesulfonate solution mixture; (4) to investigate feasibility of the chemical bath of
tin (II) methanesulfonate solution mixture to deposit tin and tin chalcodenide thin film

at different potentials.



Research focus is to investigate feasibility of using tin (II) methanesulfonate
and methanesulfonic acid to electrodeposit the tin and tin chalcogenides thin film,
respectively the tin (Sn) thin film, tin sulfide (SnS) thin film and tin sulfoselenide
(SnSSe) thin film. The research is focused on method of fabrication and composition of
the chemical bath for electrodeposition of tin and tin chalcogenide thin films. The
fabrication method basically is using electroplating method with chemical bath
containing tin (II) methanesulfonate and methanesulfonic acid. This research is to prove
that tin and tin chalcogenide thin films which are Sn, SnS and SnSSe thin films can be
fabricated and electrochemically deposited by using tin (II) methanesulfonate and

methanesulfonic acid mixture of solution.



Chapter 2 : Literature Review
2.1 General Literature Review :

Tin and its alloys can be electrodeposited from various electrolytes such as
aqueous fluoroborate, sulfate and methanesulfonate solutions. The sulfate electrolyte is
generally adopted as a first choice of plating electrolyte due to its low cost and long
history. The fluoroborate bath is used when high current density is required. The
methanesulfonate based electrolyte is favored for its environmental benefits and it
facilitates higher stannous ion saturation solubility with a low oxidation rate to stannic

ions 1,

However, hydrogen evolution reaction often occurs in the aqueous based
electrolyte electrodeposition resulting in profound effect on current efficiency and
quality of the tin deposits. As a result, different additives may be needed to suppress
such difficulties. In contrast, a fundamental advantage of using ionic liquid electrolytes
in electroplating is that, since these are non-aqueous solutions, there is negligible
hydrogen evolution during electroplating and the coatings possess superior mechanical
properties compared to the pure metal. Hence essentially crack-free, more corrosion
resistant deposits are possible. This may allow thinner deposits to be used, thus reducing

overall material and power consumption 2

Electrodeposition in ionic liquids was rarely studied in the past. In 1992, Wilkes
and Zaworotko reported the first air and moisture stable imidazolium based ionic liquid

with either tetrafluoroborate or hexafluorophosphate as anions. Then, several, liquids



consisting of 1-ethyl-3-methylimidazolium, 1,2-dimethyl-3-propylimidazolium, or 1-
buty-l-methyl-pyrrolidinium cations with various anions, such as tetrafluoroborate
(BFA'), tri-fluoro-methanesulfonate (CF3SO3 ), bis (tri-fluoro-methanesulfonyl) imide
[(CF3S0,),N] & tris (tri fluoro methanesulfonyl) methide [(CF3SO,);C’], were found

and received much attention because of low reactivity against moisture .

Few studies were reported on the electrodeposition of tin (II) in ionic liquids. The
first was done by Hussey and Xe ! in an AICl; mixed in 1-methly-3-ethyl imidazolium
chloride melt. W. Yang et. al. ® has done tin and antimony electrodeposition in 1-
ethyl-3-methylinidazolium tetrafluoroborate, and N. Tachikawa et. al. ! has done
electrodeposition of tin (II) in a hydropbobic ionic liquid, 1-n-butyl-1-

methylpyrrolidinium bis (trifluoromethylsulfonyl) imide.

In view of the advantages of the air and water stable ionic liquids, this research
reported the results on the tin electrodeposition from a mixture of an ionic liquid, 1-
butyl-1-methyl-pyrrolidinium trifluoro-methanesulfonate, (BMPOTF) with tin (II)

methanesulfonate in methane sulfonic acid (MSA).

Tin and alloys of tin has been electrodeposited from electrolytes of tin (II) salts
such as the fluoroborate and sulfate. Both the anions have certain advantages over the
other, but a new tin (II) salt, which is based on methanesulfonate anion, is gathering
interest because of its environmental low toxicity and its low oxidation rate to stannic

ions.!!



The use of ionic liquid in smaller laboratory-scale electrodeposition was proven to
be an effective solvent to reduce the effect of hydrogen evolution reaction; thus,
essentially it is crack free and better quality. In addition, reduced overall material and

power consumption were also reported.'®

Many scientists had reported on the importance of the SnS thin films as solar cell
materials application. M. Ichimura and K. Takeuchi reported that SnS has a bandgap
around 1.0 — 1.3 eV and the p-type conductivity which is suitable to be used as
absorption layer in solar cell 1321 'SnS has a direct bandgap of 1.3 eV and indirect
bandgap of 1.0 eV P!l Therefore, SnS has good electrical and optical properties and
also its constituent elements are inexpensive and environmental friendly. Robert W.
Miles and Ogah E. Ogah reported that SnS is amphoteric such that a range of solar cell
structures using SnS as an absorber layer can be envisioned *!. There are many
methods of SnS thin films fabrication done by other scientists, for instance conventional
thermal evaporation and electron beam evaporation were experimented by Tanusevski

(34]

et al. and Ogah et al. **!, respectively. Thin films of SnS can be also obtained by

[36] [37]

many other techniques, such as vacuum evaporation ', electron beam deposition ",

t 81 and spray pyrolysis *°\. The optical band gaps for the

chemical vapor transpor
films vary from 1.0 to 1.3 eV depending on the deposition technique and method of

measurement. However, although there are many fabrication methods for SnS, but they

all had the same application as solar cell material.

Electrochemical deposition (ECD) is a widely used coating method because of it

is a simple and economically viable technique, and this method produces good quality

10



thin films for device application ***!. In the chemical bath deposition system for Sn$,
SnCl, is normally used as Sn source and different reagents are used as S sources. For
instance, R. Mariappan and T. Mahalingam reported SnS fabrication from the

SnCl,.2H,0 as the tin source by using electrochemical deposition method *?!,
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Chapter 3 : Methodology and Experimental Methods

3.1 Electrodeposition of Tin using Tin (II) Methanesulfonate from a mixture of

Ionic Liquid and Methane Sulfonic Acid.

The electrochemical behavior of tin reduction and oxidation was studied in
water and air stable ionic liquid 1-butyl-1 methyl-pyrrolidinium trifluoro-
methanesulfonate, (BMPOTF) which was purchased from Merck. Component of tin
methanesulfonate solution was 55% of tin (II) methanesulfonate (CH3SO3)Sn , 30% of
H,0 and 15% of CH3SOsH . Component of ionic liquid 1-butyl-1 methyl-pyrrolidinium
trifluoro-methanesulfonate, (BMPOTF) was 98% assay (electrophoresis), 1% of H,O

and less than 0.1% of halides.

The experiments were carried out using a conventional 3-electrode cell. The
working electrode was a copper rod with a diameter of 4 mm and an exposed area of
0.1257 cm?. Before each experiment, the pre-treatment of the copper rod was as follows:
wet grinding with SiC type abrasive paper grade 100, 1000 and 1200 to a mirror finish.
Cleaning 10 minutes in ethanol and then de-scaled with 10% Methane Sulfonic Acid
(10%) and final rinsing in de-ionized water. The counter electrode was a platinum wire
with 4 cm length and 0.1 mm diameter. The working electrode potentials reported

herein were measured versus a Ag/AgCl reference electrode.

For the electroplating experiments, copper panels with dimension 2 cm x 2 cm
were used as the substrate for tin electrodeposition. Before each experiment, the

pretreatment of the copper panels were as follows: Cleaning 10 minutes in ethanol and

12



then de-scaled with 10% methane sulfonic acid (10%) and final rinsing in de-ionized
water. Precautionary measures were taken to eliminate oxygen from the system by
bubbling high purity nitrogen through the solution prior to the experiments for 3

minutes.

The electrochemical experiments were carried out using an Autolab PGSTAT
30 Potentiostat/Galvanostat. All experiments were conducted at room temperature, 29
+/- 1 °C in a mixture of BMPOTF ionic liquid and MSA based tin methane sulfonate
salts. Tin methanesulfonate, (CH3S03),Sn was added in the desired amounts. No
organic additives were mixed in the solutions in this study. The electrolyte volume for
the mixture was fixed at 15 mL in these experiments. Scanning Electron Microscopy
(SEM) was model Philips XL 30 and Energy Dispersive X-Ray Analysis (EDX) was

using EDAX Analyzer Genesis was used in the surface studies of these deposits.

13



3.2 Diffusion Coefficient of Tin (II) Methanesulfonate in Ionic Liquid and

Methane Sulfonic Acid (MSA) Solvent

The water and air stable ionic liquid BMPOTF (>98 pct purity) and tin (II)
methanesulfonate (CH3S03),Sn were purchased from Merck (Whitehouse Station, NJ).
The experiments were carried out using a conventional three-electrode cell. The
working electrode was a copper rod with diameter of 4 mm with an exposed area of
0.1257 cm®. Before each experiment, the copper rod was subjected to wet grinding with
a SiC-type abrasive paper grade 100, 1000, and 1200 to obtain a smooth finish, followed
by cleaning for 10 minutes in ethanol and then descaling with 10-pct MSA (10 pct) and
final rinsing in deionized water. The counter electrode was a platinum wire with 4 cm
length and 0.1 mm diameter. The working electrode potentials reported herein were
measured vs a saturated Ag/AgCl reference electrode. Oxygen was eliminated from the
system by bubbling nitrogen gas through the solution for 3 minutes prior to each
experiment. The weight percentage composition of the tin (II) methanesulfonate used in
this study was 55% of tin (II) methanesulfonate (CH3SO3)Sn , 30% of H,O and 15% of

methanesulfonic acid CH;SOsH.

All experiments were conducted at room temperature, 302 K + 1 K (29 °C +
1 °C) in a mixture of BMPOTF ionic liquid and MSA where tin methanesulfonate
(CH3S03),Sn was diluted, in desired amounts with pure MSA and ionic liquid with a
ratio of 1:1, to obtain a final solution of 0.1 M to 0.5 M Tin (II) methanesulfonate. The
electrochemical experiments were carried out using an Autolab PGSTAT 30
Potentiostat/Galvanostat (Eco Chemie, Utrecht, Netherlands). No organic additives

were mixed in the solutions in this study. The scanning electron microscope (SEM)

14



used in the surface studies of these deposits was Philips XL 30 (Philips, Amsterdam,
The Netherlands), and the energy dispersive X-ray analysis (EDX) machine used was

the EDAX Analyzer Genesis (EDAX Inc., Mahwah, NJ).

33 Metal Substrates Pretreatment
Pretreatment for copper metal substrates was important in order to remove any

impurities and metal oxides on the surface of the copper metal substrates.

The metal substrates were rinsed with pure acid solution like sulfuric acid and
phosphoric acid, to remove impurities which can be dissolved in the acid solution. The

ionic impurities were dissolved in the acidic condition.

Then, the metal substrates were rinsed with methanol and absolute ethanol, this
was to remove impurities which can be dissolved in the methanol and ethanol solvents.

The organic impurities were dissolved in the methanol and ethanol.

The pretreated metal substrates were dried in oven. Then, the pretreated metal

substrates were prepared.

34 Preparation of Mixture Solutions

Preparation of mixture solution for Sn thin films fabrication

A volume of 100 ml of 0.01M tin (II) methanesulfonate was prepared. The

precipitate appeared was dissolved with 40 ml of methanesulfonic acid (= 99.5%) in

15



order to obtain homogenized solution. Then, pH of the solution was determined by

using pH meter.

Preparation of mixture solution for SnS thin films fabrication

100 ml of 0.01M tin (II) methanesulfonate and 0.01M sodium thiosulfate
(Na;S,03) are prepared. The precipitate appeared was dissolved with 40 ml of
methanesulfonic acid (= 99.5%) in order to obtain homogenized solution. Then, pH of

the solution was determined by using pH meter.

Preparation of mixture solution for SnSSe thin films fabrication

100 ml of 0.0IM tin (II) methanesulfonate, 0.01M natrium thiosulfate
(NaS,03), 0.01M natrium selenite (Na,SeOs) are prepared. The precipitate appeared
was dissolved with 40 ml of methanesulfonic acid (> 99.5%) in order to obtain

homogenized solution. Then, pH of the solution was determined by using pH meter.

3.5 Cyclic Voltammetry (CV) Experiments

Cyclic voltammetry experiments were done by using a potentiostat /
galvanostat. Purpose of the cyclic voltammetry experiments was to obtain oxidation and
reduction potentials for the researched materials. Anodic and cathodic scans were
performed for the research materials. From the reduction potentials observed, best and
most optimum conditions for electrodeposition of Sn, SnS and SnSSe thin films were

determined.

16



3.6 Fabrication Methods

Fabrication of Sn Thin Films

Mixture of solution containing 100 ml of 0.01M tin (II) methanesulfonate
prepared was transferred to the electrochemical cell. Then the apparatus device was set
up where the counter electrode (platinum electrode), reference electrode (SCE electrode)
and working copper substrate were properly connected to the potentiostat & galvanostat

and the chemical bath.

Then, Sn thin films were deposited on the substrates at various reduction

potentials. The Sn thin films were deposited on copper substrate under different

potentials, they were -1.30V, -1.40V, -1.50V, -1.60V, -1.70V and -1.80V.

The electrodeposited Sn thin films were put in oven for one hour. Sn thin films

were fabricated.

Fabrication of SnS Thin Films

Mixture of solution containing 100 ml of 0.01M tin (II) methanesulfonate and
0.01IM sodium thiosulfate (Na,S,03) prepared was transferred to the electrochemical
cell. Then the apparatus device was set up where the counter electrode (platinum
electrode), reference electrode (SCE electrode) and working copper substrate were

properly connected to the potentiostat & galvanostat and the chemical bath.

Then, SnS thin films were deposited on the substrates at various reduction
potentials. The SnS thin films were deposited on copper substrate under different

potentials, they were -0.15V, -0.25V, -0.35V, -0.50V, -1.00V and -1.20V.

17



The electrodeposited SnS thin films were put in oven for one hour. SnS thin

films were fabricated.

Fabrication of SnSSe Thin Films

Mixture of solution containing 100 ml of 0.01M tin (II) methanesulfonate,
0.01M natrium thiosulfate (Na,S,03), 0.01M natrium selenite (Na,SeOs3) prepared was
transferred to the electrochemical cell. Then the apparatus device was set up where the
counter electrode (platinum electrode), reference electrode (SCE electrode) and working
copper substrate were properly connected to the potentiostat & galvanostat and the

chemical bath.

Then, SnSSe thin films were deposited on the substrates at various reduction
potentials. The SnSSe thin films were deposited on copper substrate under different
potentials, they were -0.15V, -0.25V, -0.35V, -0.45V, -0.55V, -0.65V, -0.75V and -

0.85V.

The electrodeposited SnSSe thin films were put in oven for one hour. SnSSe

thin films were fabricated.
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Chapter 4 : Results and Discussion

Part I: Results and Discussion for Electrodeposition of Tin by using Tin (II)

Methanesulfonate from a mixture of Ionic Liquid and Methane Sulfonic Acid.
4.1 Voltammetry

Figure 4.1 shows the voltametric response for BMPOTF with different tin
concentration. Cyclic voltammetry experiments were swept from 0 to -1.0 V vs.
Ag/AgCl, and the sweep direction was reversed. The potential sweep rate was set at
0.05 Vs throughout the experiments. Increasing tin (II) concentration produces a
stronger reduction and oxidation peak. A single reduction and oxidation peak were
observed in the cyclic voltammetry of tin deposition and dissolution at a copper
substrate, where these peaks were absent when done with only the ionic liquid without

the (CH3S0O3), Sn in MSA.

The forward sweep from O to -1V vs. Ag/AgCl shows a reduction peak for tin

deposition corresponding to a two-electron step:

Reduction: Sn** + 2¢ —Sn (Eq. 1)

On reversing the potential sweep from -1.0V to OV vs. Ag/AgCl, a single
stripping peak was observed confirming the two-electron oxidation of metallic to

stannous ions via the reverse reaction:

Oxidation: Sn — Sn** 4+ 2¢ (Eq. 2)
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Figure 4.1 : Cyclic voltammogram at 0.05 V/s for solution X M (CH3S03),Sn , A=0M ,

B=0.1M, C=0.2M, D=0.3M, E=0.4M, F=0.5M .

The relation between the peak current density, Jp and the concentration of the

electroactive species in solution can be given by the Randles-Sevchik equation:

Jp=2.69X10°Z" D" v* ¢ (Eq. 3)

Where Jp is the peak current density, Z is the number of electrons involved in the
electrode process, D is the diffusion coefficient of stannous ions, v is the potential

sweep rate and c is the concentration of stannous ions.
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Figure 4.2 : Effect of Sn** concentration on peak current density.

4.2 Chronoamperometry

Figure 4.3 shows chronoamperometry of of current I/A vs time/s, stepped at —

0.9 V for 0.1 M to 0.5 M of tin (II). For chronoamperometry, the relation between the

current I/A and the time/s can be given by the Cottrell equation [10]

_nFAD%c

I= 1 (Eq. 4)
5 A
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where n is the number of electrons involved in the electrode process, A is the area of

electrode, D is the diffusion coefficient of tin (II) ions, F is the Faraday constant, t is the

time in s, and c is the concentration of tin (II) ions.
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Figure 4.3 : Effect of tin (II) concentration on peak current density.
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Figure 4.4 : Chronoamperometry of current I/A vs time/s , stepped at -0.9 V vs

Ag/AgCl at various concentrations.
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Figure 4.5 : Cottrell plots, /A vs t'* for chronoamperometry in Fig. 4.4 , stepped to

- 0.9V vs Ag/AgCl.

The results in Figure 4.3 show clearly that the electro-reduction of tin (II) in
the mixture of ionic liquid and MSA solvent is diffusion controlled, which permits the
Diffusion constant to be calculated from Cottrell plots in Figure 4.5. The average
diffusion coefficient calculated for all concentration used within 0.1 to 0.5 M was 2.5 x

107cm?s™ and is comparable with the voltammetry experiments.

From the graph in Fig. 4.2, the diffusion coefficient of stannous ions in
BMPOTF ionic liquid is approximately 2.11 x 107 cm? s™". Table 4.1 gives the diffusion

coefficients of tin (II) in various types of ionic liquids.
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Table 4.1 : Tin (II) diffusion coefficient from literature.

Solvent Ref. Tin (11) Dif. coefficient D/em” s”
Aqueos [1] 65X10°
1-ethyl-3-methylimidazolium tetrafluoroborate | [6] 6.1X 107
1-n-butyl-1-methylpyrrolidinium bis i
(trifluoromethylsulfonyl) imide 7] LOX 10

AICl; with 1-Methly-3-Ethyl Imidazolium (5] 53x 107

chloride
1-Butyl-1-Methylpyrrolidinium Trifluoro-
Methanesulfonate

This work |2.11x 107

The dependency of the Diffusion coefficient to the viscosity and the radius of
the diffusing species can be explained by the Stoke-FEinstein equation, D= kT/ 6 7z nr
where k = Boltzmann constant, T = Kelvin temperature, 1| = viscosity of the solvent, r =
dynamic radius of the diffusing species. Hussey et. al. '*! found that the Tin (II) exists
as SnCl,”" in AICl; with 1-methly-3-ethyl imidazolium chloride ionic liquid and the low
values of the diffusion coefficient was due to the increased viscosity of the ionic liquid.
They also suggest that there is some degree of association between the tin (II) with
chloroaluminate ions such as AICl; and Al,Cl;” , which contribute to the low value of

the diffusion coefficient ©!.

W. Yang et. al. 01 ysed tetrafluoroborate, BF, based ionic liquid, where the
diffusion coefficient was higher than calculated from the chloroaluminate ionic liquid
by Hussey. From the Stoke-Einstein equation, it can be seen that the smaller tin (II)
tetrafluoroborate species will contribute to a slightly higher diffusion coefficient value

for the tin (II) species.

24



Studies using trifluoromethylsulfonyl imide ionic liquids from Tachikawa et. al.
I"and this work using trifluoromethylsulfonate ionic liquid gave smaller diffusion
coefficient for the tin (II) species. It can be suggested that the complexation between the
tin (II) with trifluoromethylsulfonate and trifluoromethylsulfonyl imide, which is larger
than the chloride ion and the tetrafluoroborate ion, has increased the radius of the tin (II)
species in solution. This contributes to the lower diffusion coefficient compared to the

chloride and tetrafluoroborate based ionic liquids in the works of Hussey and

Tachikawa.

4.3 Bulk Electrodeposition

Electroplating on copper surface (2 cm x 2 cm) was carried out to estimate the
plating current efficiency for tin electrodeposition from tin (II) methanesulfonate

dissolved in BMPOTF with MSA as the solvent.

Scanning electron microscopy and EDX were used to examine the surface
morphology and analyze the elemental compositions of the electrodeposits. The current
efficiency is defined as the proportion of the current that is used in the specified reaction:
The unused portion in this process is considered a waste. Thus, the current efficiency for

metal deposition ¢ is defined as the ratio of the experimental mass of electrodeposition

to the theoretical mass of electrodeposition. Thus,

Mass (exp erimental)
Mass (theoretical)

¢ (pct) = x 100 (Eq. 6)
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The efficiencies are not always 100 % as hydrogen evolution, oxygen reduction,

and solvent decomposition can occur at the cathode. 5101 The Faraday’s law

0=1Ixt (Eq.7)
M
m:%n (Eq. 8)

where m is the theoretical mass of the substance produced at the electrode (in grams), Q
is the total electric charge that passed through the solution (in coulombs), n is the
number of the electron transferred in the electron transfer step, F = 96,485 C mol ! is

Faraday’s constant, and M is the molar mass of tin (in g mol'l).

Table 4.2 : Current efficiencies of tin electrodeposition obtained at different tin (II)

concentrations.
Tin(IT) Concentration (M)

Current Density (A dm™2) 0.1 0.2 0.3 0.4 0.5

1.0 99.58 99.58 98.90 98.23 94.84
2.0 99.92 98.23 98.23 97.89 87.73
3.0 99.81 96.42 98.00 97.78 81.07
4.0 99.24 98.74 97.89 97.04 72.65
5.0 99.58 98.63 97.01 96.87 66.25
6.0 99.70 97.66 96.87 95.97 61.65
7.0 98.71 97.55 96.29 94.55 58.26
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Table 4.2 shows the current efficiencies obtained from experiments using
current densities from 1 A dm™ (ASD) to 7 ASD for various concentrations of tin (II)
from 0.1 M to 0.5 M in ionic liquids solutions. From the results, increasing current
densities for higher concentrations of tin (II) such as 0.4 M and 0.5 M gave decreasing
current efficiencies for tin deposition. From the solution preparation, 0.5 M has the
highest water content, and at these conditions, the hydrogen evolution reaction from the
presence of water becomes prominent and decreases the current efficiency for the tin
deposition. The deposits became dull and less reflecting in appearance because of the

porous nature of the surface as can be observed in Figure 4.8.

Counts
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n
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500 — Sn
1 u
n
] Sn S e
0o T I 1 I
5 10 15 20

: Energy (keV)
0.5 M Tin Methane Sulfonate + lonic Liquid, 1 A dm-2

Figure 4.6 : SEM ( 3500 times magnification ) and EDX spectrum of tin

electrodeposited from 0.5 M tin (II) methanesulfonate solution at 1 A dm?.
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Figure 4.7 : SEM ( 3500 times magnification ) and EDX spectrum of tin

electrodeposited from 0.1 M tin (II) methanesulfonate solution at 7 A dm™.
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Figure 4.8 : SEM ( 3500 times magnification ) and EDX spectrum of tin

electrodeposited from 0.5 M tin (II) methanesulfonate solution at 7 A dm?.

Scanning electron microscopy from Figure 4.6 through Figure 4.8 were at 3500
times magnification reveal that the deposits became less compact, less dense, and more

porous for higher current densities and higher concentrations of tin (II). The poor
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quality of deposits with increasing amount of tin (II) concentration is expected as higher
concentrations of tin (II) prepared from the stock solution contained slightly more
percentage of water compared with lower tin (II) concentrations, thus facilitating the
hydrogen evolution process. As for the poor quality of deposit with increasing current
density, the increase in current density will result in the increase toward negative
potentials where the hydrogen evolution reaction and solvent decomposition are more

dominant than metal electro-deposition. This behavior is quite similar with previous

[10,11] [12,13]

works involving platinum, nickel and nickel-cobalt alloy. "*'*! The poor
quality and porous nature of the deposits can be also observed in the EDX results in
Figures 4.6 and Figure 4.8. The copper element was present in the EDX spectrum at the
tin-plated surface when analyzed under 20 keV EDX as shown in Figures 4.6 and
Figure 4.8 when done with higher current densities of 7 A dm™ and higher tin (II)

concentration of 0.5 M of tin (II), which shows copper peaks from the copper substrate,

because of the porous nature of the deposits.
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Part II: Results and Discussion for Electrodeposition of Tin from Tin (II)

Methanesulfonate and Methane Sulfonic Acid Solution.

4.4 Cyclic Voltammetry Characterization for Sn Thin Films

Cyclic voltammetry (CV) is used to investigate electrochemical properties of

an analyte in solution. It is a type of potentio-dynamic electrochemical measurement.

Cyclic voltammogram is the result of cyclic voltammetry experiment. In cyclic

voltammogram, current versus potential graph is plotted. The cyclic voltammogram has

the information of REDOX potentials for the researched analytes. The cyclic

voltammetry experiment was performed by cathodic scan followed by anodic scan to

achieve a cycle of REDOX activities of the researched analytes.

CV for Sn from Tin (11) MS Solution at 0.02 V/s
1/A
0.6

E/V

-2.5

0.5

Figure 4.9 : The cyclic voltammogram for electro-deposition of Sn at the scan rate of

0.02 V/s.
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The Figure 4.9 shows the cyclic voltammogram for the solution of 100ml of
0.01M tin (II) methanesulfonate (50%w/v) and 40ml methane sulfonic acid ( >99.5% ).
Reference electrode used was SCE electrode, counter electrode used was platinum wire,
and copper substrate was working electrode. The scan rate was 0.02 V/s. From the
cyclic voltammogram result, the reduction potential peak to form Sn solid, E, is -0.60V,
where the cathodic peak current I, 1s -0.20A. The oxidation potential peak to form Sn**,
Epa 1s -0.10V, where the anodic peak current, I, is 0.47A. The Sn thin films were
deposited on the copper substrate under different potentials, they are -1.30V, -1.40V, -

1.50V, -1.60V, -1.70V and -1.80V.

4.5 Energy Dispersive X-Ray (EDX) characterization for Sn Thin Films

Elemental analysis and chemical characterization of thin film samples can be
performed by Energy Dispersive X-Ray spectroscopy (EDX). It is because each element
has unique atomic structure which can be reflected as unique set of peaks on the X-ray
spectrum. Thus, the elemental composition also can be measured by EDX method.

(SEM-EDX machine LEICA S440 was used in this study).
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Figure 4.10: EDX characterization for electro-deposition of Sn on Copper Substrate at
the potentials of (a) -1.30V, (b) -1.40V, (c¢) -1.50V, (d) -1.60V, (e) -1.70V and (f) -

1.80V.

The EDX results shown in Figure 4.10 (a) prove that the Sn thin film can be
deposited on the copper substrate at the potential of -1.30V. The tin element is the only

element deposited from the tin (II) methanesulfonate solution at the potential of -1.30V.

The EDX results shown in Figure 4.10 (b) prove that the Sn thin film can be
deposited on the copper substrate at the potential of -1.40V. The tin element is the only

element deposited from the tin (II) methanesulfonate solution at the potential of -1.40V.

The EDX results shown in Figure 4.10 (c) prove that the Sn thin film can be
deposited on the copper substrate at the potential of -1.50V. The tin element is the only

element deposited from the tin (II) methanesulfonate solution at the potential of -1.50V.

The EDX results shown in Figure 4.10 (d) prove that the Sn thin film can be
deposited on the copper substrate at the potential of -1.60V. The tin element is the only

element deposited from the tin (II) methanesulfonate solution at the potential of -1.60V.
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The EDX results shown in Figure 4.10 (e) prove that the Sn thin film can be
deposited on the copper substrate at the potential of -1.70V. The tin element is the only

element deposited from the tin (II) methanesulfonate solution at the potential of -1.70V.

The EDX results shown in Figure 4.10 (f) prove that the Sn thin film can be
deposited on the copper substrate at the potential of -1.80V. The tin element is the only

element deposited from the tin (II) methanesulfonate solution at the potential of - 1.80V .

4.6 X-ray Diffraction (XRD) characterization for Sn Thin Films

The XRD results indicate that, the tin thin film deposited on the copper
substrate has the body-centered tetragonal lattice. The XRD results attained is compared
with the JCPDS data with the JCP catalog number of [JCP2.2CA: 01-086-2264] ( ICSD
number: 040037). The XRD radiation source is CuKal and the lambda value is 1.54056
A. The d-spacing is obtained by diffractometer techniques performed by XRD machine.
The XRD results are characterized according to the Bragg’s law and Bragg’s equation,
2dsin® = nA , where 0 is the angle of incident angle and scattering angle for XRD
radiation, d is the value of the spacing distance between the lattice, lambda is the

wavelength of the radiation and n is the integer number.
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( a) XRD Pattern for Electrodeposition of Sn on Copper Substrate
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Figure 4.11: XRD characterization for electro-deposition of Sn on Copper Substrate at

the potentials of (a) -1.30V, (b) -1.40V, (c) -1.50V, (d) -1.70V.

Figure 4.11 (a) indicates that the Sn thin film deposited on the copper substrate
at the potential of -1.30V has the d-spacing value of 2.91530 A at the strongest intensity.
The Miller Indice value at the strongest intensity is (200). The incident angle for the
radiation, 0 at the strongest intensity is 15.321°. The second strongest intensity
happened at the d-spacing of 2.79400 A. The Miller Indice value at the second strongest
intensity is (101). The incident angle for the radiation, 6 at the second strongest intensity
is 16.0035°. The third strongest intensity happened at the d-spacing of 2.01674 A. The
Miller Indice value at the second strongest intensity is (211). The incident angle for the
radiation, 0 at the third strongest intensity is 22.4545°. The fourth strongest intensity

happened at the d-spacing of 2.06140 A. The Miller Indice value at the second strongest
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intensity is (220). The incident angle for the radiation, 0 at the fourth strongest intensity
is 21.9425°. Therefore, the tin thin film deposited on the copper substrate at the

potential of -1.30V has the body-centered tetragonal lattice.

Figure 4.11 (b) indicates that the Sn thin film deposited on the copper substrate
at the potential of -1.40V has the d-spacing value of 2.91530 A at the strongest intensity.
The Miller Indice value at the strongest intensity is (200). The incident angle for the
radiation, 0 at the strongest intensity is 15.321°. The second strongest intensity
happened at the d-spacing of 2.79400 A. The Miller Indice value at the second strongest
intensity is (101). The incident angle for the radiation, 0 at the second strongest intensity
is 16.0035°. The third strongest intensity happened at the d-spacing of 2.01674 A. The
Miller Indice value at the third strongest intensity is (211). The incident angle for the
radiation, 0 at the third strongest intensity is 22.4545°. The fourth strongest intensity
happened at the d-spacing of 2.06140 A. The Miller Indice value at the fourth strongest
intensity is (220). The incident angle for the radiation, 6 at the fourth strongest intensity
is 21.9425°. Therefore, the tin thin film deposited on the copper substrate at the

potential of -1.40V has the body-centred tetragonal lattice.

Figure 4.11 (c) indicates that the Sn thin film deposited on the copper substrate
at the potential of -1.50V has the d-spacing value of 2.91530 A at the strongest intensity.
The Miller Indice value at the strongest intensity is (200). The incident angle for the
radiation, 0 at the strongest intensity is 15.321°. The second strongest intensity
happened at the d-spacing of 2.79400 A. The Miller Indice value at the second strongest

intensity is (101). The incident angle for the radiation, 0 at the second strongest intensity
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is 16.0035°. The third strongest intensity happened at the d-spacing of 2.01674 A. The
Miller Indice value at the third strongest intensity is (211). The incident angle for the
radiation, 0 at the third strongest intensity is 22.4545°. The fourth strongest intensity
happened at the d-spacing of 2.06140 A. The Miller Indice value at the fourth strongest
intensity is (220). The incident angle for the radiation, 0 at the fourth strongest intensity
is 21.9425°. Therefore, the tin thin film deposited on the copper substrate at the

potential of -1.50V has the body-centred tetragonal lattice.

Figure 4.11 (d) indicates that the Sn thin film deposited on the copper substrate
at the potential of -1.70V has the d-spacing value of 2.91530 A at the strongest intensity.
The Miller Indice value at the strongest intensity is (200). The incident angle for the
radiation, 0 at the strongest intensity is 15.321°. The second strongest intensity
happened at the d-spacing of 2.79400 A. The Miller Indice value at the second strongest
intensity is (101). The incident angle for the radiation, 0 at the second strongest intensity
is 16.0035°. The third strongest intensity happened at the d-spacing of 2.01674 A. The
Miller Indice value at the third strongest intensity is (211). The incident angle for the
radiation, 0 at the third strongest intensity is 22.4545°. The fourth strongest intensity
happened at the d-spacing of 2.06140 A. The Miller Indice value at the fourth strongest
intensity is (220). The incident angle for the radiation, 6 at the fourth strongest intensity
is 21.9425°. Therefore, the tin thin film deposited on the copper substrate at the

potential of -1.70V has the body-centred tetragonal lattice.
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Part III: Results and Discussion for Electrodeposition of Tin Sulfide from Tin (II)

Methanesulfonate and Methane Sulfonic Acid Solution.

4.7 Cyclic Voltammetry Characterization

Cyclic Voltammetry for SnS from Tin (II) MS Solution at
0.05V/s

/A
1

0.5

E/V
1.5

-2.5

Figure 4.12: The cyclic voltammogram for electro-deposition of SnS at the scan rate of

0.05 VIs.

The Figure 4.12 showed the cyclic voltammogram result for the solution
containing 100ml of 0.01M tin (II) methanesulfonate (50%w/v), 0.01M Na,S,03; and
40ml Methane Sulfonic Acid ( >99.5% ). Reference electrode used was SCE electrode,
counter electrode used was platinum wire, and copper substrate was the working
electrode. The scan rate was 0.05 V/s. From the cyclic voltammogram result,
considering the negative potential region, the reduction potential peak to form SnS thin
film, Epc is -0.29V, where the cathodic peak current, Ipc is -0.13A. The oxidation

potential peak, Epa is -0.44V, where the anodic peak current, Ipa is 0.029A.
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4.8 Energy Dispersive X-Ray (EDX) characterization
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Figure 4.13: EDX characterization for electro-deposition of SnS on Copper Substrate at
the potentials of (a) -0.15V, (b) -0.25V, (c¢) -0.35V, (d) -0.50V, (e) -1.00V and (f) -

1.20V.

The EDX results shown in Figure 4.13 (a) proves that the SnS thin film can be
deposited on the copper substrate at the potential of -0.15V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S;03) . The tin and sulfur
elements are the elements deposited on the copper substrate from the tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S,0s3) at the potential of -
0.15V. The element weight percentage is shown in the ratio of Sn : S equals to 27.57 :
72.43 . In term of element weight percentage, the SnS thin film deposited at the
potential of -0.15V containing 27.57% of Sn and 72.43% of S . Therefore, for the
deposition of SnS at the potential of -0.15V, the sulfur element has higher element

percentage than the tin element.
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The EDX results shown in Figure 4.13 (b) proves that the SnS thin film can be
deposited on the copper substrate at the potential of -0.25V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na;S;03) . The tin and sulfur
elements are the elements deposited on the copper substrate from the tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,;S,03) at the potential of -
0.25V. The element weight percentage is shown in the ratio of Sn : S equals to 15.92 :
84.08 . In term of element weight percentage, the SnS thin film deposited at the
potential of -0.25V containing 15.92% of Sn and 84.08% of S. Therefore, for the
deposition of SnS at the potential of -0.25V, the sulfur element has higher element

percentage than the tin element.

The EDX results shown in Figure 4.13 (c) proves that the SnS thin film can be
deposited on the copper substrate at the potential of -0.35V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,;S,03) . The tin and sulfur
elements are the elements deposited on the copper substrate from the tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S,0s3) at the potential of -
0.35V. The element weight percentage is shown in the ratio of Sn : S equals to 58.82 :
41.18 . In term of element weight percentage, the SnS thin film deposited at the
potential of -0.35V containing 58.82% of Sn and 41.18% of S . For the
electrodeposition of SnS at the potential of -0.35V, the element percentage is very close
for Sn element and S element. Therefore, the electrodeposition potential of -0.35V is
very suitable for the fabrication of SnS thin film on copper substrate by using tin (II)

methanesulfonate mixture of solutions.
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The EDX results shown in Figure 4.13 (d) proves that the SnS thin film can be
deposited on the copper substrate at the potential of -0.50V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na;S;03) . The tin and sulfur
elements are the elements deposited on the copper substrate from the tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,;S,03) at the potential of -
0.50V. The element weight percentage is shown in the ratio of Sn : S equals to 96.30 :
3.70 . In term of element weight percentage, the SnS thin film deposited at the potential
of -0.50V containing 96.30% of Sn and 3.70% of S . Therefore, for the deposition of
SnS at the potential of -0.50V, the tin element has higher element percentage than the

sulfur element.

The EDX results shown in Figure 4.13 (e) proves that the SnS thin film can be
deposited on the copper substrate at the potential of -1.00V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,;S,03) . The tin and sulfur
elements are the elements deposited on the copper substrate from the tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S,0s3) at the potential of -
1.00V. The element weight percentage is shown in the ratio of Sn : S equals to 99.47 :
0.53 . In term of element weight percentage, the SnS thin film deposited at the potential
of -1.00V containing 99.47% of Sn and 0.53% of S . Therefore, for the deposition of
SnS at the potential of -1.00V, the tin element has higher element percentage than the

sulfur element.

The EDX results shown in Figure 4.13 (f) proves that the SnS thin film can be

deposited on the copper substrate at the potential of -1.20V by using tin (II)
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methanesulfonate solution containing natrium thiosulfate (Na;S,;03) . The tin and sulfur
elements are the elements deposited on the copper substrate from the tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,;S,03) at the potential of -
1.20V. The element weight percentage is shown in the ratio of Sn : S equals to 97.66 :
2.34 . In term of element weight percentage, the SnS thin film deposited at the potential
of -1.20V containing 97.66% of Sn and 2.34% of S . Therefore, for the deposition of
SnS at the potential of -1.20V, the tin element has higher element percentage than the

sulfur element.

4.9 Scanning Electron Microscopy (SEM) Characterization

Images of sample can be obtained by using Scanning Electron Microscopy
(SEM). The focused beam of electrons from SEM interacts with the electrons of the
samples to produce signals which can be detected and interpreted because of the signals
carries the information of surface images of the samples. The surface images for the
SnS thin films deposited were obtained by performing the SEM analysis. The SnS thin
films are crystalline and with the variety of shapes and grain sizes at different reduction
potentials. The SEM micrographs for the SnS thin films which was obtained at different
deposition potentials are shown below. The SEM images below indicate that, at the
deposition potentials of -0.15V, -0.25V and -0.35V, the nanowire shapes of the thin
films are obtained. At the deposition potentials of -0.50V, the surface of the thin films
has granules. At the deposition potentials of -1.00V, the granules are folded together in
the dendritic growth. Whereas, at the deposition potentials of -1.20V, many granules are

on the surface of the thin films, the granules seemed to be lumped together.
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Figure 4.14: SEM characterization for electro-deposition of SnS on Copper Substrate at
the potentials of (a) -0.15V, (b) -0.25V, (c) -0.35V, (d) -0.50V, (e) -1.00V and (f) -

1.20V.

4.10 X-ray Diffraction (XRD) Characterization

The XRD results indicate that, the SnS thin film deposited on the copper

substrate has the orthorhombic lattice. The XRD results attained is compared with the
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JCPDS data with the JCP catalog number of [JCP2.2CA: 01-075-0925] (ICSD number:

030271). (XRD machine BRUKER model D5000 was used in this study).
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Figure 4.15: XRD characterization for electro-deposition of SnS on Copper Substrate at
the potentials of (a) -0.15V, (b) -0.25V , (c¢) -0.35V, (d) -0.50V, (e) -1.00V and (f) -

1.20V.
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SnS thin film deposited on the copper substrate at the potential of -0.15V has
the d-spacing value of 2.08960 A at the strongest intensity. The Miller Indice value at
the strongest intensity is (114). The incident angle for the radiation, 0 at the strongest
intensity is 21.6315°. The second strongest intensity happened at the d-spacing of
1.09008 A. The Miller Indice value at the second strongest intensity is (136). The
incident angle for the radiation, 0 at the second strongest intensity is 44.963°. Therefore,
the SnS thin film deposited on the copper substrate at the potential of -0.15V has the

orthorhombic lattice.

SnS thin film deposited on the copper substrate at the potential of -0.25V has
the d-spacing value of 1.27883 A at the strongest intensity. The Miller Indice value at
the strongest intensity is (133). The incident angle for the radiation, 6 at the strongest
intensity is 37.038°. The second strongest intensity happened at the d-spacing of
1.80903 A. The Miller Indice value at the second strongest intensity is (122). The
incident angle for the radiation, 0 at the second strongest intensity is 25.202°. Therefore,
the SnS thin film deposited on the copper substrate at the potential of -0.25V has the

orthorhombic lattice.

SnS thin film deposited on the copper substrate at the potential of -0.35V has
the d-spacing value of 1.80680 A at the strongest intensity. The Miller Indice value at
the strongest intensity is (122). The incident angle for the radiation, 6 at the strongest
intensity is 25.235°. The second strongest intensity happened at the d-spacing of
2.08729 A. The Miller Indice value at the second strongest intensity is (114). The

incident angle for the radiation, 0 at the second strongest intensity is 21.6565°.
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Therefore, the SnS thin film deposited on the copper substrate at the potential of -0.35V

has the orthorhombic lattice.

SnS thin film deposited on the copper substrate at the potential of -0.50V has
the d-spacing value of 1.27708 A at the strongest intensity. The Miller Indice value at
the strongest intensity is (133). The incident angle for the radiation, 6 at the strongest
intensity is 37.0975°. The second strongest intensity happened at the d-spacing of
1.09031 A. The Miller Indice value at the second strongest intensity is (136). The
incident angle for the radiation, 0 at the second strongest intensity is 44.9505°.
Therefore, the SnS thin film deposited on the copper substrate at the potential of -0.50V

has the orthorhombic lattice.

SnS thin film deposited on the copper substrate at the potential of -1.00V has
the d-spacing value of 2.92177 A at the strongest intensity. The Miller Indice value at
the strongest intensity is (110). The incident angle for the radiation, 0 at the strongest
intensity is 15.2865°. The second strongest intensity happened at the d-spacing of
2.02141 A. The Miller Indice value at the second strongest intensity is (114). The
incident angle for the radiation, 0 at the second strongest intensity is 22.40°. Therefore,
the SnS thin film deposited on the copper substrate at the potential of -1.00V has the

orthorhombic lattice.

SnS thin film deposited on the copper substrate at the potential of -1.20V has

the d-spacing value of 2.08784 A at the strongest intensity. The Miller Indice value at
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the strongest intensity is (114). The incident angle for the radiation, 0 at the strongest
intensity is 21.6505°. The second strongest intensity happened at the d-spacing of
1.08973 A. The Miller Indice value at the second strongest intensity is (136). The
incident angle for the radiation, 0 at the second strongest intensity is 44.981°. Therefore,
the SnS thin film deposited on the copper substrate at the potential of -1.20V has the

orthorhombic lattice.

4.11 Atomic Force Microscopy (AFM) Characterization

Atomic Force Microscopy was used to study the surface structure and

morphology of researched thin films. AFM VEECO model D3000 was used in AFM

characterization.

nm

3000.0

Figure 4.16 : AFM characterization for electro-deposition of SnS on Copper Substrate at

the potential of -0.35 V.
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The Figure 4.16 indicates the surface morphology characterized by the AFM at
the height of 1500nm for the SnS thin film deposited on copper substrate at the potential
of -0.35V. The scan size is 10.00 um and the scan rate is 1.001 Hz. The grain size mean
of the thin film is 4.07006 x 105 nm”. The grain size standard deviation is 1.874 umz.
Minimum grain size is 381.47 nm” and the maximum grain size is 17.012 pmz . The
roughness analysis was conducted by using AFM for the surface area of 62.955 umz .
The Root Mean Square of the roughness is 24.568 nm. The mean roughness is 18.469

nm. The depth at maximum is 140.67 nm.
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3000.0

Figure 4.17 : AFM characterization for electro-deposition of SnS on Copper Substrate at

the potential of -0.50 V.
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The Figure 4.17 indicates the surface morphology characterized by the AFM
for the SnS thin film deposited on copper substrate at the potential of -0.50V. The scan
size is 10.00 pm and the scan rate is 1.001 Hz. The grain size mean of the thin film is
6.90041 x 105 nm®. The grain size standard deviation is 2.669 pm”. Minimum grain size
is 381.47 nm* and the maximum grain size is 16.851 umz. The roughness analysis was
conducted by using AFM for the surface area of 25.762 umz. The Root Mean Square of
the roughness is 40.032 nm. The mean roughness is 29.119 nm. The depth at maximum

is 319.84 nm.
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Figure 4.18 : AFM characterization for electro-deposition of SnS on Copper Substrate at

the potential of -1.00 V.
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The Figure 4.18 indicates the surface morphology characterized by the AFM
for the SnS thin film deposited on copper substrate at the potential of -1.00V. The scan
size is 10.00 pm and the scan rate is 1.001 Hz. The grain size mean of the thin film is
4.60568 x 105 nm”. The grain size standard deviation is 1.959 pm?. Minimum grain size
is 381.47 nm* and the maximum grain size is 16.416 umz. The roughness analysis was
conducted by using AFM for the surface area of 71.169 umz. The Root Mean Square of
the roughness is 29.036 nm. The mean roughness is 22.723 nm. The depth at maximum

is 178.58 nm.

4.12 Comparative Discussion :

R. Mariappana and T. Mahalingamb reported the direct band gap for the SnS
thin film was 1.1 eV . And, Y. J ayasree and U. Chalapathi reported the direct band
gap for their researched SnS thin film was 1.55 eV. M. Calixto-Rodriguez and H.
Martinez reported the direct band gap of SnS thin film was 1.30 eV. N. Koteswara
Reddy and K.T. Ramakrishna Reddy reported that direct band gap for SnS thin film was

1.32 eV ¥ Whereas SnS, thin film direct band gap can reached 2.2 V.

The band gap is the energy difference (in electron volts) between the valence
band and the conduction band in semiconductors. This can referred as energy required
to free an outer shell electron from its orbit about the nucleus to become a mobile

charge carrier, able to move freely within the solid thin film.
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The optical band gap, Eg, values are calculated by assuming a direct transition
between the edges of the valence and the conduction bands, for which the variation of

the absorption coefficient, o, with photon energy is given by

(ahv)" = A(hv-E,) (Eq. 5)

Where A is a constant, and n describes transition process. A plot of (ahv)" Vs hv

should be straight line with an intercept on the 7V axis equal to E .

For direct band-gap measurement, n = 2 , therefore (ahv )Y =A(hv—E )

The band gap of the researched SnS thin film deposited at — 0.35V was given in the

graph shown below:

SnS direct band gap determination
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Figure 4.19: SnS direct band gap determination for deposition potential of -0.35V.
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The result obtained for band gap measurement for SnS thin film deposited at -
0.35V showed that it has the direct band gap value equal to 1.87 eV. (Hitachi U-300

UV-VIS-NIR spectrophotometer was used in this study)

Compared with the band gap result obtained with other scientists’ band gap
results, it was found that the value of direct band gap for the SnS thin film deposited at -
0.35V was higher than the usual SnS band gap value which usually range from 1.00 eV
~ 1.30 eV. The band gap result of the researched SnS thin film was 1.80 eV, this proved

that the SnS thin film deposited might contain derivatives of thin sulfide for example

SnS; and Sn,Ss;.
XRD Pattern for Electrodeposition of SnS on Copper Substrate
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Figure 4.20 : XRD characterization for electro-deposition of SnS on Copper Substrate at

the potential of -0.35 V.
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Figure 4.21 : Citation from Ogah E. Ogah and Guillaume Zoppi paper - XRD spectra of

SnS layers deposited.

For comparative purpose, the XRD result for SnS deposition at -0.35V was
compared with XRD spectra of SnS layers deposited gained from the research work of
Ogah E. Ogah and Guillaume Zoppi 441 Tt was found that, both of the XRD results had
the Miller Indice value of (122) which showed that SnS was successfully deposited on
the copper substrate at -0.35V. While the XRD result for SnS deposition at -0.35V has
the Miller Indice value of (133) which is very close with Miller Indice value of (131)
which is gained from the XRD spectra of SnS layers deposited gained from the research
work of Ogah E. Ogah and Guillaume Zoppi. Again, it showed that, SnS was
successfully deposited on the copper substrate at -0.35V. From Ogah E. Ogah and
Guillaume Zoppi’s XRD spectra of SnS layers deposited, they reported that, Sn,S3 has
Miller Indice of (111) which is very close to the results obtained from this research
which is (114), therefore, it showed that, Sn,S3 also most probably was deposited on the

copper substrate at the potential of -0.35V.
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Part IV: Results and Discussion for Electrodeposition of Tin Sulfoselenide from

Tin (II) Methanesulfonate and Methane Sulfonic Acid Solution.

4.13 Cyclic Voltammetry Characterization for SnSSe Thin Films

Cyclic Voltammetry for SnSSe from Tin (II) MS Solution at 0.05
V/s
1/A

0.2
0 E/V

-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8

Figure 4.22 : The cyclic voltammogram for electro-deposition of SnSSe at the scan rate

of 0.05 V/s.

Figure 4.22 shows the cyclic voltammogram of the solution containing 100ml
of 0.01M Tin (II) Methane Sulfonate (50%w/v), 0.01M Na,S,03; and 0.01M Natrium
Selenite (Na;SeOs) and 40ml Methane Sulfonic Acid ( >99.5% ). Reference electrode
used was SCE electrode, counter electrode used is platinum wire, and copper substrate

as the working electrode. The scan rate is 0.05 V/s.
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From the cyclic voltammogram result, considering the negative potential
region, the reduction potential peak to form SnSSe solid, E,. is -0.45V, where the
cathodic peak current, I is -0.11A. The oxidation potential peak, Ep, is -0.55V, where
the anodic peak current, I, is -0.07068A. The SnSSe thin films were deposited on the
copper substrate under different potentials, they were -0.15V, -0.25V, -0.35V, -0.45V, -

0.55V, -0.65V, -0.75V and -0.85V.

4.14 Energy Dispersive X-Ray (EDX) Characterization for SnSSe Thin Films
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Figure 4.23: EDX characterization for electro-deposition of SnSSe on Copper Substrate

at the potentials of (a) -0.15V, (b) -0.25V, (c¢) -0.35V, (d) -0.45V, (e) -0.55V and (f) -

0.65V (g) -0.75V (h) -0.85V.

The EDX results shown in Figure 4.23 (a) proves that the SnSSe thin film can

be deposited on the copper substrate at the potential of -0.15V by using tin (II)

methanesulfonate solution containing natrium thiosulfate (Na;S;0s3) and natrium
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selenite (Na;SeOs3). The tin, sulfur and selenium are the elements deposited on the
copper substrate from the tin (II) methanesulfonate solution containing natrium
thiosulfate (Na;S,03) and natrium selenite (Na,SeOs3) at the potential of -0.15V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 62.86 : 23.45 :
13.69 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.15V containing 62.86% of Sn, 23.45% of S and 13.69% of Se . Therefore,

this EDX result proves that SnSSe thin film can be deposited at the potential of -0.15V.

The EDX results shown in Figure 4.23 (b) proves that the SnSSe thin film can
be deposited on the copper substrate at the potential of -0.25V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S,03) and natrium
selenite (Na,SeO3). The tin, sulfur and selenium elements are the elements deposited on
the copper substrate from the tin (II) methanesulfonate solution containing natrium
thiosulfate (Na;S,03) and natrium selenite (Na,SeOs) at the potential of -0.25V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 48.13 : 24.80 :
27.07 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.25V containing 48.13% of Sn, 24.80% of S and 27.07% of Se . Therefore,

this EDX result proves that SnSSe thin film can be deposited at the potential of -0.25V.

The EDX results shown in Figure 4.23 (c) proves that the SnSSe thin film can
be deposited on the copper substrate at the potential of -0.35V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S,03) and natrium
selenite (Na,SeO3). The tin, sulfur and selenium elements are the elements deposited on

the copper substrate from the tin (II) methanesulfonate solution containing natrium
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thiosulfate (Na;S,03) and natrium selenite (Na,SeOs3) at the potential of -0.35V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 48.95 : 42.42 :
8.62 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.35V containing 48.95% of Sn, 42.42% of S and 8.62% of Se. Therefore,
this EDX result proves that SnSSe thin film can be deposited at the potential of -0.35V.
However, because of the element percentage for the Se element are too low compared to
Sn and S elements, therefore, the deposition of SnSSe thin film at the potential of -

0.35V is not ideal.

The EDX results shown in Figure 4.23 (d) proves that the SnSSe thin film can
be deposited on the copper substrate at the potential of -0.45V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S,03) and natrium
selenite (Na,SeO3). The tin, sulfur and selenium elements are the elements deposited on
the copper substrate from the tin (II) methanesulfonate solution containing natrium
thiosulfate (Na;S,03) and natrium selenite (Na,SeOs) at the potential of -0.45V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 53.75 : 41.16 :
5.09 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.45V containing 53.75% of Sn, 41.16% of S and 5.09% of Se. Therefore,
this EDX result proves that SnSSe thin film can be deposited at the potential of -0.45V.
However, because of the element percentage for the Se element are too low compared to
Sn and S elements, therefore, the deposition of SnSSe thin film at the potential of -

0.45V is not ideal.
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The EDX results shown in Figure 4.23 (e) proves that the SnSSe thin film can
be deposited on the copper substrate at the potential of -0.55V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,;S,03) and natrium
selenite (Na,SeO3). The tin, sulfur and selenium elements are the elements deposited on
the copper substrate from the tin (II) methanesulfonate solution containing natrium
thiosulfate (Na;S,03) and natrium selenite (Na,SeOs3) at the potential of -0.55V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 49.16 : 36.42 :
14.42 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.55V containing 49.16% of Sn, 36.42% of S and 14.42% of Se. Therefore,

this EDX result proves that SnSSe thin film can be deposited at the potential of -0.55V.

The EDX results shown in Figure 4.23 (f) proves that the SnSSe thin film can
be deposited on the copper substrate at the potential of -0.65V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na;S,03) and natrium
selenite (Na,SeO3). The tin, sulfur and selenium elements are the elements deposited on
the copper substrate from the tin (II) methanesulfonate solution containing natrium
thiosulfate (Na;S,03) and natrium selenite (Na,SeOs) at the potential of -0.65V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 71.79 : 10.95 :
17.26 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.65V containing 71.79% of Sn, 10.95% of S and 17.26% of Se. Therefore,

this EDX result proves that SnSSe thin film can be deposited at the potential of -0.65V.
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The EDX results shown in Figure 4.23 (g) proves that the SnSSe thin film can
be deposited on the copper substrate at the potential of -0.75V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,;S,03) and natrium
selenite (Na,SeO3). The tin, sulfur and selenium elements are the elements deposited on
the copper substrate from the tin (II) methanesulfonate solution containing natrium
thiosulfate (Na;S,03) and natrium selenite (Na,SeOs3) at the potential of -0.75V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 85.23 : 4.67 :
10.10 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.75V containing 85.23% of Sn, 4.67% of S and 10.10% of Se. Therefore,

this EDX result proves that SnSSe thin film can be deposited at the potential of -0.75V.

The EDX results shown in Figure 4.23 (h) proves that the SnSSe thin film can
be deposited on the copper substrate at the potential of -0.85V by using tin (II)
methanesulfonate solution containing natrium thiosulfate (Na,S,03) and natrium
selenite (Na,SeO3). The tin, sulfur and selenium elements are the elements deposited on
the copper substrate from the tin (II) methanesulfonate solution containing natrium
thiosulfate (Na;S,03) and natrium selenite (Na,SeOs) at the potential of -0.85V. The
element weight percentage is shown in the ratio of Sn : S : Se equals to 84.07 : 3.61 :
12.32 . In term of element weight percentage, the SnSSe thin fim deposited at the
potential of -0.85V containing 84.07% of Sn, 3.61% of S and 12.32% of Se. Therefore,

this EDX result proves that SnSSe thin film can be deposited at the potential of -0.85V.
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4.15 Scanning Electron Microscopy (SEM) Characterization for SnSSe Thin

Films

The below SEM images indicated that, at the deposition potential of -0.15V,
there are many small granules on the surface of the thin films. At the deposition
potential of -0.25V, the surface of the thin films has granules where the small granules
lumped together. At the deposition potentials of -0.35V and -0.45V are distributed on
the surface of the thin films. Whereas, at the deposition potentials of -0.55V and -0.65V,
many small granules on the layer growth of the surface of the thin films. At the
deposition potentials of -0.75V and -0.85V, the surface of the thin films are fully

covered by the small granules.
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Figure 4.24: SEM characterization for electro-deposition of SnSSe on Copper Substrate
at the potentials of (a) -0.15V, (b) -0.25V, (¢) -0.35V, (d) -0.45V, (e) -0.55V, (f) -0.65V,

(g) -0.75V and (h) -0.85V.

4.16 X-ray Diffraction (XRD) Characterization for SnSSe Thin Films

The XRD results indicate that, the SnSSe thin film deposited on the copper
substrate has the orthorhombic lattice. The XRD results attained is compared with the

JCPDS data with the JCP catalog number of [JCP2.2CA: 00-048-1225] of SnSSe.
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Figure 4.25: XRD characterization for electro-deposition of SnSSe on Copper Substrate
at the potentials of (a) -0.15V, (b) -0.25V, (¢) -0.35V, (d) -0.45V, (e) -0.55V, (f) -0.65V,

(g) -0.75V and (h) -0.85V.
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Figure 4.25 (a) indicates that the SnSSe thin film deposited on the copper
substrate at the potential of -0.15V has the d-spacing value of 1.27683 A at the strongest
intensity. The Miller Indice value at the strongest intensity is (303). The incident angle
for the radiation, 0 at the strongest intensity is 37.106°. The second strongest intensity
happened at the d-spacing of 1.80899 A. The Miller Indice value at the second strongest
intensity is (511). The incident angle for the radiation, 0 at the second strongest intensity
is 25.2025°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.15V has the orthorhombic lattice.

Figure 4.25 (b) indicates that the SnSSe thin film deposited on the copper
substrate at the potential of -0.25V has the d-spacing value of 1.80924 A at the strongest
intensity. The Miller Indice value at the strongest intensity is (511). The incident angle
for the radiation, 0 at the strongest intensity is 25.1985°. The second strongest intensity
happened at the d-spacing of 1.27678 A. The Miller Indice value at the second strongest
intensity is (303). The incident angle for the radiation, 0 at the second strongest intensity
is 37.1075°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.25V has the orthorhombic lattice.

Figure 4.25 (c) indicates that the SnSSe thin film deposited on the copper
substrate at the potential of -0.35V has the d-spacing value of 2.08901 A at the strongest
intensity. The Miller Indice value at the strongest intensity is (411). The incident angle
for the radiation, 0 at the strongest intensity is 21.638°. The second strongest intensity
happened at the d-spacing of 1.08994 A. The Miller Indice value at the second strongest

intensity is (303). The incident angle for the radiation, 0 at the second strongest intensity
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is 44.97°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.35V has the orthorhombic lattice.

Figure 4.25 (d) indicates that the SnSSe thin film deposited on the copper
substrate at the potential of -0.45V has the d-spacing value of 1.80958 A at the strongest
intensity. The Miller Indice value at the strongest intensity is (511). The incident angle
for the radiation, 0 at the strongest intensity is 25.1935°. The second strongest intensity
happened at the d-spacing of 1.27803 A. The Miller Indice value at the second strongest
intensity is (303). The incident angle for the radiation, 0 at the second strongest intensity
is 37.0655°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.45V has the orthorhombic lattice.

Figure 4.25 (e) indicates that the SnSSe thin film deposited on the copper
substrate at the potential of -0.55V has the d-spacing value of 1.27802 A at the strongest
intensity. The Miller Indice value at the strongest intensity is (303). The incident angle
for the radiation, 0 at the strongest intensity is 37.0655°. The second strongest intensity
happened at the d-spacing of 1.80986 A. The Miller Indice value at the second strongest
intensity is (511). The incident angle for the radiation, 0 at the second strongest intensity
is 25.1895°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.55V has the orthorhombic lattice.

Figure 4.25 (f) indicates that the SnSSe thin film deposited on the copper

substrate at the potential of -0.65V has the d-spacing value of 1.27831 A at the strongest
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intensity. The Miller Indice value at the strongest intensity is (303). The incident angle
for the radiation, 0 at the strongest intensity is 37.0555°. The second strongest intensity
happened at the d-spacing of 1.80833 A. The Miller Indice value at the second strongest
intensity is (511). The incident angle for the radiation, 0 at the second strongest intensity
is 25.2125°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.65V has the orthorhombic lattice.

Figure 4.25 (g) indicates that the SnSSe thin film deposited on the copper
substrate at the potential of -0.75V has the d-spacing value of 2.08624 A at the strongest
intensity. The Miller Indice value at the strongest intensity is (411). The incident angle
for the radiation, 0 at the strongest intensity is 21.668°. The second strongest intensity
happened at the d-spacing of 1.08828 A. The Miller Indice value at the second strongest
intensity is (303). The incident angle for the radiation, 0 at the second strongest intensity
is 45.0575°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.75V has the orthorhombic lattice.

Figure 4.25 (h) indicates that the SnSSe thin film deposited on the copper
substrate at the potential of -0.85V has the d-spacing value of 2.08854 A at the strongest
intensity. The Miller Indice value at the strongest intensity is (411). The incident angle
for the radiation, 0 at the strongest intensity is 21.643°. The second strongest intensity
happened at the d-spacing of 2.91471 A. The Miller Indice value at the second strongest
intensity is (011). The incident angle for the radiation, 0 at the second strongest intensity
is 15.324°. Therefore, the SnSSe thin film deposited on the copper substrate at the

potential of -0.85V has the orthorhombic lattice.
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4.17 Atomic Force Microscopy (AFM) Characterization of SnSSe Thin Films

nm

o000

Figure 4.26 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.15 V.

The Figure 4.26 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.15V. The
scan size is 10.00 um and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 1.340 x 10° nm®. The grain size standard deviation is 4.476 pm®. Minimum grain
size is 762.94 nm? and the maximum grain size is 22.932 um®”. The roughness analysis
was conducted by using AFM for the surface area of 111.07 pm® The Root Mean
Square of the roughness is 105.98 nm. The mean roughness is 76.442 nm. The depth at

maximum is 505.46 nm.
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Figure 4.27 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.25 V.

The Figure 4.27 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.25V. The
scan size is 10.00 pm and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 1.319 x 10’ nm? The grain size standard deviation is 6.506 pm®. Minimum grain
size is 381.47 nm* and the maximum grain size is 39.689 umz. The roughness analysis
was conducted by using AFM for the surface area of 117.14 umz. The Root Mean
Square of the roughness is 105.99 nm. The mean roughness is 82.040 nm. The depth at

maximum is 448.46 nm.
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Figure 4.28 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.35 V.

The Figure 4.28 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.35V. The
scan size is 10.00 pm and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 5.29210 x 10° nm”. The grain size standard deviation is 2.542 umz. Minimum
grain size is 381.47 nm” and the maximum grain size is 22.707 pum”. The roughness
analysis was conducted by using AFM for the surface area of 106.96 umz. The Root
Mean Square of the roughness is 33.380 nm. The mean roughness is 24.979 nm. The

depth at maximum is 225.87 nm.
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Figure 4.29 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.45 V.

The Figure 4.29 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.45V. The
scan size is 10.00 pm and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 9.31042 x 10° nm”. The grain size standard deviation is 4.546 pm®. Minimum
grain size is 381.47 nm’ and the maximum grain size is 26.942 umz. The roughness
analysis was conducted by using AFM for the surface area of 110.80 umz. The Root
Mean Square of the roughness is 75.462 nm. The mean roughness is 60.596 nm. The

depth at maximum is 363.82 nm.
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Figure 4.30 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.55 V.

The Figure 4.30 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.55V. The
scan size is 10.00 pm and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 5.23690 x 10° nm”. The grain size standard deviation is 2.813 pm” Minimum
grain size is 381.47 nm’ and the maximum grain size is 19.785 umz. The roughness
analysis was conducted by using AFM for the surface area of 107.30 umz. The Root
Mean Square of the roughness is 38.519 nm. The mean roughness is 28.513 nm. The

depth at maximum is 254.73 nm.
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Figure 4.31 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.65 V.

The Figure 4.31 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.65V. The
scan size is 10.00 um and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 1.131 x 10° nm®. The grain size standard deviation is 6.842 pm?. Minimum grain
size is 381.47 nm” and the maximum grain size is 45.462 pm®. The roughness analysis
was conducted by using AFM for the surface area of 106.44 pm® The Root Mean
Square of the roughness is 52.783 nm. The mean roughness is 39.623 nm. The depth at

maximum is 293.46 nm.
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Figure 4.32 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.75 V.

The Figure 4.32 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.75V. The
scan size is 10.00 pm and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 5.78956 x 10° nm”. The grain size standard deviation is 1.231 pm® Minimum
grain size is 381.47 nm” and the maximum grain size is 5.009 umz. The roughness
analysis was conducted by using AFM for the surface area of 111.16 umz. The Root
Mean Square of the roughness is 61.344 nm. The mean roughness is 48.208 nm. The

depth at maximum is 392.10 nm.

74



nm

3000.0

Figure 4.33 : AFM characterization for electro-deposition of SnSSe on Copper

Substrate at the potential of -0.85 V.

The Figure 4.33 indicates the surface morphology characterized by the AFM
for the SnSSe thin film deposited on copper substrate at the potential of -0.85V. The
scan size is 10.00 pm and the scan rate is 0.5003 Hz. The grain size mean of the thin
film is 8.90687 x 10° nm”. The grain size standard deviation is 2.673 pm®. Minimum
grain size is 381.47 nm’ and the maximum grain size is 15.329 umz. The roughness
analysis was conducted by using AFM for the surface area of 113.87 umz. The Root
Mean Square of the roughness is 89.744 nm. The mean roughness is 72.526 nm. The

depth at maximum is 275.74 nm.
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Chapter 5: Conclusion
5.1 Conclusion

In this research, it is concluded that, tin and tin chalcogenides such as tin
sulfide and tin sulfo-selenide thin films can be electrochemically deposited on copper
substrate by using tin (II) methanesulfonate and methane sulfonic acid mixture of
solution. The electrodeposition of tin using tin (II) methane sulfonate salt in a solvent
mixture of water and air stable ionic liquid 1-butyl-1 methyl-pyrrolidinium tri-fluoro-
methane sulfonate and MSA showed that the electro-reduction was diffusion controlled.
From the experiments of cyclic voltammetry and chronoamperometry, the diffusion
coefficient is 2.2 x 107 cm” s™' and 2.5 x 10”7 cm® s, respectively. The values of the
diffusion coefficient in ionic liquids are smaller due to the larger viscosity of the ionic

liquid and size of the dynamic radius in the solution.

The electrodeposition of tin in the mixture of water and air stable ionic liquid
1-butyl-1 methyl-pyrrolidinium trifluoro-methane sulfonate and methane sulfonic acid
(MSA) based tin methanesulfonate salts showed promising results in this study with
current efficiency as high as 99%. The deposit morphology of the mixture BMPOTF
and MSA based tin coated substrates were observed by using EDX and SEM, where
dense, fine and polygonal grain structures were obtained. In this study, it was convinced
that water and air stable ionic liquids have a huge potential in the additive-free
electrodeposition of metals, especially when there is very small hydrogen gas evolution,

even though mixed with the methane sulfonic acid (MSA) based tin salt.
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Abstract

The electrodeposition of tin from Tin {I1) Methane Sulfonete (MS5A) with varying concentration in
air and water stable 1-Butyl-1-Methylpyrrolidinium Trifluore-Methanesulfonate, {EMPOTF) ionic
liguid at room temperature was studied. Cyelic Volemmetry served to characterize
theelectrochemical behavior of tin reduction and oxidation. The diffusion coefficient of stannous
ions in the mixture of BMPOTF ionic liquid and MSA based electrolyte obtained via Randles-
Seveik was approximately 211X 107 cm™/s. Electroplating on copper panel was conducted under
different current densities to determine BMPOTF based tin plating solution current efficiency.
Mixture of BMPOTF and MSA based tin plating solution gave current efficiency as high as 99,9,
The deposit mamphology of the mixture BMPOTF and MSA based tin coated substrates was
observed by using EDX and SEM. A dense, fine and polygonal grein structure was obeained.

1. Introduction

Tin and its alloys can be electrodeposited from verious electrolytes including aqueous
fluorcharate, sulfate end methane sulfonate solutions. The sulfate electrolyie is generally adopted as
a first choice of plating alectrolyts due to its low cost and long history. The fluoroborate bath is
used when high current density is reguired. The methanesulfonate- besed electrolyte is favored for
its environmental benefits and it facilitstes higher stennous ion saturstion solubility with & low
oxidation rate to stannic ions [ 1].

However, hydrogen evolution reaction often occurs in the aqueous based electrolyte
electrodeposition resulting in profound effect on current efficiency and quality of the tin deposits.
As g resuly, different additives may be needed to suppress such difficulties. In contrast, a
fundamental advantage of using fonic liguid electrolytes in electroplating is that, since these are
non-aquecus solutions, there is negligible hydrogen evolution during electroplating end the coatings
possess the much superior mechanical properties of the pure metal. Hence sssentially crack-free,
more corrosion-resistant deposits are possible. This may allow thinner deposits to be used, thus
reducing overall materiel and power consumption [2].

Electrodeposition in ionic liguids was rarely studied in the past. In 1992, Wilkes and
Zaworotko reported the first air end moisture stable imidazoliom besed ionic liquid with either
tetraflucroborate or hexafluorophosphate as anions. Then, several, liquids consisting of 1-ethyl-3-
methylimidazolium, 1,2-dimethyl-3-propylimidazolium, or 1-buty-l-methyl-pyrrolidinium  cations
with various anions, such as tetrafluoroborate (8Fy ), tri-fluoro-methanesulfonate (CFS0;7), bis
(iriflucromethenesultonyljimide  fCF50):N) & tos (tn fluoro  methenesulfonyl imethide
fCF:5(3503C, were found and received much atention becanse of low reactivity against moisture
|3-4].

Few studies were reported on the electrodepaosition of Tin (1) in ionic liquids. The first was
done by Hussey and Xe [5] in an AIClz mixed in I-Methly-3-Ethyl Imidazoliuvm chloride melt. W.
Yang er. al [6] hes done Tin end Antimony electrodeposition in 1-ethyl-3-methylinidezolium
tetrefluoroborate, and M. Techikewa e al [7] has done electrodeposition of Tin {11 in a
hydropbobic ionic liquid, 1-n-butyl- |-methwlpymrolidinium bis (trifluoromethylsulfonyl) imide.

AN rghth ribiresd Ne sir! of stelioth of ol clole iy B resred utied & nkelmBes n dsy Rem & By dny miecl sthe! B wnilin seesaden & TTR,
wewwe ti sl (02 VTS 128 B 1081 1DT Y, 14D AEY
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In view of the edvantages of the gir and water stable ionic liquids, we report here the results
on the Tin electrodeposition from a mixture of an ionic liquid, 1-Butyl-1-methyl-pyrrolidinium
trifluoro- methenesulfonate, (BMPOTF) with Tin ([1) Methane Sulfonate in Mathane Sulfonic Acid
(MEA)

1. Experimental

The electrochemical behavior of tin reduction and oxidation was studied in the water and =ir
steble ionic liquid 1-Butyl-1 methyl-pyrrelidinium trifluoro- methanesulfonate, (BMPOTF) which
was purchased from Merck. The experiments were carried out using a conventional 3-electrode cell.
The working electrode was a copper rod with diameter of 4 mm and exposed area of 0.1257 em™.
Before each experiment, the copper rod was prepared as follows: wet grinding with SiC tvpe
abrasive paper grade 100, 1000 and 1200 o a mirror finish. Cleaning 10 minutes in ethenol and
then de-sceled with 10% Methane Sulfonic Acid {108 and final rinsing in de-ionized warer. The
counter clectrode was a platinum wire with 4 cm length and 0.1 mm diamewer. The working
clectrode potentials reported herein were measured versus & AglAgCl reference elecirode. Taeble |
and Tahle 2 gives the content of the Tin (1) methanesulfonatz solution and the content of the ionic
liguid.

For the electroplating experiments, copper pancls with dimension 2 cm x 2 em were used as
the substrate for tin electrodeposition. Before each experiment, the pre-treatment of the copper
penels were as follows: Cleaning 10 minutes in ethenol and then de-scaled with 1084 Methane
Sulfonic Acid {10%) and final rinsing in de-ionized water. Precantionary measures were taken to
climinate cxygen from the system by bubbling high purity nitrogen through the solution prior w the
experiments for 3 minutes.

The electrochemical experiments were cermried out using an Autolsb PGSTAT 30
Potentiostat'(alvanostat. All experiments were conducted at room temperature, 29 +- 1 °C in a
mixture of BMPOTF ionic liguid and MSA based tin methene sulfonate salts. Tin Methane
Sulfonate, (CH350:):5n was added in the desired amounts. No organic additives were mixed in the
solutions in this study. The electrolyte volume for the mixture was fixed at 15 mL in thess
experiments. Scanning Electron Microscopy (SEM) was model Philips XL 30 and Energy
Dispersive X-Ray Analysis (EDX) was vusing EDAX Analvzer Genesis was used in the surface
studies of these deposits.

Teble 1: Component of Tin Methane Sulfonate

Component Percent (%)
Srannous Methane Sulfonate, (CH; 503180 55
Water, H:0D 30
Methane Sulfonic Acid, CHaS(:H 15

Teble 2: Component of lonic Liguid liquid: 1-Butyl-1 methwvl-pyrrolidinium trifluomo-
methanesulfonate, (BMPOTF)

Component Percent (%)
Assay (electrophoresis) =08

‘Water, Ha(J =1

Halides =0.1

3. Results and discussion
3.1 Vaoltammetry

Figure 1 shows the voltemetric response for EMPOTF with different tin concentration.
Cyelic valtammetry experiments were swept from 0 to -1.0 'V vs. Ag|AgCl, then the sweep direction
was reversed. The potentiel sweep rate was remeined &t 0.05 Vs throughout the experiments.
Increasing Tin (I} concentration produces & stronger reduction and oxidation peak. A single
reduction end oxidation peak were observed in the cyeclic voliemmetry of Tin deposition and
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dissolution at a copper substrate, where these pesks were shsent when done with only the ionic
liguid without the (CH3:50:):5n in MSA.

The forward sweep from 0 to -1V vs. AglAgCl shows & reduction peak for tin deposition
commesponding o a twe-clectron step:

Reduction: Sn™” + 2e =+ Sn {Eg. 1}

On reversing the potential sweep from -1.0% to 0V vs. Ag|4gCl. a single swripping peak was
observed mnﬁnning the two-clectron oxidation of metallic to stennous lons vie the reverse
reaction: e

Oxidation: Sn = Sn*" + 2" (Eg. 2)

SAELE

4AEL 1

B &
B

Current (A

ANES Putintiad , E va. BgbgCU v

Fig. | Cyelic voltammogram at 005 Vs for solution X M (CH:S0s)Sn, A=OM, B=0.1M, C=0.2M,
D=0.3M, E={).4M_ F=0.5M

The relation between the peak current density, I, and the concentration of the electroactive
species in solution can be gjwn by the Randles-Sevehik equation:
=2 x Iz My, (Eg. 3)

Where 1, is the peak current density, Z is the number of electrons involved in the electrode
process, D is the diffusion coefficient of stannous ions, v is the potential sweep rate and ¢ is the
concentration of stannous ions.
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Fig. 2: Effect of Sn° concentretion on peak current density

From the graph in Fig. Z, the diffusion coefficient of stannous ions in BMPOTF ionic liguid
is approximately 2.11 x 107" cnr” 57" Table 3 gives the diffusion coefficients of Tin {11) in various
types of ienic liguids.
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Table 3: Tin (11} diffusion coefficient from literature

Solvent Ref. Tin (11} Dif. coetficient Dvem” 57
Agueos [1] 6.5 X 107
1-ethyl-3-methylimidazolium tetratluoroborate | [6] 6.1 X107
1-n-butyl- | -methylpymmolidinium bis 2

3 k - 7
{triflucromethvisulfonyl) imide 17} LA
AICI; with 1-Methly-3-Ethy] Imidazolium 5) 53107

chloride
1-Butyl- |-Methylpyrrolidinium Trifluoro-
Methanesultfonate

Thiswork | 2.11 x 107

The dependency of the Diffusion coefficient to the viscosity end the radius of the diffusing
species can be explained by the Stoke-Einstein eguation, D= kT/ & gr where k = Boltzmann
constant, T = Kelvin temperature, § = viscosity of the solvent, r = dynamic radius of the diffusing
specics. Hussey er al. [9] found thet the Tin{ll) exists &s SnCl:™ in AICI; with 1-Methly-3-Ethyl
Imidazolium chloride ionic liquid end the low values of the diffusion coefficient was due to the
increased viscosity of the ionic liguid. They also suggest that there is some degree of association
betareen the Tin(1l) with chloroaluminate ions such as ANCL and AlzCly, which contribute to the
low value of the diffusion coefficient |5].

W. Yang et al [6] vsed tetrafluoroborate, BFs besed fonic liquid, where the diffision
cocfficient was higher than calculated from the chlorcaluminate ionic liquid by Hussey. From the
Stoke-Einstein equation, it can seen that the smaller Tin{1[} tetrafluoroborate species will contribute
to a slightly higher ditfision coefficient value for the Tin(II) species.

Studies using trifluoromethylsulfonyl imide ionic liguids from Tachikawe et al. [7] and this
waork using trifluoromethylsulfonate ionic liquid gave smaller diffusion coefficient for the Tin(II)
specics. It can be soggested thet the complexation betwesn the Tin () with
trifluoromethylsulfonate and tritluoromethylsulfonyl imide, which is larger than the chloride ion
and the tetrafluoroborate ion, hes increased the redius of the Tindll) species in solution. This
contributes to the lower diffusion coefficient compered to the chloride and wetrafluoroborate based
ionic liguids in the works of Hussey and Tachikawa.

3.1 Electroplating Experiments

Electroplating on macroelecirodes were carried out to estimete the plating current efficiency
and hydrogen evolution reaction for the mixture of 1-Bueyl-1-methyl-pyrrolidiniom trifluaro-
methane sulfonate {BMPOTF) with Methane Sulfonic Acid and tin methene sulfonate sals. Table 4
presents the results of current efficiencies from electroplating experiments using Tin {11} solution in
ionic liguid at different current densities and Tin (11} concentrations.

Scanning electron microscopy (SEM) end Encrgy Dispersive X-ray spectroscopy (EDX)
were used to examine the surface morphology and analyze the elemental compositions of the
electrodeposits. Tahl:;t shows the current efficiencies obtzined from experiments using current
densities from 1 A dm™ [(ASD) to 7 ASD for verious concentrations of Tin (I1) from 0.1 M to 0.5 M
in ionic liguids solutions.
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Tablz 4: Current efficiency obtzined at different Sn”” concentration

Current Density, (A/dm”)| Stannous lons, concentration, (mol’ dm™)
0.1 0.2 0.3 0.4 5
1.0 99.58 | 99.58 | 95.90 [ 98.23 | 94.54
20 99.92 | 9833 | 9823 | 9789 | H7.73
30 9981 | %642 | 98.00 | 9778 | B1.O7
4.0 9924 | GET4 | 9THD [ 9704 | TLAS
5.0 99.58 | 9E.63 | 97.01 | 9687 | 6625
6.0 99.70 | 97.66 | 9687 | 9597 | 61.65
1.0 QBT | 97.55 | 9629 | 9455 | SH.26

From the results, increasing current densities. for higher concentrations of Tin{11} such as 0.4
and 0.5 M gave decreasing current efficiencies for Tin deposition. At these conditions, the hydrogen
evolution reaction becomes prominent and decreases the current efficiency for the Tin deposition.
The deposits became dull and less reflecting in appearance, owing to the porous natre of the

surface as can be seen in Figure 3.

Scanning Electron Microscopy (SEM) from Figures 3 at 3500X magnification reveal that
the deposits became less compact, lzss denss and more porous for higher current densities and
higher concentrations of Tin(II). This can be also szen in the EDX results in Figures 4. The copper
element was present in the EDX spectrum st the tin plated surface when analyzed under 20 keV
EDX as shown in Figure 4.b. The higher current densities of 7 A dm™ for 0.5 M of Tin (I} shows

copper peaks from the copper substrate, because of the porous nawre of the deposits.
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Figure 3 Electrodeposits from a: .4 M Tin (1) methenesulfonate and BMPOTF using 1 and 7 A

dm™ {ASD) b: 0.5 M Tin (11} methanesulfonate and BMPOTF using | and 7 A dm™ (ASD)
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SECONCLUSIONS

The electrodeposition of tin in the mixture of water and air stable ionic liquid- 1-Butyl-1
methyl-pyrrolidinium triflucro- methane sulfonate and Methane Sulfonic Acid (MSA) based Tin
Methane Sulfonate salts shows promising results in this study with current efficiency as high as
99%. The deposit morphology of the mixwre BMPOTF and MSA based tin coated substrates were
observed by using EDX end SEM, where dense, fine and polygonal grain structures were obtained.
In this study, we are convinced that water and air stable ionic liquids have 2 huge potential in the
additive free electrodeposition of metels, especiglly there is very less hydrogen evolution even
though mixed with the Methane Sulfonic Acid (MSA) based Tin salt.
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Diffusion Coefficient of Tin(ll) Methanesulfonate in lonic Liquid
and Methane Sulfonic Acid (MSA) Solvent

KOK KEE YANG, M.R. MAHMOUDIAN, MEHDI EEADI. HUN LEE KDAY,

and WAN JEFFREY BASIRUN

Voltammetry and chronoamperometry for the electrodeposition of tin from Tin(Il) methane
sulfonate mized with ionic liquid and methane sulfonate acid at room temperature was studied.
Cyclic voltammetry shows redox waves of Tin{I1), which prowves that the electrodeposition of tin
from Tin{II) methane sulfonate is a diffusion-controlled process. The diffusion coefficient of
Tin([1} ions in the solvent mixture showed good agreement from both voltammetry and chro-
noamperometry results. The diffusion coefficient of Tindl1) in the mixture was much smaller
than in agueous solution, and it depends on the anion of the ionic liquid.
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[. INTRODUCTION

TN and alloys of tin has been electrodeposited from
clectrolytes of Tindl1) salts such as the fluoroborate and
sulfate. Both the anions have certain advantages awver
the other, but a new Tin(Il) sali, which is based on
methanessulfonate anion, is gathering interesi because of
its environmenial low toxicity and its low oxidation rate
to stanmic fons. ' The wse of ionic liquid in smaller
labhoratory-scale electrodeposition was proven to be an
effective solvent 1o reduce the effect of hydrogen
evolution reaction; thus, egsentially it is crack free and
beiter quality. In addition, reduced overall material and
power consumpdiion were reported.”

Wilkes and Zaworotko™ reported the first moisture-
stable, imidazolium-based ionic liquid with tetrafluore-
borate or hexafluorophosphate as anions. Later, several
ionic liguids based on |-ethyl-3-methylimidazaoliom,
1.2-dimethyl-3-propylimidazolium, or [-buty-l-methyl-
pyrrolidinium cations with tetrafluoroborate {BF3),
tri-fluoro-methanesulfonate (CF3%03), bis {mifluoro-
methanessulfonyllimide [(CF3505)N7], and tns (in
fluoro methanegulfonyl) methide [[CF35045)5C~] anions
received much atiention because of low neactivity
against meisture. 5

Among the studies carried out on the elecirodepos-
ition of Tin{ll} in ionic liguids includes the publica-
tion by Hussev and Xe® who used AICI; mixed in a
1-methly-3-ethyl imidazolium chloride melt. Later,
Yang er all” reporied the alloy electrodeposition of
tin and antimony in l-ethyl-3-methylimidazolium
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tetrafluoroborate, and Tachikawa er al® reported the
clectrodeposition of Tin([l) using a hvdrophobic ionic
liquid, 1-m-butyl-1-methyvlpyrrolidinium bis (trifluoro-
methylsulfonyl) imide.

In view of the advantages of the air and water stable
ionic liguids, we report the voltammetry and chrono-
amperometry of tin electrodeposition from a mixture of
an ionic liquid, [-butyl-1-methyl-pyrrolidinium  tri-
fluoro- methanesulfonate (BMPOTF) with Tin{ll)
methane sulfonate in methane sulfonic acid {MSA).

Il. EXPERIMENTAL

The water and air stable ionic liquid BMPOTF
(=98 pct purity) and tin methanesulfonate (CH3;505):5n
were purchased from Merck (Whitchouse Station, MJ).
The experiments were carried out using a conventional
three-clectrode cell. The working electrode was a copper
rod with diameter of 4 mm with an exposed arca of
0.1257 em”. Before each experiment, the copper rod
subjected to wet gnnding with a SiC-type abrasive paper
grade 100, 1000, and 1200 to obtain a smooth finish,
followed by cleaning for 10 minuies in ethanol and then
descaling with 10-pet MSA (10 pet) and final rinsing in
deionized water. The counterelecirode was a platinum
wire with 4cm length and 0.1 mm diameter. The
warking elecirode poientials reporied herein were mea-
sured v a saturated Ag/AgCl reference electirode.
Omygen was eliminated from the sysiem by bubhling
nitrogen gas through the solution for 3 minutes prior to
cach experiment. The weight percentage composition of
the Tin(I1} methane sulfonate used in this study is given
in Takle 1.

All experimenis were conducied at room temperature,
2K =1 K(2%3C £ 1 3C) in a mixture of BMPOTF
ionic liguid and MSA where tin methane sulfonate
(EH3503),5n was diluted, in the desired amounts with
pure M5A and ionic liquid with a ratio of 1:1, to obtain
finally a solution of 0.1 M 10 0.3 M Tin{ll}) methane
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sulfonate. The electrochemical experiments were carred
out using an Autolah PGSTAT 30 Potentiostat Galva-
nostal {Eco Chemie, Utrecht, Netherlands). Mo organic
additives were mixed in the solutions in this study. The
scanning electron microscope (SEM) used in the surface
studies of these deposits was Philips XL 30 (Philips,
Amsterdam, The Metherlands), and the energy disper-
sive X-ray analysis (EDX) machine used was the EDAX
Analvzer Genesis (EDAX Inc., Mahwah, NI

[II. RESULTS AND DISCUSSION
A Folrgnmerry

Figure | is the cyclic valtammetry of {CH;380;):5n ina
mixture in BMPOTF and MSA solvent with diffienent tin
concentrations. The cyclic voltammaograms were swept
from O to—1.0 V v Ag/Ag(] at a potential sweep rate of
005 Vs throughout the experiments. The increase of
Tin{II} concentration produces a stronger reduction and
oxidation peak. A single reduction and oxidation peak
were observed in the cyclic voltammeiry of Tin{ll)
depaosition and dissolution at a copper substrate, whers
these peaks were absent when done with the ionic liquid
and MSA solvent without the (CH350;),5n.

The forward scan from —0.5 V 10 1.0 W wx Ag-ApC]
shows a reduction peak for Tin{ll) deposition corre-
sponding to a two-electron siep

Reduction: Sn° + 2o~ — Sn 1]
With the reverse potential sweep from 0.5 Vi 0.0V
ve Ap-AgCl, a single stripping peak was ohserved

confirming the two-glectron oxidation of metallie to
stanmnous ions vig the reverss reaction

Table I. Composition of Tin(l1) Methane Salfonste

Wenght
Comporent Percent [pet)
Tin{l1} methane sulfonate, (CH38 kLS50 55
Waler, Ha(D an
Melhane sullomic acd, CHaS0H 15

Voltammograms of 0.1 = 0.58 Sn** at BMPOTF
5.00E-03

4 DOE-OF
300203

E Z00E-03
1.00E-03

a LRt
=1.00E403 -

-2 QOE-03
“HO0E03

Potential , E vs. AglAgCl V

Fig. l==Cycliz voltammogmm at 008V = for solmion of

TCHE 0 50,
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Oidation: Sn — Sn™ = 20~ 2

The relation between the peak current density J_ and
the concentration of the electroactive species in1m]I|:Jti.c-n
can be given by the Randles-Sevchik tquati.an["'

Jp =288 x IHFZ1EpPS,, 3]

where J is the peak current density, Z is the number of
electrons invaolved in the electrode process, D is the
diffusion coefficient of stannous ions, v is the potential
sweep rate, and ¢ is the concentration of Tin(Il}) ions.

From the graph in Figure 2, the diffusion coefficient
of stannous ions in BMPOTF ionic liquid s approxi-
mately 2.2 =% 10~ cm® 5~

B. Chromoamperomsiry

Figure 3 shows chronoamperometry of of current 1/A
vy times, stepped at 092V for 0Ll M to 0.5 M of
Tin{Il). For chronoamperometry, the relation between
the current 1/A and the time/s can be given by the
Cottrell equation™

Ml

where n is the number of electrons involved in the
clectrode process, A is the area of electrode, D is the
diffusion coefficient of Tin{ll) ions, F is the Faraday
constant, ¢ is the time in s, and ¢ is the concentration of
Tin{I1) ions.
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The results in Figure 2 show clearly that the electro-
reduction of Tin{ll} in the mixture of ionic liquid and
MSA solvent is diffusion controlled, which permiis the
Driffusion constant to be calculated from Cottrell plots
in Figure 4. The average diffusion coefficient calculated
for all concentration wsed within 0.1 to 0.5 M was
2.5 % 10~ em?® s~ and is comparahle with the voltam-
melry experimenis in Section [HI-C.

C. Diffusion Coefficlents

There are not many reports about Tind11) diffusion in
tonic liquids, and Table [I gives the diffusion coefficients
of Tin{Il} in various types of ionic liquids.

The relation of the diffusion coefficient with the
viscosity and the dyvnamic radivs of the diffusing species
can be explained by the Stoke-Einsiein equation

_ KT
" Emme

where K is the Boltzmann constant, T is Kelvin
temperature, | 8 viscosity of the solvent, and r is the
dynamic radius of the diffusing spacies.

Hussey and Xe® found that the Tin{ll) exisis as
SnClE in AICl; with |-methlv-3-cthyl imidazolium
chloride ionic liquid, and the lesser wvalues of the
diffusion coefficient compared with agueous solvent
was a regult of the increased viscosity of the ionic liquid.
Thev also suggest that there is some degree of associ-
ation between the Tin(ll) with chloroaluminate ions
such as AIC]y and AlCl7, which contribute to the low
value of the diffusion coefficient. In addition, the
dynamic radivs of the Tin{ll} in AMNCl; with 1-methly-
3-cthyl imidazolium chloride ionic liquid is larger than
the dynamic radius of the Tin{ll} ions in agueous
solution, and it decreases the diffusion ecoefficient
according 1o the Stoke-Einstein equation.

Yang er al.” used tetrafluoroborace, BFZ-based ionic
liquid, where the diffusion coefficient was higher than
calculated from the chloroaluminate ionic liquid by
Hussey and Xe ™ It can observed that the smaller
Tin(Il} tetrafluoroborate species will contribute to a
slightly higher diffusion coefficient value for the Tin(II)
spacies.

Smudies wsing  rifluvoromethylsulfonyl imide ionic
liguids from Tachikawa er 2™ and this work using
trifluocramethylsulfonate ionic liquid gave a smaller

1 Z76—%OLUME £33, DECEMEER 211

diffusion coefficient for the Tin{ll) species. It can be
suggested that the complexation between the Tin(ll)
with trifluoromethylsulfonate and trifluoromethylsulfo-
nyl imide, which is larger than the chlornide fon and the
tetrafluoroborate ion, has increased the radivs of the
Tin(Il) species in solution. This contributes to the lower
diffusion coefficient compared with the chlonde and
tetrafluoroborate based ionic liguids from the works of
Hussey and Xe!® and Yang er 2"l It can also be said
that the diffusion coefficient from this work using
irifluoromeihvlsulfonate ionic liquid has a greater value
compared with the trifluoromethylsulfonyl imide ™
which is in accordance with larger dynamic radius of
the triffuoromethylsulfony] imide ionic liquid compared
with the trifluoromethylsulfonate ionic liquid.

From Table 11, the electroreduction of Tin(ll} from
aqueous solution gave a higher diffusion coefficient!'!
than all other diffusion coefficients in the ionic liquid
solution. The complexation of the Tin([I) ion in agueous
solution involves the smaller water molecules compared
with the larger anions in the ionic liquids. [n addition,
the viscosity of aqueous solutions is lower than the
viscosity of ionic liquids. Table [[ provides a decreasing
diffusion coefficient with increasing complex anion size
when descending the table, which sugpests that some
level of complexation between the anion of the ionic
liquid and the Tin{lI} has taken place during electrode-
position.

D. Buwk Elecirodepasition

Electroplating on copper surface (2 em = 2 cm) was
carried out to estimate the plating current efficiency for
tin electrodepogition from Tin(ll) methanesulfonate
dissolved in EMPOTF with MSA as the solvent.

Scanning electron microscopy and EDX were used to
examine the surface morphology and analvze the
clemental compositions of the electrodeposits. The
current efficiency is defined as the proportion of the
current that is used in the specified reaction: The unused
portion in this process is considered a waste. Thus, the
current efficiency for metal deposition ¢ is defined as the
ratio of the experimental mass of electrodeposition Lo
the theoretical mass of electrodeposition. Thus,

Mass{experimental }

T —
#lpet) Mass{theoretical)

x 10D 3]
The efficiencies are not alwayvs 100 pet as hvdrogen
evolution, exygen reduction, and solvent decomposi-
tion can occur at the cathode ¥ The Faraday's law

O=1Ixt 8]

_ oM 1l

" Fr :
where m is the theoretical mass of the subsiance
produced ati the electrode (in grams), @ is the total
clectric charge that passed through the solution (in
coulombs), # is the number of the electron transferred in
the electron transfer siep, F = 96,485 C mol™' is
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Tuble 1I. Comperissn of Tis{ll} [ifwaon Coeflscients
Tin(l1) Dailusien
Coellicinl
Relerence Solvenl Complexing Anion (D)em® 277
1 Agueous Water 6.5 x 107%
-] l=ethyl-3=methslimidazobium etrallueroborale BF3 Bl = 1O
5 AT, with l=-methly-3=ethy] imidazelium chlomde Predomimantly €17 with AICIT 53 = 1077
2 ZInCl, with l-methlya3eethyl imdazolivm chlocide Predommantly €17 with Znlly 46 = 1077
This work I=hulyl-l=methsipyrrolidinium influoro-methanesulionate CF,807 13 x 1077
T l=r=bulyle lsmethylpyrrodidmium b [CF, S0 L 10T
[tnlluoremethylsulionyl) imide
Table 1L Current Effsgiency of Tim Electrodepusition (Mbisined st [Nilferent Tin(ll} Conceniratson
Tin[l1) Concentration (M)
Current Density (A dm™) L8] 0.z 0.3 04 0.5
Lo L9 5K U9, 5K 950 QE.23 BBl
20 U992 LE.23 98.23 B7.EY EL.7
n Y9.El bG.d2 9E.00 97.78 El1.07
an 4924 4E. T 97.89 RT04 T2.65
50 U956 LE.63 97.01 QEET 5625
1] U7 47.54 68T D597 51.6%5
7.0 UE.TI1 Y7.55 96.29 94.55 SE26
Counts
1500 —
1000
n
500 -
n
=i
S
o T = T T T
o = Rl 1% 20
Energy (ke

0.1 M Tin bethane Sulfonate + lonic Liquid, 1 Adm

Fig. SemSEM {3500 dimex magnifeaison} and EDX spactrum of tn deciredspesitsd from 0.1 M Tin(l 1} methane sulfonace solubes az 1 A dm™3

Faraday’s constant, and M is the molar mass of rin
(in g mal™ ")

Table [l shows the current efficiencies obtained from
experiments using current densities from | A dm™?
(ASD) to 7 ASD for various concentrations of Tin{lI)
from 0.1 M to 0.5 M in ionic liguids solutions.

From the results, increaging current densities for
higher concentrations of Tin(I[} such as 0.4 M and
0.5 M gave decreasing current efficiencies for rin depo-
sition. From the solution preparation, 0.5 M has the
highest water content, and at these conditions, the

METALLURGICAL AND MATERIALS TRANSACTIONS B

hydrogen evolution reaction from the presence of water
becomes prominent and decreases the current efficiency
for the tin deposition. The deposits became dull and less
reflecting in appearance because of the porous nature of
the surface as can be observed in Figure 3.

Scanning electron microscopy from Figures 5 through
& at 3500 times magnification reveal that the deposiis
became less compact, less dense, and morne porous for
higher current densities and higher concentrations of
Tin{Il). The poor quality of deposits with increasing
amount of Tin(lI} concentration is expected as higher
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concentrations of Tin(ll}) prepared from the siock
solution contained slightly more percentage of water
compared with lower Tindll) concentrations, thus facil-
itating the hydrogen evolution process. As for the poor
guality of deposit with increasing current density, the
increase in current density will result in the increase
toward negative potentials where the hydrogen evolu-
tion reaction and solvent decomposition are mors
dominant than metal electrodeposition. This behavior
is quite similar with previous works Em'clvi_nf_ J,’l‘“l'
num[ Y pigkell*13 and Nickel-Cobalt alloy!''% The
poor gquality and porous nature of the deposits can be
also observed in the EDX resulis in Figures 6 and 8. The
copper element was present in the EDX spectrum at the
tin-plated surface when analyzed under 20 keV EDX as
shown in Figures 6 and & when done with higher current
densities of 7 A dm™ and higher Tin{Il) concentration
of 0.5 M of Tin(Il), which shows copper peaks from the
copper subsirate, because of the porous nature of the
depeosits.

IV, CONCLUSIONS

The electrodeposition of tin using Tin(l[} methane
sulfonate salt in the solvent mixture of water and air
stable ionic liquid 1-butyvl-1 methyl-pyrrolidinium tri-
fluoro-methane sulfonate and MSA showed that the
electroreduction is diffusion controlled. From the exper-
iments of cyclic vollammetry and chronoamperometry,
the diffusion coefficient was found to have & value of
22 % 10~ em?s~' and 25 = 1077 cm® 5!, respec-
tively. The values of the diffusion coefficient in tonic
liquids are smaller because of the viscosity of the ionic

liquid and the larger size of the dynamic radius in the
solution.

REFEREMCES

. CT.J. Low and F.C. Walsk: Elecrachim. dorg, 2008, vol. 33 [ 18),
pp- S2B0=BE.
2. 1F. Huangand |.W. Sun: J. Efrcrschem. Sor., 3003, vol. |50 (&),
pp- EX29=E Nié.
. 15, Wilkes and M.). Zaworotke: J. Cheme, Soe., Chem., Comm,
19932, {13}, pp. 965=567.
. 5 Zein El Abedin, E.M. Moustafa, R. Hempelmann, H. Maicer,
and F. Endres: Eleerrcehem. Comm., 2008, vell 70111, pp. 1111=16
. AP Abbeti, | Dalrymple, F. Endres, and D.R. MacFarlane
Elerwrodeperivien from lonfe Lipuids, |z ed. AP. Abbon and
D.RI. .‘:.i;.n:Fnda.m: eds., WileysWiCH, Weinheim, Germany. 2008,
3 l-:I'ZE\IL Hussey and X.H. Xe: J. Elecorcchem. Soe., 1933, wol. 120 (3},
Pp- G1B=26.
7. W.Z Yaog, H. Chang. ¥.M. Tang, 1.T. Wang, and ¥.X. Shi:
J. Aps. Eleercehem, 2000, vaol. 30, pp. 537=dd
. M. Tachikawa, N. Serirzawa, ¥. Katayama, ard T. Miura: B
rrociim. deea, J00E, wol. 53, pp. B530=34.
. AL Bard and L.R. Faulkrer: Elesroshemiva! Wnhods: Fundas
memaly and Appliearions, 2nd =d., Wiley, New York, NY_ 2000,
pp- LE3, 231,
1. W.1. Basinen, . Plescher, and A. Samby Reintes J. Appm
Elecarochem., 1996, val. 26, pp. 875=80.

1. 'W.1. Basinan and . Pleicker: /. App. Efrerrcefoms., [938, wol. 28,
PP [ET=T2

12, M. Ebadi, W.J. Baszrun, and V. Alins: drige J. Chem 200,
vol. 21 {81, pp. 634381

13. M. Ebadi, W.J. Basirun, and Y. Alins: driae J. Chem_ 3060,
vol. 21 (9], pp. 735460

14, M. Ebadi. W.J, Bagirue, ¥, Alks, and M.R. Mabkmoudian: Chem.
Cenrral. §_, 2000, vol. 4, p. 14

15. M. Ebach, W .I. Bagirue, and Y. Alins: 1. Chem. S, 2000, val. 122 (Z),

pp =T,

[

i

L

[ =

95



