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INTRODUCTION 

                                                                                                                                

 

he main goal of the work described here is to study the surface chemistry of the single-crystal 

bismuth chalcogenides in an electrochemical environment, and in particular, to investigate 

the effects of electrochemical oxidation, electrochemical reduction and electrochemical 

redeposition. A series of experiments were carried out to characterize the sample surfaces then evaluate 

the effects of the electrochemical treatments. Chemical treatments are also investigated for comparison. 

Furthermore, electrodeposition of metal materials on bismuth chalcogenides expands the research 

scopes. Since the methods and strategies used to study bismuth chalcogenides under electrochemical 

control are also suitable for other chalcogenides or layered materials, this thesis could provide a 

reference for electrochemical study of similar systems.  

This chapter will introduce the research object of the thesis and the basic concepts of the research tools. 
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chalcogenides may improve catalytic efficiency. Heterostructured MoS2/Bi2Se3 nanoflowers with higher 

hydrogen evolution reaction activity than pristine MoS2 and Bi2Se3 was reported [30]. 

 

1.2   Electrochemistry 

A reduction-oxidation (redox) reaction is a type of chemical reaction that involves a transfer of electrons 

between two species. The loss of electrons is called oxidation, while the gain of electrons is called 

reduction. Consequently, atoms or molecules which lose electrons are the oxidation products, while 

Figure 1.2. ARPES of the topological insulator Bi2Se3.  Adapted from Ref.[11] 

Figure 1.3. Diagrams showing the change of the bulk Fermi level of Ca-doped 
Bi2-xCaxSe3. Adapted from Ref.[25]. 
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atoms or molecules which gain electrons are the reduction products. The reaction follows the charge 

conservation principle. Therefore oxidation products and reduction products coexist to keep the net 

amount of charge unchanged.  

A redox reaction that is caused by an external voltage or accompanied by an electric current is called 

an electrochemical reaction. Electrochemistry is the branch of physical chemistry that studies 

electrochemical reactions and related phenomena. The application of a predetermined potential or 

current to an object is called electrochemical control. It is an inexpensive method to protect the surface 

from oxidation and a powerful tool to modify surface chemistry. Since bismuth chalcogenides are easily 

affected by surface oxidation and their exotic properties strongly depend on their surface chemistry, 

the study of bismuth chalcogenides under electrochemical control is of great importance. 

Various electrochemical techniques such as cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS) and electrochemical scanning tunnelling microscopy (EC-STM) will be discussed. 

These techniques were carried out using a three-electrode arrangement or a four-electrode arrangement 

based on the former. For the three-electrode arrangement, the working electrode, the counter electrode 

and the reference electrode play different roles. The voltage is applied between the working electrode 

and the electrolyte by a potentiostat. Therefore the reaction of interest is expected to occur on the 

working electrode. The counter electrode drives a current through the cell to balance the charge added 

or removed by the working electrode. The reference electrode provides a stable and well-defined 

reference potential to measure and control the potential of the working electrode. Since the reference 

electrode acts as a reference during electrochemical experiments, no current is passed through this 

electrode. 

Before discussing the electrochemical experiments of bismuth chalcogenides, several basic but very 

important concepts are introduced (based on Ref.[31]). 

1.2.1 Electrical double layer 

 
The electrode-solution interface behaves like a capacitor. At a given potential, there will exist an excess 

or deficiency of electrons ( Mq ) in a very thin layer (<0.1 Å) on the electrode surface, and an excess of 

either cations or anions ( Sq ) in solution in the vicinity of the electrode surface. At all times, Mq and 

Sq have the same absolute value, but different signs. Therefore, the interface could be characterized by 
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1.2.2 Butler-Volmer equation and exchange current 

 
If the electron transfer process is sluggish compared to mass transfer, the reaction is determined by 

electrode kinetics. Consider two substances A and B that are linked by simple reactions: 

(1.2)                                                                
f

b

k

k
A B�•�•�o�m�•�•  

The rates of the forward and reverse reactions are proportional to the concentrations of A and B: 

(1.3)                                                                 

b

Af f

Bb

v k C

v k C

� 

� 
 

Therefore, the net conversion rate of A to B is given by: 

(1.4)                                                           net BAf bv k C k C�  � � 

From experimental facts, the rate constants k  has the form: 

(1.5)                                                           
/AE RTk Ae���                 

Where AE  is the activation energy and can be understood as the change in standard internal energy in 

going from one of the minima to the maximum in the reaction picture. Therefore, the rate constants 

could be written as: 

 

(1.6)                                    ( )// /'H T S RTT S RT G RTk Ae e A e�� �' �� �'�� �' ���'�  �   

Considering the changes of 'fG�' and 'bG�' caused by the change of electrode potential 0'E E E�' � ��

for a one-electron process, their relationships are: 0'| ' | | ' | ( )f bG G F E E�' �� �' � �� (see Figure 1.5), 

where F is the Faraday constant. 

Therefore, fG�' and bG�' could be written as: 

(1.7)                                                       
'

' (1 )
b

fG F E

G F E

�D

�D

�' � �'

�' � �� �� �'
 

Where 0 1�D� � � � is the transfer coefficient.  
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The rate constants are:   

(1.8)     
0

0

0' 0'
0

0' 0'
0

exp( / )exp( ( )) exp( ( )

exp( / )exp((1 ) ( )) exp((1 ) ( ))
f

b

f f f

b b b

k A G RT f E E k f E E

k A G RT f E E k f E E

� D � D

� D � D

� ���' �� �� � �� ��

� ���' �� �� � �� ��
 

Where /f F RT� . 

If the potential 0'E  is chosen to let 0 0 0f bk k k�  �  ( 0k is known as the standard rate constant), the net 

current is (combination of equation 1.4 and equation 1.8): 

(1.9)                       
0' 0'( ) (1 ) ( )

0[ (0, ) (0, ) ]f E E f E E
net ROi FAv FAk C t e C t e� D � D�� �� �� ��� � ��  

Equation 1.9 is known as the Butler-Volmer formulation of electrode kinetics. At equilibrium, the net 

current is zero. The surface concentrations are equal to bulk concentrations. Magnitude of the balanced 

forward and backward currents is the exchange current 0i : 

(1.10)                               
0' 0'( ) (1 ) ( )

0 0 0
eq eqf E E f E E

Obulk Rbulki FAk C e FAk C e� D � D�� �� �� ���  �   

Nernst relation (for one-electron process) can be derived from equation 1.10: 

(1.11)                                                
0' 0'( ) (1 ) ( )eq eqf E E f E E

Obulk RbulkC e C e� D � D�� �� �� ���  

Figure 1.5.  Diagram for derivation of equation 1.7. 
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(1.31)                                                  
2 2

2 21
2 2 2
1

16
( )

ka kak k
T e Ae

k k
� � � �� | �  

��
 

Equation 1.31 means that the transmission is exponentially suppressed with the barrier width.     

 

 

For STM, consider a tip-vacuum-sample tunnelling junction shown in Figure 1.7. The work function of 

tip and sample are t�) and s�) . Without a voltage bias, the probability for the electrons to be 

transmitted from tip to sample is equal to the probability for the electrons to be transmitted from sample 

to tip, therefore the net tunnelling current is zero ( t sj j� ). If a negative voltage bias U is applied to 

the tip, Fermi level of the tip shifts eU . If the vacuum level of the tip is set to zero, an electron at the 

Fermi level has the energy t���)  . Electrons that have the energy between t���)  and t eU���) �� could 

generate a net tunnelling current ( net t sj j j�  � �). Since eU is very small, the energy of the tunnelling 

electron is close to  t���) , therefore the transmission probability: 

(1.12)                                                                       2kaT e���v  

Figure 1.7. Diagram of the STM tunnelling junction. 
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amplified to provide negative feedback to drive the piezoelectric transducers in the z-direction. For 

example, if the tunnelling current is smaller than the set value, the amplified current would deform the 

piezo to decrease the tip/sample distance, leading to a larger tunnelling current and vice versa. In the 

ideal case, constant current means a constant gap between the tip and the surface, therefore the 

collected data directly related to the surface morphology of the sample. 

In constant height mode, the feedback is turned off after approaching the tip to the desired position, 

then the surface is scanned with the tip at a constant height while measuring the tunnelling current I as 

a function of the tip position. In this case, the surface morphology will be reflected in the fluctuation of 

the tunnelling current. Since the scanning speed of the constant current mode is restricted by the 

frequency of the feedback, constant height mode usually provides higher scanning speed than constant 

current mode. However, if the sample surface is rough in microscale, constant height mode may lead 

to tip crash. 

 

 

Scanning tunnelling spectroscopy (STS) is a mode of scanning tunnelling microscopy in which the 

voltage between the tip and the sample is varied to obtain the information on the local electronic 

structure of the surface. The initial stage of the STS measurement is similar to constant height mode. 

The tip is placed above the sample with a fixed height by turning off the feedback. Next, the electron 

tunnelling current is measured as a function of electron energy by varying the voltage between the tip 

Figure 1.8. Constant height and constant current modes. 
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rows. Conversely, EC-STM can also be used to study the cathodic regeneration of a clean surface from 

a pre-oxidized surface [60]. Well-ordered oxide-free Cu(100) was generated from an air-oxidized and 

disordered electrode. In this thesis, EC-STM was also used to study the electrochemical oxidation and 

reduction of surfaces, but for bismuth chalcogenides.   

1.4   Proposed experiments 

The proposed experiments and the structure of this thesis are described below. First, in Chapter 2 the 

technical details of the EC-STM are described. These include the preparation of the samples and the 

STM tips and the polypyrrole coated quasi-electrodes, as well as the parameters of the EC-STM system 

and the procedure of a standard EC-STM experiment. In addition, the mechanisms of electrochemical 

impedance spectroscopy and X-ray photoelectron spectroscopy are also discussed. Electrochemical and 

X-ray photoelectron spectroscopy measurements for electrochemically modified and thiol 

functionalised single-crystal Bi2Te0.9Se2.1 are described in Chapter 3. X-ray photoelectron spectroscopy 

data for air exposed samples are presented as control. The results demonstrate the ability to control and 

characterize the surface oxidation of single-crystal Bi2Te0.9Se2.1 in an electrochemical environment and 

confirm the feasibility of further EC-STM experiments. Chapter 4 focusses on EC-STM study of several 

kinds of bismuth chalcogenides in pH 3.0 0.05M Na2SO4 solution. EC-STM images are used to analyse 

the process of oxidative dissolution. Furthermore, the tip effects are observed and discussed. EC-STM 

and electrochemical impedance spectroscopy measurements for single-crystal Bi2Se3 in 0.1M NaClO4 

and 3mM K3[Fe(CN)6], 0.1M NaClO4 are described in Chapter 5. The surface morphologies are linked 

to the electrochemical impedance spectra. These results are discussed in relation to those obtained in 

Chapter 4. As an extension of the study in Chapter 5, metal electrodeposition on single-crystal Bi2Se3 is 

discussed in Chapter 6. Finally, the conclusion and future plan are discussed in Chapter 7. 
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A well-prepared sample can be used for several experiments by repetitively cleave the crystal to obtain 

an oxide-free surface. Cleaving was carried out by sticking carbon tape to the flake and then pulling 

the tape away in air to leave a freshly cleaved surface.  

Cleaving bismuth chalcogenides in air has been reported to coexist with different terminations [61, 62]. 

For example, cleaving Bi2Se3 under conditions where intercalation of ambient gases can occur increased 

the possibility of getting a Bi-terminated surface, whereas cleaving Bi2Se3 in a high vacuum led to a Se-

terminated surface. For most of the experiments described in this thesis, samples were stored and 

cleaved in air because they would be measured in an ambient environment. Although there was a 

possibility of getting a Bi-terminated surface after cleaving, no terrace with a height of 0.4nm was 

observed during measurements (0.4nm is the thickness of the expected Bi-terminated structure).  

 

2.2 Cyclic Voltammetry 

Cyclic voltammetry is a potential sweep method. During measurement, information of the reaction can 

be gained by sweeping the potential with time linearly (Equation 2.1) and recording the i E��  curve 

directly. Since the scan rate is a constant, recording current versus potential is equivalent to recording 

current versus time, but the former is the customary form of representing the data.  

For a reversible system, the rate of electron transfer is rapid at the electrode surface, so the ratio of the 

oxidized species and the reduced species is dictated by the Nernst equation (Equation 2.2) which relates 

the potential of an electrochemical reaction ( E ) to the standard electrode potential ( 0E ), temperature 

(T ) and activities of the oxidized ( Ox ) and reduced ( Red) analyte in the system at equilibrium. 

(2.1)                                                                   ( ) iE t E vt�  � � 

(2.2)                                                             0 ( )ln
( )

RT Ox
E E

nF Red
�  � �        

In principle, combined equation 2.1 and 2.2 with the boundary conditions (equation 1.18), one could 

get the mathematical solution of cyclic voltammetry for reversible system. However, the process 

requires mathematical knowledge such as Laplace transformation and convolution theorem. Therefore, 

only some useful conclusions are listed [31].  

The peak current is:                                   
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or a Pt foil was used as a counter electrode, while a mercury-mercurous sulfate electrode was used as 

a reference electrode. 

For EC-STM experiments, a home-made Teflon cell with a Pt ring counter electrode was used. Figure 

2.5 shows the cell and a polypyrrole coated Pt wire quasi-reference electrode. This quasi-reference 

electrode was easy to operate and normally fairly stable. However, the ppy-coated layers exfoliated 

progressively with increasing working time and it behaved unstably if the pH of the electrolyte changed. 

An adaptor was designed by Dr. Richard Brooke (see Figure 2.6) to use a conventional reference 

electrode. The adaptor provided enough space to hold the glass vessel of conventional reference 

electrodes. A 10mL syringe was used to store the electrolyte. The whole adaptor was connected to the 

electrochemical cell via an electrolyte filled PTFE tube (acting as a Luggin capillary). 

 

This set-up is more reliable than the former, but there is a risk of leaving some bubbles in the tube or 

inside the adaptor, which may lead to loss of electrochemical control. Therefore, the open circuit 

potential (OCP) was checked once the cell was filled. If the OCP had an unexpected value, it usually 

meant that the link between the reference electrode and the electrochemical cell had problems. These 

     Figure 2.4. The photo of a sample for conventional electrochemical experiments.  
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could usually be solved by disconnecting the adaptor and refilling it. The EC-STM cell was emptied by 

glass pipette before the operations mentioned above. 

 

 

The four-electrode set-up is based on operational amplifiers. Figure 2.7 is the circuit diagram of 

operational amplifier. The two input terminals are called the inverting input (top) and the noninverting 

input (bottom). The fundamental property of the amplifier is that the output 0e is the inverted, 

amplified voltage of the input se . 

Figure 2.5. The photo of a STM cell and a polypyrrole coated Pt wire 
quasi-reference electrode.  

Figure 2.6. (a) A photo of the adaptor set-up. (b) Diagram of the four-electrode set-up. 
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Therefore, the output is the sum of independently scaled input voltages. 

Bipotentiostat based on the adder concept are shown in Figure 2.9 (Ref. [31]). Electrode 1 is controlled 

as the working electrode in a simple potentiostat (the left part of Figure 2.9) whereas electrode 2 uses 

electrode 1 as a reference point (the right part of Figure 2.9). If the potential of electrode 1 is set to be 

1e , electrode 2 is offset with respect to electrode 1 by 2 1e e e�' � �� , where 2e  is the potential of 

electrode 2 with respect to the reference. 

 

2.3.4 Preparation of STM tips 

Au STM tips were prepared by electrochemical etching as described in Ref.[69]. The composition of the 

etching solution was 50% ethanol with 50% HCl. A Pt ring with a diameter of around 10mm was used 

as a cathode. The Au wire was fixed by a crocodile clip and then positioned through the centre of the 

ring. The heights of the ring and the wire were adjusted to submerge them in the solution by 

approximately 5mm, see Figure 2.10. A Keithley 2400 source meter was used to apply 2.4 V DC voltage 

Figure 2.9. Circuit of the bipotentiostat. Ref.[31] 
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2.4 Setting EC-STM experiments 

2.4.1 STM Parameters 

An Agilent 5100 STM was used for EC-STM study that will be discussed in this thesis. Picoview 1.20 

imaging and analysis software package from Keysight Technologies was used for data collection. 

There are various parameters to manipulate the STM system (the main window of Picoview is shown 

in Figure 2.12). Among these parameters, the bias and the setpoint current are used to determine the Z 

position of the tip due to the negative exponential relationship between the tunnelling current and the 

tip-sample distance. In general, increasing the setpoint current without changing the bias or decreasing 

the bias without changing the set point current could bring the tip close to the surface and vice versa. 

Since the STM tip is grounded, the bias is applied to the sample. 

The feedback system tries to minimize the difference between the tunnelling current and the setpoint 

current after approaching the tip. The strength of the feedback can be adjusted by two parameters: the 

integral gain and the proportional gain. If the feedback is too low, the response from the controlling 

Figure 2.11. An example of the current vs time curve during the etching of 
an Au STM tip. The arrow indicates the time at which the etching is 
completed. 










































































































































































































































