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A BSTRACT

B

ismuth chalcogenides have been studied as thermoelectric materials, layered materials and
topological insulators. They have shown considerable promise in many areas, including but not
limited to energy conversion, surface catalysis and quantum computing. However, there is still
a long way to go before some of the most exciting applications become practical. One important
constraint is their stability in air or solution. Although the studies of bismuth chalcogenides after
exposure to air or water have led to different conclusions, the majority of work shows that air or water
can modify their surface chemistry and electronic properties.
Here, X-ray photoelectron spectroscopy was used to measure in-situ cleaved, air exposed,
electrochemically modified and thiol functionalized single-crystal Bi2Te0.9Se2.1 samples. The results not
only demonstrated the ability to control their surface chemistry in an electrochemical environment but
also confirmed the feasibility of thiol functionalization. Pourbaix diagrams were used to identify
probable products for electrochemical oxidation and reduction. For thiol functionalization, the
difference between 1,5’-pentanedithiol and 1-pentanethiol was also discussed.
Next, electrochemical scanning tunnelling microscopy experiments were carried out for different
bismuth chalcogenides in pH 3 electrolyte. The images for freshly cleaved samples showed atomically
smooth terraces and steps with height equal to the expected quintuple layer thickness (1 nm). After
electrochemical oxidation, clear surface dissolution accompanied by pit formation was observed. With
increasing oxidation time, these pits only expanded in the lateral direction, keeping a pit depth of about
1 nm. Three probable dissolution modes were discussed to explain the positive correlation between the
pit coverage and the oxidation time.
Electrochemical impedance measurements were carried out for freshly cleaved, pre-oxidized and
subsequently reduced single-crystal Bi2Se3 samples in pH 7 electrolyte. Electrochemical oxidation
significantly increased the Bi2Se3 charge transfer resistance whereas electrochemical reduction had the
ability to lower the transfer resistance to its original value. Electrochemical scanning tunnelling
microscopy experiments were also carried out in pH 7 electrolyte to link surface morphology with
impedance data. The images and Pourbaix diagrams suggested that the increase of charge transfer
resistance may be attributed to bismuth oxides.
Metal electrodeposition on bismuth chalcogenides was also studied with the same set-up. A
preliminary study of Ag deposition was recorded. Reversible epitaxial growth of bismuth films on
single-crystal Bi2Se3 surface was observed.
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CHAPTER
I NTRODUCTION

T

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.

1

1.1 Bismuth chalcogenides
Bismuth chalcogenides have attracted the attention of multidisciplinary researchers because they can
play a variety of roles in different research areas.
One of the important research areas is thermoelectricity. The thermoelectric figure of merit ( ZT ) is a
well-established metric to evaluate thermoelectric materials. It is calculated from the Seebeck coefficient
( S ), electrical resistivity (  ) and thermal conductivity ( K ), see equation 1.1. Bismuth chalcogenides
possess narrow band gaps, giving them both a high Seebeck coefficient and a low electrical resistivity,
therefore a high ZT . Bi2Te3 was reported to be one of the best performing currently available n-type
thermoelectric materials [3-5]. Furthermore, complex bismuth chalcogenides were studied and
suggested to have lower lattice thermal conductivity, therefore higher ZT [6]. A peak ZT of 1.4
(increased about 40%) at 100℃ was achieved by a p-type nanocrystalline BiSbTe bulk alloy [7].
(1.1)

𝑍𝑇(𝑇) = (𝑆 2 /𝜌𝐾)𝑇

Bismuth chalcogenides consist of strongly bonded quintuple layers (QLs) with the layer structure
chalcogenide - Bi - chalcogenide - Bi - chalcogenide. The QLs are weakly bonded to each other via van
der Waals interactions. As layered materials, intercalated ions or atoms can be used to modify their
electronic structure and optical/magnetic properties [8, 9]. Chemical intercalation of zero-valent metals
into 2D Layered Bi2Se3 nanoribbons was reported [10]. This method allowed intercalation of metal
atoms such as Ag, Au, Co, Cu, In, Ni and Sn.
Furthermore, bismuth chalcogenides Bi2Te3 and Bi2Se3 are model topological insulators (TIs). They
behave as insulators in bulk but possess topologically protected metallic surface states (topological
surface states - TSS) [11-16]. These surface states are topologically protected due to a non-trivial
topological index of the material and cannot be removed without magnetic impurities (robustness of
TSS). Spin and momentum locking in these topological states lead to new ways of generating a spinpolarized current, paving the way for novel types of spintronic devices [17-21]. In addition, dissipationless spin currents can be generated in TSSs because backscattering is forbidden [22-24]. These would
lower energy consumption and related heat effects for information transmission.
Figure 1.1 shows the band structure of topological insulator. The two branches of the topological surface
states are spin-polarized. This coupling is knowns as spin-momentum locking. The linear energymomentum relation of these surface states leads to “Dirac cone” structures in three-dimensional
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momentum space. The vertexes of the “Dirac cone” structures are the “Dirac points” (Figure 1.1 only
shows the cross-section of one “Dirac cone”). The position of the “Dirac points” varied from the
composition of the materials. Angle-resolved photoemission spectroscopy (ARPES) is a powerful
method to reveal the band structure of topological insulator, see Figure 1.2. The surface states and the
Dirac point of Bi2Se3 are clear. Furthermore, Ref.[11] and [25] indicate that doping of topological
insulator is an efficiency way to tune the relative position of “Dirac points” to the Fermi level (Figures
1.2 and 1.3). Therefore, Fermi level of the Sn0.01Bi1.99Te2Se samples used in the experiments should be
shifted, although measuring the band structure is beyond the scope of the thesis.

Figure 1.1. Band structure of topological insulators.
The topological surface states also make bismuth chalcogenides interesting candidates for catalysis.
These states provide fast and dissipation-less electron transport channels for electrochemical reactions.
Due to their robustness, topological surface states may also serve as a robust electron bath for the charge
transfer during chemical reactions [26]. Both positive and negative effects on the hydrogen evolution
reaction for different metal clusters supported on Bi2Se3 were reported [26, 27].

Significant

photochemical and electrochemical hydrogen evolution with Bi2Te3 and Bi2Se3 as catalysts were also
observed [28, 29]. Furthermore, the combination of transition metal dichalcogenides and bismuth

3

chalcogenides may improve catalytic efficiency. Heterostructured MoS2/Bi2Se3 nanoflowers with higher
hydrogen evolution reaction activity than pristine MoS2 and Bi2Se3 was reported [30].

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].

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
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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 ( q

M

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

S

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

M

and

q S have the same absolute value, but different signs. Therefore, the interface could be characterized by
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a double-layer capacitance, Cd . However, Cd is often a function of potential, which is different with
the voltage-independent real capacitors.
In constructing models for interfacial structure, the solution side of the double layer is thought to be
made up of several “layers”. The closest region to the electrode contains absorbed solvent molecules
and specifically adsorbed species. Since the dipole moments of the solvent molecules induce a strong
interaction with ions which is known as solvation, the ions in the solution are covered by solvation
shells. For specifically adsorbed species, parts of the solvation shells break, hence the species can be
tightly bound to the electrode surface. The reactions between the electrode and these species strongly
depend on their chemical properties, therefore the term “specifically” uses. The locus of the electrical
centres of the specifically adsorbed species is called the inner Helmholtz plane (IHP), which is at a
distance x1 . Solvated ions can only approach the electrode to a distance x2 . The reactions between the
electrode and these ions are independent of their chemical properties because only long-term
electrostatic forces are involved. Therefore, these ions are said to be nonspecifically adsorbed. The locus
of centres of the nearest solvated ions is called the outer Helmholtz plane (OHP). The three-dimensional
region for nonspecifically adsorbed ions to distribute is called the diffuse layer. It extends from the
OHP into the bulk solution. The thickness of the diffuse layer depends on the reaction time and the
diffusion coefficients of involved species.

Figure 1.4. Diagram of the electrical double layer model.
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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:
kf

⎯⎯→ B
A ⎯⎯
k

(1.2)

b

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

v f = k f CA

(1.3)

vb = kb CB

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

vnet = k f CA − kbCB

(1.4)

From experimental facts, the rate constants

k has the form:

k = Ae− EA / RT

(1.5)

Where E A 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)

k = Ae−T S / RT e−(H −T S )/ RT = A ' e−G / RT

Considering the changes of G f ' and Gb ' caused by the change of electrode potential E = E − E
for a one-electron process, their relationships are:

| G f ' | + | Gb ' |= F ( E − E 0' ) (see Figure 1.5),

where F is the Faraday constant.
Therefore, G f and Gb could be written as:

(1.7)

Where

G f ' =  F E
Gb ' = −(1 −  ) F E
0    1 is the transfer coefficient.
7

0'

The rate constants are:

(1.8)

k f = Af exp(−G0 f / RT )exp(− f ( E − E 0' )) = k f 0 exp(− f ( E − E 0' )
kb = Ab exp(−G0b / RT )exp((1 −  ) f ( E − E 0' )) = kb 0 exp((1 −  ) f ( E − E 0' ))

Where f = F / RT .

Figure 1.5. Diagram for derivation of equation 1.7.
If the potential E

0'

is chosen to let k f 0 = kb 0 = k0 ( k 0 is known as the standard rate constant), the net

current is (combination of equation 1.4 and equation 1.8):
(1.9)

i = FAvnet = FAk0[CO (0, t )e− f ( E − E ) − CR (0, t )e(1− ) f ( E − E ) ]
0'

0'

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 i0 :

(1.10)

i0 = FAk0CObulk e

− f ( Eeq − E 0' )

= FAk0CRbulk e

(1− ) f ( Eeq − E 0' )

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

(1.11)

CObulk e

− f ( Eeq − E 0' )
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= CRbulk e

(1− ) f ( Eeq − E 0' )

CObulk
f ( E − E 0' )
= e eq
CRbulk
Eeq = E 0' +

1 CObulk
RT CObulk
ln(
) = E 0' +
ln(
)
f
CRbulk
F
CRbulk

To work with i0 , equation 1.9 can also be expressed as the current-overpotential equation:

i = i0[

(1.12)

CO (0, t ) − f  CR (0, t ) (1− ) f 
e
−
e
]
CObulk
CRbulk

where  = E − Eeq is the overpotential.

1.2.3 Diffusion limitation
Consider an electrochemical reaction, when a stable current is obtained, the rates of all reaction steps
in a series are the same. The facile steps cannot reach their maximum rates because they have to wait
the most sluggish step to dispose their products or creates their reactants. Therefore, the rate of the
overall reaction is controlled by the most sluggish step called the rate-determining step (RDS). This
rate-determining step could be mass transfer, electron transfer at the electrode surface, chemical
reactions preceding or following the electron transfer or other surface reactions. If mass transfer is the
rate-determining step, which means that the rates of other steps are very rapid compared to the masstransfer process, the rate of the electrode reaction is governed by the rate at which the electroactive
species is brought to the surface by mass transfer. The reaction is said to be diffusion limited.
For one-dimensional diffusion, Fick’s first law states that the flux J ( x, t ) is proportional to the
concentration gradient

C
:
x

J ( x, t ) = − D

(1.13)

C ( x, t )
x

To derive this equation, assume N ( x ) and N ( x + x) molecules are immediately to left and right of
location x with an area A , where
them move

x is the step size (Figure 1a). During the time increment t , half of

x in either direction by the random walk process. Therefore, the net flux J ( x, t ) through

x is given by:

(1.14)

1
J ( x, t ) =
A

N ( x) N ( x + x)
−
x 2 C ( x) − C ( x + x)
2
2
=
t
2t
x
9

where D =

x 2
is the diffusion coefficient.
2t

The species into and out of a space between location x and

x + x with an area A (Figure 1b) is given :

N = ( J ( x) − J ( x + x)) At

(1.15)

Therefore the change in concentration at x is:
(1.16)

C ( x, t )
N
J ( x, t ) − J ( x + x, t )
J ( x, t )
=
=
=−
t
Axt
x
x

Combination of equation 1.13 and equation 1.16 yields:

C ( x, t )
 2C ( x, t )
=D
t
x2

(1.17)

which describes the change in concentration C with time (Fick’s second law).

Figure 1.6. Diagrams for derivation of equation 1.13 and equation 1.17.

Under the boundary conditions:

(1.18)

C ( x,0) = Cbulk
lim C ( x, t ) = Cbulk
x→
C (0, t ) = 0 (for t  0)

solution of the diffusion equations is the Cottrell equation:
(1.19)

nFAD1/2Cbulk
i(t ) =
 1/2t1/2

It gives the current-time response for a mass transfer controlled reaction. The current is inversely
proportional to the square root of time. Once the reaction begins, the concentration of the reactant at
the electrode surface becomes smaller than its concentration in bulk solution and the thickness of the
diffusion layer increases with time. If the reactant is being disposed as fast as it can be brought to the
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electrode surface, the reaction reaches the maximum rate and the concentration of the reactant at the
electrode surface is zero. In this case, the concentration gradient could be simply evaluated as the
division of the bulk concentration and the thickness of the diffusion layer. Therefore, the concentration
gradient decreases with time. According to Fick’s first law, one could expect that the reaction rate also
decreases with time.

1.2.4 Other related concepts
Open circuit potential, passivation, faradaic current and electrochemical potential are introduced below,
because they are concepts related to the subsequent electrochemical experiments.
The open-circuit potential is also called the zero-current potential or the rest potential. It is the potential
measured when a high impedance voltmeter is placed across the electrochemical cell.
Passivation refers to a material becoming less affected or corroded by the environment. The process
involves creation of a shielding layer (usually an oxide layer) via chemical reaction with other reactants
or spontaneous oxidation in the air. In the thesis, passivation refers to the increasing of the resistance
to electrochemical oxidative dissolution. It may be attributed to the residual or redeposited oxides, but
it could also be caused by the decreasing of the dangling bonds on the surface.
The faradaic current is the current generated by the reduction or oxidation of some chemical
substance at an electrode. If there are several redox reactions occurring simultaneously, the net faradaic
current is the algebraic sum of all the faradaic currents flowing through an indicator electrode. For an
electrochemical reaction, the mass of reactants consumed or products created at the electrode is directly
proportional to the faradaic current I and the reaction time t .

m = KIt

(1.20)

Where K is the electrochemical equivalent, which represents the mass transported by 1 coulomb of
electric charge.
For an inert metal electrode contact with a solution, the equilibrium condition is that the Fermi levels
of the two phases be equal, this process is the alignment of the Fermi levels. In an electrochemical
system, the Fermi level of the species is the electrochemical potential
potential
(1.21)

 e . It is related to the chemical

 and the electrical energy zF .

e =  + zF  =  0 + RT ln a + zF 
11

Where

 0 is

the standard chemical potential, a is the activity of the species,

z is the charge of the

species, F is the Faraday constant,  is the potential.
Therefore, the equilibrium condition could be described as the electrochemical potentials of electrons
are the same in both phases.

1.3 Scanning tunnelling microscope
The Scanning tunnelling microscope (STM) is an instrument for collecting information about a surface
and manipulating its structure at the atomic level based on the concept of quantum tunnelling. In 1981,
Gerd Binning and Heinrich Rohrer invented this instrument at the IBM Zurich Research Laboratory.
Since the superior spatial resolution of STM and its ability to manipulate an individual atom
significantly promoted the development of nanoscience, the invention won them the Nobel Prize in
Physics in 1986. Subsequently, many variants were developed for studies in solution, at high pressure
or at high temperature in addition to air and ultrahigh vacuum.
Quantum tunnelling describes the phenomenon whereby a particle has the possibility to disappear
from one side of a potential barrier and appear on the other side even though the particle does not have
enough energy to cross over the top of the barrier.
Considering a one-dimensional rectangular potential barrier, the time-independent Schrödinger
equation for the wave function ψ(x) is:

(1.22)

where H is the Hamiltonian,

 2 d2

H  ( x) =  −
+ V ( x)   ( x) = E ( x)
2
 2m dx

is the reduced Planck constant, m is the mass, E is the energy of the

particle and V ( x ) is the potential barrier with height V0  0 and width a (the barrier is positioned
between x = 0 and x = a and can be shifted to any x position without changing the final results).

(1.23)

0
𝑉 (𝑥 ) = {𝑉0
0

𝑖𝑓 𝑥 < 0
𝑖𝑓 0 < 𝑥 < 𝑎
𝑖𝑓 𝑥 > 𝑎

Since the barrier divides the space into three parts, the wavefunction can be written as:
(1.24)

𝜑1 (𝑥 ) = 𝑒 𝑖𝑘1𝑥 + 𝑟𝑒 −𝑖𝑘1𝑥
12

𝑥<0

𝜑2 (𝑥 ) = 𝐴𝑒 𝑖𝑘2 𝑥 + 𝐵𝑒 −𝑖𝑘2 𝑥 0 < 𝑥 < 𝑎
𝜑3 (𝑥 ) = 𝑡𝑒 𝑖𝑘1𝑥

𝑥>𝑎

Where 𝑟 is the reflection amplitude and 𝑡 is the transmission amplitude.

k1 =

(1.25)

2mE

Considering the boundary conditions and the continuity conditions, t can be solved as:

(1.26)

t = 2k1k2e−ik1a / 2k1k2 cos(k2a) − i(k12 + k22 )sin(k2a)




If the energy of the particle is larger than the height of the potential barrier ( E  V0 ):

k 2 and the transmission probability T are:

(1.27)

(1.28)

k2 =

2m( E − V0 )

 V 2 sin 2 (k2 a) 
2
T = t = 1/ 1 + 0

4 E ( E − V0 ) 


Since T is restricted to the interval from 0 to 1, the reflection probability R = 1 − T is larger than zero,
which means the particle may be reflected from the barrier with a non-zero probability.
If the energy of the particle is smaller than the height of the potential barrier ( E  V0 ), the situation is
different because k 2 is a pure imaginary:

(1.29)

(1.30)

k2 = i

2m(V0 − E )

= ik

 V 2 sinh 2 (ka) 
2
T = t = 1/ 1 + 0

4 E (V0 − E ) 


Equation 1.30 demonstrates that there is a non-zero probability for the particle to be transmitted
through the barrier. For ka

1 (the weak tunnelling limit), the transmission probability can be

simplified:
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(1.31)

T

16k12k 2 −2ka
e
= Ae−2ka
2
2 2
(k1 + k )

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

Figure 1.7. Diagram of the STM tunnelling junction.

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 ( jt = js ). 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 ( jnet = jt − js ). Since eU is very small, the energy of the tunnelling
electron is close to − t , therefore the transmission probability:

(1.12)

T  e−2ka
14

k=

2mt

 0.51 t Å −1

The local density of states (LDOS) is defined as a sum over

s ( x, E ) 

(1.13)

1



E

  n ( x)

n:
2

E −

If the 𝜀 is small enough, the LDOS represents the number of states per unit sample volume at a certain
place and an energy E . If the voltage bias is small enough, the tunnelling current can be written as:

I  s (0, EF )e−2ka  s (0, −t )e−1.02 t a

(1.14)

the barrier width

a

is the distance between the sample and the tip. In normal case, the typical value of

 is about 4eV, which means that the current would decrease to 1/ e 2 of the original value if the
distance increase 1 Å .
If the tip-sample bias is constant and changes in the LDOS are ignored, the tunnelling current reflects
the tip-sample distance due to its superior sensitivity to the distance. A fixed tunnelling current results
in a fixed tip-sample distance. In this case, the tip’s scanning trace is an equidistant line along the
sample surface and reflects the surface morphology (constant current mode). If the tip-sample bias is
constant and the morphology variations are ignored, the scanning trace reflects the LDOS instead of
the morphology. For real measurements, neither LDOS nor morphology fluctuations can be ignored.
Therefore, the scanning trace contains information on both the morphology and LDOS.
In practical applications, lateral and vertical manipulation of the tip is achieved by a piezo tube. The
tip is attached to a piezo tube consisting of three mutually perpendicular piezoelectric transducers to
control the tip position in x,y and z-direction, respectively. These transducers are based on the converse
piezoelectric effect, which is the deformation of certain solid materials when an electrical field is applied.
This effect is capable of manipulating the tip position due to its reversibility and the linear relationship
between the applied electrical field and the deformation.
There are three basic modes for STM measurement: constant current mode; constant height mode and
scanning tunnelling microscope (STS) mode. Constant current mode is the most frequently used mode
of obtaining STM images. In this mode, an electronic feedback loop is used to adjust the tip/sample
distance. The tunnelling current is amplified and compared to a set value. The difference is then
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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.

Figure 1.8. Constant height and constant current modes.

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
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and the sample. The spectra are usually obtained by plotting the sample bias on the X-axis and plotting
the change of the current with the bias ( dI / dV ) on the Y-axis. Besides, the second derivative
2

2

( d I / dV ) characteristic can be used to study the phonon assisted processes. STS is a powerful tool
to investigate the local density of electronic states of the sample surface. However, measuring STS at
room temperature is limited by thermal noise. In this thesis, all the STM images are collected in constant
current mode.
Conventional STM experiments are carried out in ambient conditions or under vacuum. In principle,
samples for STM measurements have to fulfil two conditions: they must be flat and conductive. In
practice, samples including metals, doped semiconductors, specific organic molecules and even
biological materials can be characterized by STM. Its exceptional imaging resolution is of great help to
study atomic-scale structures. Many exotic nanostructures and atomic-scale phenomena were revealed
by STM imaging [32-37]. Further information is available from scanning tunnelling spectroscopy (STS),
a current-voltage spectroscopic mode of STM to measure the local density of states [38, 39]. It was used
to probe surface electronic structure such as surface states, energy gaps, pseudogaps and charge density
waves [40-45]. In addition, molecular manipulation using STM can be considered a basic tool of
nanoscience [46, 47]. Different manipulation modes, including pushing, pulling and sliding were
utilized to move (laterally), rotate or switch the phase of target molecules [48-51].
Since the overall aim of this thesis is to study surface chemistry and characterize the surface
morphology of bismuth chalcogenides, an electrochemical scanning tunnelling microscope (EC-STM),
which combines a normal STM with electrochemical control, is a particularly powerful tool. The ECSTM measures surface morphology and local electronic properties in an electrochemical environment.
It can be used to study physical and chemical processes, including electrochemical redox reactions,
electrodeposition, electrocatalysis, adsorption and desorption [52-57]. In particular, the EC-STM is
capable of investigating the oxidation and corrosion of an atomically flat surface. For example, the
oxidation of 1018 carbon steel in borate medium was characterized by EC-STM [58]. Microstructures
consisting of Fe-α or a mixture of Fe-α and Fe3C as well as the corresponding corrosion mechanisms
were identified. Oxidative corrosion of the surface of highly oriented pyrolytic graphite (HOPG) was
also studied by EC-STM [53]. The EC-STM images demonstrate that the corrosion occurred first at step
edges and then progressed toward terraces. These images also reveal that platinum and oxygen could
enhance oxidative corrosion. In other work, the initial stages of the electrochemical oxidation of Au(110)
in 0.1M H2SO4 was imaged by EC-STM [59]. This process starts with the formation of gold oxide atomic
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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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TEC HN IQU ES

2.1 Preparation of single-crystal samples

Figure 2.1. Photo of TI crystals. (a) A typical crystal from Amsterdam. (b) A typical
crystal from Nanjing.

2.1.1 Fixing the sample and isolating the sample edges
Single crystals of bismuth chalcogenides were grown by a modiﬁed Bridgman method. The starting
materials were high-purity (99.9999%) elemental Sn, Bi, Se, and Te purchased from Alfa Aesar. Two
groups of crystals were prepared by different collaborators, as shown in Figure 2.1. Crystals from the
University of Amsterdam were flakes with suitable size for EC-STM measurements, while crystals from
Nanjing University had a relatively large size and needed further cutting.
A razor blade was used to cut the crystal. Although the crystal is not dangerous in its bulk state, dust
generated during cutting is harmful. Therefore appropriate personal protective equipment (PPE),
including respirator, safety goggles and nitrile gloves, is necessary.
The preparation procedure of bismuth chalcogenides samples is introduced. First, the two parts of the
silver epoxy (EPO-TEK) were mixed with the required ratio (10:1) by two wooden rods. Next, the mixed
epoxy was transferred to the substrate to attach the crystal flake. The substrate was heated to 100℃ for
1 hour to cure the epoxy. Finally, No.7 brand transparent nail polish was used to insulate the edge and
surrounding area of the flake because it is non-conducting and waterproof. The substrate was heated
to 50℃ to cure the nail polish

2.1.2 Sample cleaving
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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 Seterminated 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
0

the potential of an electrochemical reaction ( E ) to the standard electrode potential ( E ), temperature
( T ) and activities of the oxidized ( Ox ) and reduced ( Red ) analyte in the system at equilibrium.
(2.1)

(2.2)

E (t ) = Ei − vt

E = E0 +

RT
(Ox)
ln
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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i p  n3/2 AD1/2Cv1/2

(2.3)
Where

n

is the charge of the species, A is the area of the sample, D is the diffusion coefficient, C is

the concentration of the species,

v

is the scan rate.

The potential difference between peak and half-peak is:

E p − E p /2 = 2.20

(2.4)

RT
= 56.5 / n
nF

(mV)

The potential difference between anodic and cathodic peaks is:

E p = E pa − E pc  2.3

(2.5)

RT
= 59 / n
nF
1/2

Therefore, the peak current of the reversible reaction is proportional to v

(mV)

. Equation 2.4 and 2.5 are

useful diagnostics of a reversible reaction.
The cyclic voltammogram can be explained qualitatively. If the electrode potential 𝐸 is scanned, the
concentrations of the species will change continuously. The transition between oxidized and reduced
species at the electrode surface leads to a faradaic current, which is observed in the cyclic voltammetry
curve (Figure 2.2). The current increases rapidly as more of the reduced species is oxidized at the
electrode surface. As the potential is scanned more positive, the concentration of the reduced species is
steadily depleted near the electrode as they are converted to oxidized species, and the Faradaic current
starts to depend on the delivery of additional reduced species from the bulk solution. In the meantime,
the diffusion layer which contains the oxidized species at the surface of the electrode grows, leading to
a slow down of mass transport of the reduced species. Thus, the current decreases as the scan continues,
which results in the observed oxidation current peak (Figure 2.2). The subsequent electrochemical
reduction can be explained the same way. The oxidized species present at the electrode surface are
converted to reduced species as the applied potential becomes negative enough. The reduction current
is also restricted by the diffusion process, leading to the reduction current peak.
Electrochemical reversibility describes the rate of electron transfer. If the barrier to transfer electrons is
low enough, the equilibrium is easy to establish when the applied potential changes, which means that
the system remains in equilibrium throughout the potential scan. It also means that the Nernst equation
works throughout the potential scan. In this case, the peak current ratio 𝑖𝑝𝑎 /𝑖𝑝𝑐 is 1 and the standard
0

electrode potential E is given by the mean of the peak potentials.
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If the barrier is high, the electron transfer rate is slow. The “delay” of electron transfer results in the
“delay” of oxidation or reduction reactions, therefore increasing the peak potential separation. In this
case, one would expect that the peak potential separation increases with the increase in the scan rate (if
the reactions are chemically reversible).

Figure 2.2. A typical cyclic voltammetry curve for an electrochemically reversible
process.
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2.3 Electrodes, electrochemical cell and STM tips
2.3.1 Selection of electrodes
The selection of the reference electrode depends on several factors. The counter electrode should avoid
polarisation, dissolution and passivation during the experiments. Otherwise, it may influence the
actual behaviour of the working electrode. It is expected to have no oxidation or reduction peaks in
supporting electrolytes within the working window. Therefore, a platinum wire or foil was used as a
counter electrode because it is stable within the working window and it does not electrochemically
polarise. The selection of the reference electrode is more complicated. Different conventional reference
electrodes have different applications. The Silver/Silver Chloride (Ag/AgCl) electrode is the most
popular type of laboratory reference electrode due to its simplicity and lack of toxicity. However, if the
electrode is used in a high pH solution for a long period of time, hydroxide ions can contaminate the
electrode by forming AgOH. In addition, the Ag/AgCl electrode is not suitable for electrolytes that
contain halides because its standard electrode potential is very sensitive to traces of bromide ions. The
saturated calomel (Hg/Hg2Cl2) electrode (SCE) has a reputation of being more robust, but many works
reported that the chloride concentration in solution heavily influenced the behaviour of the
electrochemical system [63-67]. The Mercury/Mercurous Sulfate (Hg/Hg2SO4) electrode (MSE) was
used in the experiments that will be discussed in this thesis to avoid chloride ions. A MSE consists of a
platinum wire, a mixture of Hg2SO4 and liquid mercury, a saturated electrolyte solution of K2SO4 and
a glass tube with a porous ceramic electrode liquid junction. The relevant half cell equation is shown in
equation 2.6.
(2.6)

𝐻2 𝑆𝑂4(𝑠) + 2𝑒 − → 2𝐻𝑔(𝑙𝑖𝑞) + 𝑆𝑂42−

The MSE electrode in saturated K2SO4 has an open circuit potential of +0.65V with respect to a normal
hydrogen electrode (NHE). It can work well in acidic or neutral pH electrolytes, which meets the
demand of the proposed experiments.

2.3.2 Preparation of polypyrrole quasi-electrode
For EC-STM experiments, because the space of the cell is quite limited, conventional reference
electrodes cannot be used without the specially designed adaptor. An alternative was a polypyrrole
(ppy) quasi-electrode fabricated by coating a platinum wire with polypyrrole [68]. Compared to other
simple alternatives such as Pt wire, it performed quite well.

24

The polypyrrole quasi-electrode was prepared by electropolymerisation of pyrrole. The composition of
the

electropolymerisation

solution

was

0.01M

pyrrole

and

0.1M

tetrabutylammonium

hexaﬂurophosphate in acetonitrile. A 0.25mm Pt wire was annealed with a blow torch to get rid of any
oxide or polypyrrole residue. The electropolymerisation was carried out by a conventional potentiostat
using a standard cyclic voltammetry procedure. The potential of the Pt wire was swept from -1.0V to
0.7V vs MSE 50 times. The potential was held at 0.4V for 10 seconds after the 50 cycles to partially
oxidise the ppy film. The quasi-electrode was found to have open circuit potentials of +0.31V vs SCE
and -0.11V vs MSE, which is consistent with the expected potential difference between SCE and MSE
of -0.4V.

Figure 2.3. An example of the current vs potential curves (50 cycles) during the
electropolymerisation of pyrrole. The scan rate was 0.1V/s.

2.3.3 Electrochemical cell
In this section, electrochemical cells for different techniques are introduced. For normal cyclic
voltammetry and electrochemical impedance spectroscopy, a conventional three-electrode cell was
used. A sample isolated with Kapton tape (See Figure 2.4) was used as a working electrode. A Pt wire
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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).

Figure 2.4. The photo of a sample for conventional electrochemical experiments.

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
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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.

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.

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 e0 is the inverted,
amplified voltage of the input es .

27

(2.7)

e0 = − Aes

Where es is the voltage difference between the inverting input and the noninverting input, A is the
open-loop gain. Two connection lines that provide power to the operational amplifier are omitted in
the diagram.

Figure 2.7. Diagram of an operational amplifier.
Potentiostat is based on the current adders circuit of operational amplifier, see Figure 2.8.

Figure 2.8. The current adders circuit.

According to Kirchhoff’s law, the sum of all the currents into the summing point S must be zero.
(2.8)

(2.9)

i f = −(i1 + i2 + i3 )

e0
e
e e
= −( 1 + 2 + 3 )
Rf
R1 R2 R3
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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

e1 , electrode 2 is offset with respect to electrode 1 by e = e2 − e1 , where e2 is the potential of
electrode 2 with respect to the reference.

Figure 2.9. Circuit of the bipotentiostat. Ref.[31]

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
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to the Au wire. During the etching process, Au experienced oxidative dissolution at the anode while
hydrogen evolution happened at the cathode and released considerable amounts of bubbles. With
increasing etching time, the radius of the Au wire at the air-solution interface decreased and the wire
tapered towards a point close to the interface. Finally, the bottom part of the wire detached when the
constriction could no longer support its weight, whereas the top part of the wire was rinsed with
copious ethanol and Milli-Q water (resistivity 18.2MΩ.cm at 25℃) then collected as a STM tip.
A typical current vs time curve is shown in Figure 2.11. The progressively decreased current was
accompanied by frequent spikes. Once the current fell below the threshold value 0.001A, the DC voltage
was automatically switched off via software written in LabView by Dr.Stuart Box. The whole process
took 10 min to 15 min. In an electrochemical environment, the typical faradaic current for uncoated tips
is much larger than the tunnelling current. If the total current is dominated by the faradaic current, ECSTM measurements are unrealizable. Therefore, the tip was insulated with Apiezon wax to minimize
the electrochemical current. A soldering iron with a split tip was held in a clamp stand and heated to
the desired temperature (usually 230℃ to 245℃, depending on the wax). Molten wax was coated on
the split tip to fill the slit. The STM tip was driven by an adjustable holder to pass through the slit.
During this process, the STM tip was coated with wax. The coating process was sometimes repeated 2
or 3 times to ensure that the whole tip was covered by wax, but too many repetitions may damage the
apex of the tip. Because of surface tension, the very end of the tip remained exposed when the wax
cured, which made the tip still suitable for detecting tunnelling current.

Figure 2.10. Photos of the tip etching set-up.
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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.

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
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electronics will be slow, which results in artefacts such as apparent “tails” behind protrusions. These
appear on the side of a feature that is scanned last. If the feedback is too high, it will introduce highfrequency excitations, which results in noticeable spikes on the topography image and profile lines. For
Agilent 5100 STM, these parameters have a default value of 1% and need adjusting during
measurements.
Applying a pulse is widely used to adjust the tip condition because it can change the shape of the tip
and remove unwanted particles picked up by the tip during the scanning [70, 71]. The applied voltage
during the pulse, the pulse duration, and the distance to move the tip during the pulse are adjustable.

Figure 2.12. The main window of Picoview software.
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Since applying pulses may change the local surface morphology, the tip is moved away from the
imaging area in advance.
Parameters including the speed of the motor, the interval of withdrawing the tip, and the stop current
are used to control Z-direction movement of the tip. Parameters including the scan speed, the size of
the scan area, the rotation angle of the scan area, and the position of the scan area are used to control
the imaging process. The scan speed is the number of profile lines collected in one second. The speed
of the tip can be calculated from the scan speed and the size of the scan area. In general, a higher tip
speed can reduce the influence of drift, but it also affects the stability of the tip and the resolution. A
lower tip speed is good for collecting high-resolution images, but it requires a small drift rate. The angle
of the scan area can be adjusted to check whether a feature in the image is an artefact because the real
feature changes with the scanning angle, whereas one that originates from electrical noise remains the
same. Switching the scan direction also helps artefacts detection, as scan up and scan down generate
different images if there is a constant drift, see Figure 2.13. Furthermore, the overscan function is used
to optimize the images. By setting the percentage of extra scan beyond the defined scan area, the
beginning (relatively unstable) part of each profile line was not used to construct the images.

Figure 2.13. Diagrams to show the influences of vertical drift.

Parameters for the electrochemistry part are used to set up electrochemical control. The sample
potential is the most basic parameter to determine the potential of the sample versus the reference
electrode. The potential of the tip versus the reference electrode can be determined by one of the two
dependent parameters: the tip potential or the bias between the sample and the tip. For cyclic
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voltammetry technique, the initial potential of the sweep, the lower/upper limit of the sweep, the final
potential of the sweep, the sampling interval and the rate of sweep are set before measuring. For pulse
voltammetry technique, the initial potential of the sweep, the potential and the duration of each
potential step, the final potential of the sweep and the sampling interval are determined before
applying pulse steps.

2.4.2 The procedure of an EC-STM experiment
A standard EC-STM experiment consists of four steps: assembling the EC-STM cell; approaching and
adjusting the tip; modifying the sample surface; characterizing the sample surface.
A sample prepared as described was fixed on the sample holder by two copper sheets and springs, see
Figure 2.14. A spring electrode was used to connect the sample and the sample holder. The connection
was checked by a multimeter before approaching the tip. A Pt wire counter electrode was fixed in the
EC-STM cell and electrically connected to the sample holder.
If a MSE was used as a reference electrode, it was fixed in an electrolyte-filled adaptor. The adaptor
was connected to the Teflon cell via a Luggin capillary while the MSE was electrically connected to the
sample holder. If a ppy-coated Pt wire was used as a quasi-reference electrode, it was fixed and
connected in a similar way as the counter electrode.
A wax-insulated tip prepared as described was fixed in the tip tube of the scanner, see Figure 2.15. The
opposite end of the tip was twisted a little bit to avoid detachment.
The tip-sample distance was invisible because the sample was covered by the Teflon cell. Therefore the
rough approach was carried out manually with a bare holder and a bare gold substrate. By rotating the
knob of the step motor, a reasonable gap between the tip and the bare substrate was left. The subsequent
precise approach was carried out by the STM system. The step motor kept approaching the tip while
the tunnelling current was detected. Once the tunnelling current reached the set value, the approach
finished.
The tip condition can be estimated from profile lines or images collected during measurements. The
strength of the feedback can be evaluated by checking whether there are “tails” behind the measured
protrusion or whether there are spikes in the image. If the tip has adsorbed low conductivity
contaminants, profile lines show fewer features than usual. Enhanced feedback achieved by increasing
the integral/proportional gain can be used to “shake” the tip and get rid of these clusters. Multiple tips
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give rise to the artefact of repeated features. Increasing the gain, changing the bias or the tip potential
may eliminate these mini tips.

Figure 2.14. Photo of the assembled sample holder.

EC-STM is capable of modifying the sample surface because it supports two techniques: cyclic
voltammetry and pulse voltammetry. Cyclic voltammetry technique is performed by repetitively
sweeping the potential of the working electrode in a predetermined range and measuring the current
at the working electrode simultaneously. Current versus the applied potential traces are plotted. This
technique is widely used to study the electrochemical properties of a system, including the
electrochemical stability window, the redox potentials, the electrochemical reversibility, and the
electron transfer kinetics of the working electrode or the electrolyte [72-76]. Pulse voltammetry
technique is based on stepwise changes in the potential of an electrode. Using this technique,
electrochemical processes are studied by applying a serial of potential steps and recording the response
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currents simultaneously [77-79]. During the modification process, the relative parameters which were
introduced in the last section are frequently adjusted. Finally, the sample was imaged by EC-STM with
suitable parameters.

Figure 2.15. Optical microscope images of (a) an electrochemically etched Au STM tip
and (b) an Apiezon wax coated Au STM tip. (c) A photo of the STM scanner with a
coated Au STM tip.

2.5 Electrochemical impedance spectroscopy (EIS)
2.5.1 electrochemical impedance plots
Electrochemical impedance spectroscopy (EIS) is a perturbative technique for studying the dynamics
of an electrochemical process based on its response to an applied potential. During the measurement,
a small amplitude AC excitation signal is added to the applied DC polarisation potential. The response
current is recorded and analysed to extract resistive and capacitive properties of the electrochemical
process.
The impedance spectrum is obtained by varying the frequency of the AC excitation signal, typically
from several tens of kHz to 0.1Hz. As the ratio of potential and current for an AC system, the impedance
is a complex number that can be presented in two ways. The first is via the real part Z ' and imaginary
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part Z '' as a function of frequency, while the second is as a vector in the complex plan. The two most
popular plots for impedance spectra, the Nyquist plot and the Bode plot, originate from these.
The Nyquist plot is obtained by plotting the real part of the impedance Z ' on the X-axis and plotting
the negative imaginary impedance − Z '' on the Y-axis. It is widely used in electrochemistry because
parameters such as the solution resistance and the transfer resistance are easy to read from the plot (if
the equivalent circuit is simple enough). However, the Nyquist plot is difficult to understand if the
equivalent circuit is complicated.
The Bode plot is a logarithmic plot of the frequency on the X-axis and the impedance and the phase
shift on double Y axes. Each component is easy to determine from the Bode plot. The number of time
constants corresponds to the number of peaks. In addition, the frequency information which is not
visible in the Nyquist plot is well shown in the Bode plot.
Consider the current-overpotential equation (equation 1.12), if the solution is well stirred, the surface
concentration is close to the bulk concentration. Therefore, it is simplified to the butler-Volmer equation:

(2.10)

i = i0[e− f  − e(1− ) f  ]

If the overpotential η is very small. Considering the approximation e  1 + x , equation 2.10 can be
expressed as:
x

(2.11)

i = −i0 f 

The ratio − / i is the charge transfer resistance

(2.12)

Rct :

− = 1 = RT
i i0 f i0 F

Charge transfer resistance is the resistance to the process of electron transfer from one phase to another
and can be measured by impedance spectroscopy.

2.5.2 Simple components and equivalent circuits
Three basic components and a typical equivalent circuit will introduce in this section (Ref.[31]).
The resistor follows Ohm’s law for both DC and AC currents. The impedance of a resistor only has a
real part equal to the resistance 𝑅. In the Nyquist plot, the resistor is a single point (𝑍’ = 𝑅, −𝑍’’ = 0). In
the Bode plot, the resistor is two horizontal lines, showing constant impedance (𝑍 = 𝑅) without phase
shift (  = 0 ).
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A capacitor stores electrical energy as an electric field. Its ability to store charge is defined as the
capacitance 𝐶, the charge that can be stored per unit applied potential. In AC circuits, the impedance
of a capacitor can be expressed by equation 2.13, where f is the frequency of the sinusoidal signal. Z '
and Z '' for a capacitor (equation 2.14) are obtained by comparing equation 2.13 with the standard form
of Z ( Z = Z '+ iZ '' ). Therefore, a capacitor is a straight line along the Y-axis in the Nyquist plot. The
relationship between log Z and log f is equation 2.15. The phase angle  is determined by equation
2.16. Hence, a horizontal line (  = 90 ) and a linear curve with negative slope ( −1 / 2 C ) are plotted
in the Bode plot.
1

(2.13)

𝑍𝑐 = −𝑖

(2.14)

𝑍 ′ = 0, 𝑍 ′′ = −

(2.15)

log Z = −

(2.16)

tan  = −

2𝜋𝑓𝐶
1
2𝜋𝑓𝐶

1
log f
2 C

Z ''
Z'

 = 90
An inductor is a component that stores energy in a magnetic field when an electric current flows
through it. The property of storing energy is defined as the inductance 𝐿, the ratio of the magnetic flux
and the current generating the magnetic flux. The impedance of an inductor can be expressed as
equation 2.17. Z ' and Z '' (equation 2.18) are extracted from equation 2.17. An inductor is also a
straight line along the Y-axis in the Nyquist plot due to the lack of a real part. The impedance-frequency
relationship and the phase shift are deduced via the same method as for capacitor (equations 2.19 and
2.20). The Bode plot shows a horizontal line (  = −90 ) and a straight line with a positive slope ( 2 L ).
(2.17)

𝑍𝐿 = 2𝜋𝑖𝑓𝐿

(2.18)

𝑍 ′ = 0, 𝑍 ′′ = 2𝜋𝑓𝐿

(2.19)

log Z = 2 L log f

38

(2.20)

tan  = −

Z ''
Z'

 = −90
An equivalent circuit consists of a series of components and each component represents a part of the
electrochemical process. Therefore, the equivalent circuit should create the same impedance spectrum
as the real electrochemical process. Randles circuit (Figure 2.16) is the most commonly used equivalent
circuit for interpreting impedance spectra. It consists of a resistor Rs , representing the uncompensated
solution resistance, in series with a parallel circuit having a capacitor Cdl representing the double
layer in one branch and a resistor Rct , representing the charge transfer resistance, in series with a
Warburg impedance ZW representing semi-infinite diffusion, in the other.

Figure 2.16. Randles circuit. Rs, Cdl, Rct and Zw are represent the uncompensated
solution resistance, the double layer capacitor, the charge transfer resistance and the
Warburg impedance, respectively.

The Warburg impedance is a virtual electrical component only used to describe the diffusion effect.
During an electrochemical process, species close to the electrode interface are consumed. For high AC
frequencies, the depletion is not detected. However, at low AC frequencies, there is enough time to
deplete active species. Therefore, the EC current decreases due to the lack of species, whereas the
applied DC potential remained the same, which increases the impedance. The Warburg impedance ZW
is introduced (equation 2.21) to simulate the increasing impedance, where Aw is the Warburg
coefficient.

39

Zw =

(2.21)

Aw
Aw
+
2 f i 2 f

The Randles circuit describes a faradaic reaction controlled by semi-infinite diffusion. The current goes
through the solution, so there is a serial solution resistance Rs . The faradaic reaction described by the
charge transfer resistance occurs in parallel with the charging of the double layer described by the
double layer capacitor Cdl . The Warburg impedance ZW is in the same branch as the transfer
resistance because the semi-infinite diffusion is associated with the faradaic reaction. At high AC
frequencies, the depletion of reactants is not detected. Therefore, the Randles circuit is simplified as Rs
in series with a parallel circuit having Cdl in one branch and Rct in the other (Figure 2.17a). Consider
the Rct Cdl parallel circuit:

(2.22)

Rct
Rct
wRct2 Cdl
Z1Z 2
Z=
=
=
−i
Z1 + Z 2 iwCdl Rct + 1 1 + ( wRct Cdl ) 2 1 + ( wRct Cdl ) 2

Z'=

Rct
1 + ( wRct Cdl ) 2

wRct2 Cdl
Z '' = −
1 + ( wRct Cdl ) 2
−

Z ''
= wRct Cdl
Z'

Z '=

(Z ' −

Rct
''
1 + (− Z ' ) 2
Z

Rct 2
R
) + (Z '' )2 = ( ct )2
2
2

The derivation above indicates that the Nyquist plot of the Rct Cdl parallel circuit is a semicircle, where

R
Rct
, 0) is the centre and ct is the radius. Therefore, the Nyquist plot of the Randles circuit at high
2
2
R
R
AC frequencies is a semicircle, where ( Rs + ct , 0) is the centre and ct is the radius.
2
2
(
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Figure 2.17. Two simplified circuits at (a) high AC frequencies and (b) low AC frequencies,
respectively.

At low AC frequencies, the capacitor Cdl could be seem as open circuit, hence the Randles circuit is
simplified as ( Rs + Rct ) in series with the Warburg impedance (Figure 2.17b).

(2.23)

tan  = −

− A / 2 f
Z ''
= −( w
) =1
Z'
Aw / 2 f

 = 45

Figure 2.18. A typical Nyquist plot of the Randles circuit.
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Therefore, the Nyquist plot of the Randles circuit at low AC frequencies is a 45° straight line.
Combine high frequency and low frequency, the Nyquist plot of the Randles circuit contains a
semicircle and an extended 45° arm (Figure 2.18). Values of the solution resistance Rs and the total
resistance ( Rs + Rct ) are obtained from the intercepts of the semicircle with the X-axis. In terms of more
complicated electrochemical processes, impedance responses can contain multiple semicircles or other
features.

2.6 X-ray photoelectron spectroscopy (XPS)
2.6.1 Mechanism of XPS
X-ray photoelectron spectroscopy (XPS) is an advanced surface-sensitive technique for analysing the
surface chemistry of a material. Information including the elemental composition, the chemical state of
the elements within a material can be extracted from X-ray photoelectron spectra.
The basic physics of XPS is energy conservation. The kinetic energy and number of electrons that escape
from the surface of the material are measured while the material is irradiated by a beam of X-rays. The
binding energy Eb of an emitted electron can be determined by equation 2.24, where 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is the
energy of the X-ray photons, 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy of the emitted electron and  is the work
function.
(2.24)

Eb = E photon − ( Ekinetic + )

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is given by ℎ𝑣, where ℎ is the Planck constant and 𝑣 is the frequency of the photon.
Figure 2.19 is the energy level diagram of the sample and the spectrometer. Fermi levels of the sample
and the spectrometer are aligned. Binding energy Eb , work functions of the sample 1 and the
spectrometer  2 , the kinetic energy of a free photoelectron above the sample Ek 1 and the kinetic
energy of the photoelectron measured by the spectrometer Ek 2 are shown.
Therefore, the binding energy Eb is:

Eb = E photon − ( Ek1 + 1 ) = E photon − ( Ek 2 +  2 )
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Figure 2.19. Energy level diagram of XPS.

Figure 2.20. A typical X-ray photoelectron spectrum (survey spectrum for insitu cleaved Bi 2 Te 0 . 9 Se 2 . 1 .
The binding energy of the electron is the energy required to free the electron from its atomic orbital. It
originates from the electromagnetic interaction between the electron and the nucleus as well as other
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electrons of the atom. Considering that every element has its own electronic structure, the measured
binding energy can be used to determine the elemental composition of the sample. In addition, the
binding energy is affected by the local bonding environment of the element, therefore the measured
data provides the chemical state information of the element. A typical X-ray photoelectron spectrum
of in-situ cleaved Bi2Te0.9Se2.1 is shown in Figure 2.20. The X-axis represents the binding energy (usually
starting from the high binding energy side), while the Y-axis records the signal intensity (the total
number of photoelectron counts per second). The position of a peak on the X-axis usually indicates the
binding energy of an electron in a certain atomic orbit of a certain element. Since Bi 4f, Te 3d and Se 3d
peaks are the most clear peaks for Bi, Te and Se respectively, they were selected for XPS measurements
which will be discussed in chapter 3.
In some cases, software is used to separate elemental information from interfering peaks. Once
positions of peaks are obtained, they are compared with the XPS database to determine the elemental
composition and the chemical state.

2.6.2 Setting XPS measurements
XPS measurements were carried out at the Bristol NanoESCA Facility (Figure 2.21). The sample was
mounted on a copper foil using conductive silver epoxy and then cleaved in air or under high vacuum
in the XPS load-lock chamber, depending on which experiment was carried out. The sample was fixed

Figure 2.21. A photo of the Bristol NanoESCA Facility.
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on the transfer rod in the load-lock chamber. The load-lock chamber was pumped and the pressure was
monitored. Once the pressure reached an ideal level, the valve between the load-lock chamber and the
preparation chamber was opened. The sample was transferred to the position for XPS measurements.
Before measurements, the signal intensity was checked. The position of the sample was adjusted to
maximise the signal intensity.
The start energy, the end energy, the energy step, the number of sweeps and the dwell time were set
before measuring. The start energy and the end energy determine the range of each sweep, while the
energy step, the number of sweeps and the dwell time affect the quality of the spectrum. In general, the
smaller the energy step is, the higher the resolution is. Increasing the number of sweeps can increase
the signal to noise ratio. The dwell time is the duration of each measuring step. The higher the dwell
time, the higher the number of detected electrons. Collected counts were normalised by dividing the
dwell time and the number of sweeps to get photoelectrons counts per second per sweep to plot XP
spectra. These spectra can be further analysed using fitting software such as XPS Peak.
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CHAPTER
E LECTROCHEMICAL/CHEMICAL MODIFICATION AND X -RAY
PHOTOELECTRON SPECTROSCOPY OF BISMUTH CHALCOGENIDES

T

his chapter focuses on electrochemical oxidation, electrochemical reduction and thiol
functionalization of bismuth chalcogenide Bi2Te0.9Se2.1 single crystals. XPS measurements for
these samples are compared with in-situ cleaved and air exposed samples. The first goal is to

see whether it is possible to modify the surface chemistry by electrochemical oxidation and reduction
in a way that can be detected by XPS. The second goal is to form thiol SAMs on the surface and to see
whether the thiol functionalization can protect the surface from oxidation.
The ability to work in air or solution is a precondition for most practical applications of bismuth
chalcogenides, but attempts to study the properties of Bi2Se3 and Be2Te3 following exposure to air or
water have shown conflicting results. The majority of work indicates that exposure to air or water can
modify topological insulators surface chemistry, but the inertness of Bi2Se3 and Bi2Te3 also has been
reported. For example, XPS was used to reveal the rapid formation of native oxide on Bi2Se3
nanoribbons under ambient conditions [80] and study the stability of vacuum-cleaved Bi2Se3 surfaces
[81]. For Bi2Se3 nanoribbons, the BiOx peak intensity increased with increasing air exposure time while
the SeOx peak was negligible for samples with a relatively short time exposure. The different
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sensitivities of the two elements toward oxidation were attributed to the particular tendency of O2 to
react with Bi or the higher vapour pressure of Se. For vacuum-cleaved Bi2Se3, a Bi2 layer accompanied
by a depletion of selenium in the near-surface region was formed after short exposure to the atmosphere.
Next, two different reconstructed surfaces were observed after long-term exposure. In the first the Bi2
layer oxidised completely, while in the second the surface returned to a state which was similar to the
initial state. Furthermore, strong modification of the topological surface states for Bi2Te3 after air
exposure was reported [82]. Quantum well states near the exposed surface may complicate the
transport properties of these states. However, the stability of Bi2Se3 and Bi2Te3 in the ambient
environment and the inertness of low-defect Bi2Se3 towards O2 and NO2 were also reported [83-85]. No
bismuth and selenium oxides were detected during XPS measurements, although DFT methods
predicted that bismuth-oxygen bonds could form where there are Se vacancies.
Since this conflict may in turn influence bismuth chalcogenides applications, it is important to further
study how exposure to air or water can modify their surface chemistry.
The work discussed in this chapter has been published (Langmuir 2019,35,8,2983-2988) [86] and some
text has been taken from this paper, which was written by the author of this thesis with only limited
input from his co-authors.
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3.1 Electrochemical modification of Bi2Te0.9Se2.1 single crystals
3.1.1 Crystal structure of bismuth chalcogenides
The structure of bismuth chalcogenides is introduced in this section. Since the surface chemistry of
bismuth chalcogenides is strongly related to their structure, knowing this is of great help for
understanding the results of the further experiments. As described in Chapter 1, the basic structural
unit of bismuth chalcogenides is the quintuple layer (QL) with the layer structure chalcogenide - Bi chalcogenide - Bi - chalcogenide. The QLs are weakly bonded to each other via van der Waals
interactions. Sn0.01Bi1.99Te2Se, Bi2Se3 and Bi2Te0.9Se2.1 were the crystals available for the experiments
discussed in this thesis. Since the different crystals have different outermost layers, these crystals
provide an excellent opportunity to study different surface chemistries. Calculations suggest that Te
prefers to replace Se from the outermost layers of each quintuplet [87]. Therefore, the outermost layers
of Sn0.01Bi1.99Te2Se, Bi2Se3 and Bi2Te0.9Se2.1 QLs are Te, Se and their mixture (0.45Te/0.55Se), respectively.

Figure 3.1 (a) Crystal structure of bismuth chalcogenides. Adapted from Ref.[1]. (b) Diagrams
of bismuth chalcogenides with different compositions, showing Te replacement.
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The crystal structure of bismuth chalcogenides is shown in Figure 3.1a. A basic structural unit, the
quintuple layer (QL layer), is indicated. This chalcogenides-Bi-chalcogenides-Bi-chalcogenides
structure has a thickness of about 1.0nm. Figure 3.1b shows the evolution of bismuth chalcogenides
with the change of stoichiometry.

3.1.2 Cyclic voltammograms of a freshly cleaved Bi2Te0.9Se2.1 sample
Since the aim was to study the effects of electrochemical oxidation and reduction, the potentials at
which oxidation or reduction took place slowly and controllably were chosen following cyclic

Figure 3.2. Cyclic voltammograms for a freshly cleaved Bi 2 Te 0 . 9 Se 2 . 1 single crystal as the
scan range is extended. The green traces are for the ranges ( -0.6V,-0.2V), (-0.7V,-0.1V),
(-0.8V,0.0V), and (-0.9V,0.1V) successively. The scan rate was 50mV/s. The red trace is
the first cycle for the range ( -1.0V, 0.2V), while the blue one is part of the second cycle
for the same range. The black arrow shows the scan sense, while the purple squares
mark the potentials at which the electrochemical oxi dation and reduction experiments
described later were performed.
voltammetry (CV) measurements.

These measurements were carried out for a freshly cleaved

Bi2Te0.9Se2.1 sample which was prepared by the method described in Chapter 2. For all the
electrochemical experiments discussed in this chapter, the electrolyte was 0.05M Na2SO4 aqueous
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solution at pH 3.0 (adjusted by H2SO4 addition); A Mercury/Mercurous Sulfate electrode and a Pt foil
were used as a reference electrode and a counter electrode, respectively. Cyclic voltammograms (CVs)
were performed using an Autolab PGSTAT302 potentiostat.
The turning points of the CVs were extended successively to determine the potential at which
significant oxidation commences, see Figure 3.2. The CV for which the positive turning point is 0.1V
and the negative turning point is -0.9V starts to show evidence of a redox reaction. The small reduction
peak (marked) at around -0.6V in the CV that covers the range between 0.2 and -1.0V corresponds to
the oxidation peak (marked) starting at around 0.1V in the previous cycle. Furthermore, the oxidation
current above 0.1V in this cycle is much more obvious, leading to a pronounced reduction peak at -0.6V
in the next cycle. There is a potential range around (-0.4, -0.2V) that can protect the surface from both
oxidation and reduction because no oxidation or reduction currents are observed in this region. The
stability of a surface maintained in this potential region was confirmed by XPS measurements (see later).
Therefore, EC-STM study in this potential region should be feasible.

3.1.3 Electrochemical oxidation and reduction of Bi2Te0.9Se2.1
Potentials derived from the CVs were used for subsequent electrochemical oxidation and reduction
experiments. To enable XPS measurements, which will be discussed later, the sample to be modified
was mounted on a copper foil using conductive silver epoxy. Kapton tape and insulating epoxy were
used to insulate the exposed copper surface to avoid current leakages. The electrolyte and electrodes
used in these experiments were the same as those used in the cyclic voltammetry measurements. The
electrolyte was degassed before and during the experiments by replacing dissolved air with nitrogen
gas through a glass pipette connecting to a compressed nitrogen cylinder to eliminate the influence of
oxygen (Figure 3.3). Electrochemical redox experiments were performed using a Biologic SP-150
potentiostat.
The oxidation potential (0.1V), the reduction potential (-0.6V) and the rest potential which protects the
surface from both oxidation and reduction (-0.3V) were used in the electrochemical oxidation, reduction
and protection experiments, respectively. During the experiments, the currents of the redox reactions
were recorded and integrated to get the total charges, see Figure 3.4.
From the figure, the oxidation current was stable at around 0.05mA for a period of 50 seconds
approximately, followed by a rapid decrease with increasing time. The total charge passed was about
3mC. Since each Se or Te atom loses six electrons during the oxidation process (from -2 to +4), the
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amount of dissolved Bi2Te0.9Se2.1 was calculated to be about 1.7E-9 mol. Furthermore, the weight of
dissolved Bi2Te0.9Se2.1 was determined from its molar mass to be about 1.19E-6 g. Assuming the density
of Bi2Te0.9Se2.1 is 7.1g per cm3 (the weighted average of the densities of Bi2Te3 and Bi2Se3), the volume
was calculated to be 1.6E-7 cm3 and the thickness was calculated to be about 16nm as the sample surface
area of dissolved Bi2Te0.9Se2.1 was estimated to be 0.1cm2. The rapid current decrease suggests surface
passivation, which could occur for the following reasons. Firstly, part of the oxidation products that
absorb on the surface may block further oxidative dissolution. Secondly, the outer QLs may be more
easily dissolved due to defects that originate from cleaving or air exposure. Therefore, once these
“active” QLs are depleted, the inner QLs are exposed and cannot be dissolved at the set potential.
The second explanation is supported by Politano et al.[88]. They investigated the chemical reactivity of
Bi2Se3 single crystals toward oxygen and water by synchrotron radiation XPS and reported that their
samples were inert toward oxygen in the temperature range 300-550K but reactive toward water at
room temperature. They noted that the robustness toward surface oxidation conflicted with Ref.[80]
and attributed this discrepancy to the difference in crystalline quality of the investigated samples. Since

Figure 3.3. The four-neck electrochemical cell including the working electrode
(sample), the reference electrode (a MSE electrode in the photo), the counter electrode
(a Pt wire electrode in the photo) and a glass pipette that is connected to a nitrogen
gas cylinder for degassing.
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surface oxidation is strongly related to surface defeats, a surface with the absence of defects is expected
to be inert toward oxygen.

Figure 3.4. Current (blue lines) and charge (red lines) versus time for the
electrochemical oxidation (a) and reduction processes (b).

There are two intermediate steps to make the oxidized sample suitable for XPS measurements. First,
the oxidized sample was rinsed with copious Milli-Q water to remove the residual electrolyte. Second,
the copper tape used to connect the sample and the crocodile clip was removed because its adhesive
may release gas and affect the pressure of the chamber.
The oxidized sample was treated as described and measured by XPS. After XPS measurements, the
sample was used for an electrochemical reduction experiment without further cleaving. With the
exception of the applied potential, all the conditions for electrochemical reduction were the same as
those for electrochemical oxidation. Compared to the electrochemical oxidation, the current and the
total charge passed were significantly smaller, which indicates that only a small part of oxidation
products remained on the sample surface (Figure 3.4). Three probable situations are considered. (1)
Most of the oxidation products were dissolved, but a small part of the products remained on the sample
surface. Since the surface lost a large part of the oxidation products, there was a mismatch of oxidation
and reduction current/charge. (2) The oxidation products dissolved completely, but residue of the
electrolytes on the sample surface reacted with air or sample to generate oxides when the sample was
taken out from the electrochemical cell. Since residue of the electrolytes contained soluble oxidation
products such as Bi3+ and the concentration of these species increased due to evaporation of the
electrolytes, oxides may be formed by chemical reactions. (3) The oxidation products dissolved
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completely, but the newly exposed surface oxidised in air after the sample was taken out. The
electrochemical oxidation may activate the sample surface by creating dangling bonds. Consider that
the passivation may be attributed to accumulation of the oxidation products, therefore, it is more
possible that the assumption (1) describes the actual situation. Finally, the reduced sample was also
used to get XPS data.

3.2 Thiol functionalisation of Bi2Te0.9Se2.1
Self-assembled monolayers (SAMs) of organic molecules are molecular monolayers formed
spontaneously on substrates by adsorption of organic molecules from vapour or solution. SAMs are
divided into two groups. In the first case, no head group that has a strong affinity to the substrate and
anchors the molecule to it, so the monolayer does not interact strongly with the substrate. In the second
case, the monolayer is created in two steps. Firstly, the head groups chemically adsorb onto a substrate
from either vapour or solution. Secondly, the tail groups slowly organise their direction to assemble.
This process continues until the whole surface is covered by a single monolayer. Compared to
physically absorbed Langmuir-Blodgett (LB) films, SAMs are relatively stable because they lower the
surface free energy of the substrate.
Thiol-metal bonds have an energy of about 100kJ/mol, therefore the bonds are relatively stable in a
variety of temperatures, solvents and electrochemical environments. For example, the thiolate-gold
bond is semi-covalent and has a strength close to that of the gold-gold bond. Since the alkanethiol SAMs
are stable and tightly packed on metals, they have been used to protect reactive metal surfaces, e.g. Ni
or Co from oxidation [89-91].
However, no work has previously studied whether thiols can bond to a bismuth chalcogenide surface.
If thiols can bond to this surface, one would expect that the corresponding SAMs could protect the
surface from oxidation and maintain the TSSs (if it has TSSs). Therefore, SAMs on bismuth
chalcogenides could be useful for any molecular spintronic devices that exploit the TSSs.

3.2.1 Thiol functionalisation using 1,5’-pentanedithiol and 1-pentanethiol
1,5’-pentanedithiol and 1-pentanethiol were used for thiol functionalisation. The structures of these
molecules are shown in Figure 3.5. There were several reasons for choosing these molecules. Firstly,
short chain alkanethiols have relatively lower toxicity and higher volatility, which makes them suitable
for preparing SAMs from their vapour. Secondly, the length of the carbon chain also influences the
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conductance of the molecule. Since short chain alkanedithiols have relatively higher conductance, their
conductance in molecular electronic devices would be higher. In addition, the bonding mode of 1pentanethiol is relatively simple, therefore comparing it with 1,5’-pentanedithiol is helpful for
determining the bonding mode of the latter.
Vapour phase surface functionalisation has been widely used to obtain amine and thiol SAMs [92-94].
This simple and straightforward method provides some benefits over solution methods. Following this
idea, thiol functionalisation was achieved by placing a freshly cleaved sample in a small beaker and
then putting the small beaker in a large beaker that contains 1,5’-pentanedithiol or 1-pentanethiol - see
figure 3.5. The large beaker was sealed with parafilm and left in a fume cupboard for 48 hours before
the sample was removed. The thiols were expected to vaporise, then adsorb on the Bi2Te0.9Se2.1 surface
and form a compact layer to protect the surface from oxidation. Before measurements, the sample was
rinsed in copious amounts of ethanol to remove extra thiols.

Figure 3.5. Structures of (a) 1 -Pentanethiol (PT) and (b) 1,5-Pentanedithiol (PDT). (c)
Diagram of the two-beaker setup.

3.2.2 CVs and EIS before and after thiol functionalisation
To check whether the thiol functionalisation affects the electrochemical response of the surface, figure
3.6 compares CVs for a freshly cleaved surface and one on which 1,5’-pentanedithiol was adsorbed.
The clean surface is much more electrochemically active than the functionalised surface. There are clear
oxidation and reduction peaks. Compared to the CVs in Ref.[95], these peaks are linked to
corresponding electrochemical processes. The mains peaks at ~0.1V (peak A) and ~-0.6V (peak B) in
the first cycle represent bismuth chalcogenides oxidation and reduction, respectively. Consider the
existence of elemental Bi, Te, Se due to the growth process, another clear anodic peak (peak C) in the
first cycle corresponds to the oxidation of elemental Se and Te to species in oxidation state +4. The small
cathodic peak at ~-1.1V (peak D) result from cathodic stripping of bismuth chalcogenides (reduction of
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Bi3+ in the compound to Bi0 and reduction of “bound” Se, Te in the compound to soluble Se, Te species).
Besides, the small anodic peak at ~-0.4V (peak E) can be assigned to the oxidation of elemental Bi to Bi3+.
The anodic peak at ~0.0V (peak F) in the second cycle is different from peak A and C because products
of the first cycle are involved in the oxidation reactions of the second cycle.
Separation of the main peaks is larger than the value calculated by equation 2.5, which suggests that
the reaction is not reversible. The relatively large separation could be explained by the following
reasons. Firstly, the electrode kinetics of the reaction are sluggish, therefore the reaction does not occur
at values one would predict from thermodynamics. An additional potential (overpotential) beyond the
thermodynamic requirement is needed to activate the reaction to a detectable rate, hence the separation
of the main peaks increases. Secondly, the reaction is not chemically reversible, which means that
reversing the faradaic current cannot reverse the chemical reaction. The reduction products of the
oxidized species may be different from the initial species because the stoichiometry of the reduction
products is not necessarily be identical to the starting material. The irreversibility is also indicated by
the difference of peak currents ( i pa / i pc  1 ). Peaks A, B, C and F disappear after thiol functionalisation,
indicating that the surface has been passivated by adsorbed 1,5’-pentanedithiol. Electrochemical
impedance measurements were carried out for Bi2Te0.9Se2.1 before and after thiol functionalisation to
check whether the treatment could influence the transport of electrons through the interface.
The measurements were performed using an Autolab PGSTAT302 potentiostat with FRA2
electrochemical impedance spectroscopy module. The frequency range for the AC signal was 100000 to
0.1 Hz, and its RMS amplitude 10 mV. A simple Randles circuit described in Chapter 2 was used to
analyse the results, according to which the diameter of the semi-circular feature in the impedance
spectrum is equal to the charge transfer resistance 𝑅𝑐𝑡 . Since the passivation suppressed the redox
currents, the charge transfer resistance increased significantly. The corresponding electrochemical
impedance spectra are shown in Figure 3.7 (Nyquist plot). From the Nyquist plot, the charge transfer
resistance increases from about 400 Ω to 22000 Ω after thiol functionalisation. However, the origin of
the second semicircle shown in the insert is still not clear.
In contrast, EIS for the 1-pentanethiol functionalised sample are similar to the corresponding data for
the freshly cleaved sample, see Figure 3.8. In principle, one would expect SAMs of 1-pentanethiol to be
better ordered than SAMs of 1,5’-pentanedithiol. 1-pentanethiol molecules tend to vertically bond to
the sample surface in parallel with each other because a 1-pentanethiol molecule only has one thiol
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group to bond to the sample surface, whereas a 1,5’-pentanedithiol molecule has two thiol groups at
each end of the carbon chain, which allows 1,5’-pentanedithiol to “lie down” on the surface.

C
F

A

E

D

B

Figure 3.6. Cyclic voltammograms for a Bi 2 Te 0 . 9 Se 2 . 1 sample before (blue) and after
pentanedithiol (PDT) adsorption (red). The scan rate was 50mV/s.

Figure 3.7. Electrochemical impedance data for a Bi 2 Te 0 . 9 Se 2 . 1 sample before (blue)
and after 1,5’-pentanedithiol adsorption (red).
and
are respectively the real
and imaginary parts of the electrochemical impedance. The green semicircles are fits
to the data and the insert is a magnification of the EIS before 1,5’-pentanedithiol
functionalisation.
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Spontaneously polymerisation of 1,4’-benzenedithiol provides a new idea to explain the thiol
functionalisation process. 1,4’-benzenedithiol has two conductance values in vapour (the lower one was
two orders of magnitude lower than the higher one). According to the literature, the lower value was
attributed to the dimeric 1,4’-benzenedithiol junction, while the higher value was attributed to the
monomer 1,4’-benzenedithiol junction [96]. Specifically, S-S bond was detected by in-situ surface
enhanced Raman spectroscopy [97], which indicates that disulfide-mediated dimerisation of 1,4’benzenedithiol contributed to the low conductance feature.

Figure 3.8. Electrochemical impedance data for a Bi 2 Te 0 . 9 Se 2 . 1 sample before and after
1-pentanethiol adsorption.
Since the disulfide bond is a weak covalent bond [98, 99], the 1,5’-pentanedithiol molecules may be
polymerised into a thick layer, whereas the 1-pentanethiol molecules cannot (Figure 3.9). Even if neither
1,5’-pentanedithiol nor 1-pentanethiol bond to the chalcogenide surface, a layer of polymerised 1,5’pentanedithiol could adsorb physically to the surface. In either case, the different electrochemical
responses after 1,5’-pentanedithiol and 1-pentanethiol treatments are reasonable. The attempt to
functionalise dichalcogenide MoS2 showed that MoS2 could not be easily functionalised in the absence

Figure 3.9. Diagrams showing the suggested functionalisation of (a) 1-pentanethiol (b) 1,5’pentanedithiol.
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of defects [100]. This mechanism may also be applied to Bi2Te0.9Se2.1, hence the thiol related bonds may
only form where there are Se or Te vacancies.

3.3 X-ray photoelectron spectroscopy characterisation
X-ray photoelectron spectroscopy is a powerful technique to determine elemental composition and the
corresponding chemical state, as described in Chapter 2. Here, the XPS technique was used to
characterize freshly cleaved, air exposed, electrochemically modified and thiol functionalised
Bi2Te0.9Se2.1 samples. The changes in surface chemistry after different treatments could be detected. For
example, surface oxidation was evident in the spectra as extra peaks that relate to oxide species. The
results for air exposure samples are supported by works which reported that exposure to air could
modify bismuth chalcogenide surface chemistry [80, 81]. The results for electrochemically oxidised and
reduced samples are original in that they demonstrate the ability to control and characterize the surface
oxidation of bismuth chalcogenides in an electrochemical environment for the first time. In addition,
the results for thiol functionalised samples are consistent with their CVs, showing the difference
between alkanethiol and alkanedithiol.

3.3.1 XPS for freshly cleaved samples and air exposed samples
Four samples were prepared and studied by XPS to determine the effect of air exposure. The first
sample was cleaved with carbon tape under high vacuum in the XPS load-lock chamber. The other
three samples were cleaved in air then exposed 20 min, 2 hours and 2 days, respectively, before
transferring into the high vacuum system. Bi 4f, Te 3d and Se 3d XPS of these four samples are plotted
(Figure 3.10) because they were the clearest peaks for the corresponding elements on the survey
spectrum.
The effect of air exposure is noticeable. No obvious signs of oxidation are shown in the spectra for the
first and the second samples, whereas clear peaks corresponding to oxide species are shown in the
spectra for the third and the fourth samples. Furthermore, different elements show different
sensitivities to air exposure. For the 2 hours air exposed sample, satellite peaks at 576.1 and 586.5eV are
observed in addition to the main peaks at 572.4 and 582.8eV. These satellite peaks are consistent with
previous measurements on TeO2 [101]. However, Bi 4f and Se 3d XPS for this sample are quite similar
to those XPS for the in-situ cleaved sample, which indicates Bi and Se were little affected by exposure
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to air for 2 hours. For the 2 days air exposed sample, all three elements were oxidised to different extents.
Te 3d and Bi 4f show clear signs of oxidation, while Se 3d shows limited signs of oxidation.
The different sensitivities toward air exposure may be explained by the composition of the outermost
layers and the differences in electronegativity. The electronegativities of Bi and Te are similar (2.02 and
2.1, respectively), while the electronegativity of Se is higher (2.55), which indicates that Se is more
difficult to oxidise than Bi and Te. Furthermore, the outermost layers of each QL are expected to be
Te/Se mixtures rather than Bi, which may explain why Te oxidises more than Bi.
Figure 3.10 also shows that the surface oxidised on the timescale of the experiment. This oxidation
timescale is smaller than the timescale shown in Ref.[80] because Bi 4f XPS for the 2 days air exposed
sample in this experiment shows clear oxide peaks whereas Bi 4f XPS for the 2 days air exposed
nanoribbons in Ref.[80] did not show signs of oxidation. Since the samples used in this experiment were
cleaved in air, the defect density should be higher than the corresponding parameter for the Bi 2Se3
nanoribbons in Ref.[80]. The higher defect density results in faster surface oxidation, which is consistent
with the suggestion of Ref.[83].

Figure 3.10. Bi 4f (a), Te 3d (b) and Se 3d (c) XPS for in -situ cleaved, 20 min air
exposed, 2h air exposed and 2 -day air exposed samples.
There are several possible oxidation paths. For the reaction only involving Bi2Te0.9Se2.1 and oxygen, the
oxides BiOx, TeOx and SeOx are expected [80]. For the reaction only involving water, Zhang et al.[102]
suggested that the reaction products for Bi2Te3 and water are H2Te and hydrated Bi compounds. Since
the samples used in the experiments were Bi2Te0.9Se2.1, the products would be H2Te, H2Se and Bi
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compounds. For oxidation in an ambient environment, the scenario is more complicated because either
oxygen or water may be involved [103, 104]. With the exception of oxides and hydrides, Ref.[81]
observed neutral Se on long-term air exposed Bi2Se3. Therefore, neutral elements are also considered as
possible products.

3.3.2 XPS for electrochemically oxidised and reduced samples
Figure 3.11 compares a sample maintained in the aqueous 0.05M Na2SO4 electrolyte for 2h at the rest
potential -0.3V with an in-situ cleaved sample, and one that was exposed to air for 2h (the same sample
as Figure 3.10). The electrochemically protected sample was similar to the in-situ cleaved sample,
whereas the sample which was exposed to air for the same time started to show evidence of surface
oxidation.
The similarity of the two samples indicates that the Bi2Te0.9Se2.1 surface is oxide-free at the rest potential.
Therefore, electrochemical control could be an inexpensive alternative to ultra-high vacuum as a means
to maintain a bismuth chalcogenide surface free of oxide. This observation also suggests that bismuth
chalcogenides would be a feasible platform for EC-STM study. For the electrochemical redox

Figure 3.11. Bi 4f (a), Te 3d (b) and Se 3d (c) XPS for in -situ cleaved, 2h air exposed
and 2h electrochemically protected samples. The Te 3d XPS of the 2h air exposed
sample shows oxidation peaks (middle curve in (b)), whereas the in -situ cleaved
sample and the electrochemically protected sample show no evidence of oxidation.
The small peak in the top curve o f Figure 3.11c is because of Na 2s rather than
oxidized Se and may be attributed to the residual electrolyte (Na 2 SO 4 ).
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experiments, there are several questions. Firstly, whether the surface chemistry of Bi2Te0.9Se2.1 can be
modified by electrochemical oxidation in a way that is clearly observable by XPS. Secondly, if so, how
the effects of electrochemical oxidation and air exposure compare. Thirdly, to what extent the effects of
electrochemical oxidation can be reversed electrochemically.

Figure 3.12. Bi 4f (a), Te 3d (b) and Se 3d (c) XPS for electrochemically (EC) oxidi sed
(bottom), 2 days air exposed (middle) and EC reduced (top) samples.
To answer these questions, Figure 3.12 compares the XPS for a sample that experienced electrochemical
oxidation, the same sample after subsequent electrochemical reduction and a sample that experienced
2 days air exposure (the same sample as Figure 3.10). The Bi, Te and Se oxide peaks for the
electrochemically oxidised sample are even more prominent than the corresponding peaks for the 2days air exposed sample, which indicates that the electrochemical oxidation has a significant effect. The
centre of the Bi 4f7/2 oxide peak is at 159.2 eV for the electrochemically oxidized sample, while it is at
158.8eV for the 2 days air exposed sample. Since the systematic error of the XPS instrument is much
less than 0.4eV, this shift may be due to different oxide species forming during electrochemical
oxidation and air exposure. Any shifts in the other peaks are negligible. The electrochemically reduced
sample is quite similar to the in-situ cleaved sample, despite minimal oxidation of the former [105].
This small difference may originate from incomplete reduction or the rinsing and transferring steps
after electrochemical reduction. The small shoulder on the Bi 4f7/2 peak that is shown in the top curve
in Figure 3.12a is not associated with oxide. It was observed in XPS of single-crystalline Bi2Se3 prepared
by Zhang et al.[106], although they did not explain the origin either. Nevertheless, the data shows that
the change in the surface chemistry produced by electrochemical oxidation can also be reversed by
electrochemical methods.

61

For surface oxidation in an electrochemical environment, one probable reaction path (equation 3.1) is
similar to the reactions for Bi2Se3 and Bi2Te3 electrodeposition but in reverse [107-109]. Oxidation
+
products are expected to be solvated Bi3+ ions and soluble HTeO+
2 and HSeO2 species in oxidation state

+4, whereas reduction at the cathode is expected to be hydrogen evolution (equation 3.2). If this is true,
one would expect the majority of oxidation products to enter solution. In this case, one could expect a
mismatch between the oxidation and reduction currents because only a small part of oxidation products
are reduced on the sample surface. In fact, this mismatch is observed in Figure 3.4.
(3.1)

𝐵𝑖2 𝑇𝑒0.9 𝑆𝑒2.1 + 6𝐻2 𝑂 ↔ 2𝐵𝑖 3+ + 0.9𝐻𝑇𝑒𝑂2+ + 2.1𝐻𝑆𝑒𝑂2+ + 18𝑒 − + 9𝐻+

(3.2)

18e− + 18H +  9 H 2

However, the XPS data for the electrochemically oxidised sample indicate that there are oxides on the
surface. According to the Pourbaix diagram of Bi (Figure 3.13), Bi3+ could convert to Bi(OH)2+, BiO+ and
Bi2O3 in pH3 solution at 0.1V with respect to MSE, see equations 3.3-3.6.
(3.3)

𝐵𝑖 3+ + 𝐻2 𝑂 ↔ 𝐵𝑖(𝑂𝐻)2+ + 𝐻+

(3.4)

𝐵𝑖 3+ + 𝐻2 𝑂 ↔ 𝐵𝑖𝑂+ + 2𝐻+

(3.5)

2𝐵𝑖(𝑂𝐻)2+ + 𝐻2 𝑂 ↔ 𝐵𝑖2 𝑂3 + 4𝐻+

(3.6)

2𝐵𝑖𝑂+ + 𝐻2 𝑂 ↔ 𝐵𝑖2 𝑂3 + 2𝐻+

Therefore, in-situ precipitation of Bi2O3 during electrochemical oxidation may explain the Bi oxides
peaks in XPS. However, the precipitation of oxide is extremely sensitive to Bi3+ concentration. In the
case of this experiment, the concentration of Bi3+ is very low, hence the Bi oxide is more likely to form
on removing the sample from the electrolyte. When the sample is taken out, the residual electrolyte
evaporates and the concentration of Bi3+ increases, leading to Bi2O3 precipitation.
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Figure 3.13. Pourbaix diagram of Bi. The electrochemical oxidation conditions are represented by the
red dot (pH3, 0.1V vs MSE, which is about 0.75V vs SHE). The electrochemical reduction conditions are
represented by the blue dot (pH3, -0.6V vs MSE, which is about 0.05V vs SHE). Adapted from Ref.[110].

The Pourbaix diagram of Te is shown in Figure 3.14. Small amounts of HTeO2+ may convert to H2TeO4,
TeO2 and TeO3, see equations 3.7-3.9.
(3.7)

𝐻𝑇𝑒𝑂2+ ↔ 𝑇𝑒𝑂2 + 𝐻+

(3.8)

𝐻𝑇𝑒𝑂2+ + 2𝐻2 𝑂 ↔ 𝐻2 𝑇𝑒𝑂4 + 3𝐻+ + 2𝑒 −

(3.9)

𝐻2 𝑇𝑒𝑂4 ↔ 𝑇𝑒𝑂3 + 𝐻2 𝑂
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Figure 3.14. Pourbaix diagram of Te. The electrochemical oxidation conditions are represented by the
red dot (pH3, 0.1V vs MSE, which is about 0.75V vs SHE). The electrochemical reduction conditions are
represented by the blue dot (pH3, -0.6V vs MSE, which is about 0.05V vs SHE). Adapted from Ref.[110].
Similar to Bi XPS, Te oxides peaks may be attributed to small amounts of TeO2 and TeO3 adsorb on the
surface. Precipitation of Te oxides may happen during the process of electrochemical oxidation (in-situ)
or after the sample is taken out (ex-situ).
Figure 3.15 shows the Pourbaix diagram of Se. Equation 3.10-3.12 are probable reactions in pH3 solution
at 0.1V with respect to MSE.
(3.10)

𝐻𝑆𝑒𝑂2+ + 𝐻2 𝑂 ↔ 𝐻𝑆𝑒𝑂3− + 2𝐻+

(3.11)

𝐻𝑆𝑒𝑂3− + 𝐻2 𝑂 ↔ 𝑆𝑒𝑂42− + 3𝐻+ + 2𝑒 −

(3.12)

𝐻𝑆𝑒𝑂3− + 𝐻+ ↔ 𝐻2 𝑆𝑒𝑂3
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Figure 3.15. Pourbaix diagram of Se. The electrochemical oxidation conditions are represented by the
red dot (pH3, 0.1V vs MSE, which is about 0.75V vs SHE). The electrochemical reduction conditions are
represented by the blue dot (pH3, -0.6V vs MSE, which is about 0.05V vs SHE). Adapted from
Ref.[110]According to the diagram, most of Se oxidation products exist in the form of HSeO−
3 , but small
−
2−
amounts of HSeO3 could convert to SeO4 or H2 SeO3 as equation 3.11 and 3.12 describe. Similarly, SeO2
and SeO3 could be formed in-situ (although the Pourbaix diagram does not discuss these two oxides)
or ex-situ.

Notably, the Se oxides peak for the electrochemically oxidized sample in Figure 3.12c is not as clear as
Bi and Te oxides peaks for the same sample in Figure 3.12a-b. This difference may be attributed to the
different sensitivities of Bi, Te and Se toward oxidation which have been discussed, but the solubility
of the oxidation products can also influence the intensities of oxides peaks. If the solubility of Se
oxidation products is higher than the solubility of Bi and Te oxidation products, one would expect that
the adsorbed Se oxides are less than the adsorbed Bi and Te oxides, therefore the intensity of the Se
oxides peak could lower than the intensities of the other two.
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For electrochemical reduction, the Pourbaix diagrams of three individual elements indicate that Bi, Te,
Se are stable in the forms of Bi0, Te2- and Se0 in pH3 electrolyte at -0.6V with respect to MSE. However,
the deposition potential of a binary compound from two cations with similar Nernst potentials may be
more positive than the potential where either cation reduces individually. This process is known as
mutually induced codeposition and is applied to Bi2Se3 electrodeposition [95]. The potential at which
Bi2Se3 is deposited when both Bi3+ and HSeO2+ are present in the solution is more positive than the
reduction potentials of Bi3+ and HSeO2+. Therefore, one would expect that the reduction product of this
experiment is Bi2TexSe3-x rather than elemental Bi, Te or Se. The stoichiometry of the redeposited clusters
will not necessarily be identical to that of the starting material. It may depend on how much oxides
were remained on the surface after electrochemical oxidation.
Since the Pourbaix diagram is calculated from the Nernst equation, it is a plot of possible
thermodynamically stable phases (for aqueous electrochemical systems) and it applies to the system at
equilibrium or with a very large exchange current. The latter would mean that the electrode kinetics
are very facile. In this case, a tiny overpotential could draw the required net current because the net
current is only a small fraction of the exchange current. The overpotential could be regarded as an
infinitesimal driving force, hence the system is always kept in equilibrium. For electrochemical

Figure 3.16. Pourbaix diagram of Bi2Te3. Ref.[108].
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oxidation and reduction of bismuth chalcogenides, the reactions appear to be electron transfer
controlled (which will be discussed latter). Therefore, Pourbaix diagram may not apply to the system
until it achieves equilibrium.
Furthermore, there are limitations of the ‘single compound’ Pourbaix diagrams because they only
reflect the evolution of the individual elements without the influence of other elements. To study the
binary or ternary bismuth chalcogenides, one should consider the interactions of involved elements.
For example, mutually induced codeposition facilitate the deposition of bismuth chalcogenides,
therefore the actual deposition potential for bismuth chalcogenides is more positive than the potentials
shown in ‘single compound’ Pourbaix diagrams for reducing the individual elements (compared
Figures 3.13 and 3.14 to Figure 3.16). Besides, for ternary bismuth chalcogenides, deposition is more
easily to happen when precise stoichiometry is not achieved, which makes the situation more
complicated. However, ‘single compound’ Pourbaix diagrams still provides a method to qualitatively
estimate the reaction products.

3.3.3 XPS for thiol functionalised samples
The samples prepared as described in Section 3.2.1 were characterized by XPS to check whether the
thiol functionalisation protects the surface from oxidation. Figure 3.17 compares the XPS for a 1,5’pentanedithiol functionalised sample, a 1-pentanethiol functionalised sample and an unprotected

Figure 3.17. Bi 4f (a), Te 3d(b) and Se 3d (c) XPS for an unprotected sample (bottom the same data as the middle curves of Figure 3.11), a PT functionali se sample (middle)
and a PDT functionalised sample (top) after each was exposed to air for 2 days. The
lower signal to noise ratio of the middle curves is due to the smaller detecting area.
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sample (each sample was exposed to air for 2 days). Compared to previous results, 1,5’-pentanedithiol
functionalised sample is similar to the in-situ cleaved sample. No clear evidence of oxidation can be
detected, which indicates that 1,5’-pentanedithiol can protect the surface from oxidation. However, the
1-pentanethiol functionalised sample is different. Clear oxidation peaks are observed, although these
peaks have lower intensities than the corresponding peaks for the unprotected sample. The results
indicate that 1-pentanethiol also reduced oxidation to some extent. As discussed before, 1-pentanethiol
may form a well-ordered but thin layer, whereas 1,5’-pentanedithiol may form a disordered but thicker
layer due to polymerisation. The thicker layer blocks surface charge transfer, and therefore affects the
electrochemical response of the sample, as shown in Section 3.2.2. On the other hand, it also provides
better protection against surface oxidation, see Figure 3.17.

3.4 Chapter Discussion
Electrochemical modification and thiol functionalization of Bi2Te0.9Se2.1 were carried out. XPS
measurements for these samples are compared with in-situ cleaved and air exposed samples.
Parts of the results are consistent with the expectations. (1) XPS for the in-situ cleaved sample do not
show obvious signs of surface oxidation. (2) XPS for the long-term air-exposed samples have prominent
oxidation peaks, showing the effects of surface oxidation in air. (3) XPS for the electrochemically
protected sample show no evidence of surface oxidation, which demonstrates the feasibility of
electrochemical protection. (4) XPS for the electrochemically oxidised sample provide more clues of
surface oxidation than XPS for the air-exposed samples, which suggests that electrochemical oxidation
is more effective than air exposure. (5) XPS for the electrochemically reduced sample are similar to XPS
for the in-situ cleaved sample, showing the reversibility of electrochemical modification. (6) XPS for the
1,5’-pentanedithiol functionalised sample show no evidence of surface oxidation, which suggests that
thiol functionalisation could protect bismuth chalcogenides from air oxidation.
However, some phenomena are unexpected. (1) The timescale of air oxidation is slightly different from
the data given by the literature. This discrepancy may be attributed to the difference of sample quality
or the randomness of sample cleaving. (2) Compared to 1,5’-pentanedithiol, functionalisation of 1pentanethiol has less effects on surface protection. Spontaneously polymerisation of 1,5’-pentanedithiol
may explain its better efficiency of surface passivation. (3) During the electrochemical oxidation
experiment, a rapid decrease of the oxidation current was observed due to possible surface passivation.
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3.5 Chapter Summary
This chapter demonstrates the ability to control and characterize the surface oxidation of single-crystal
Bi2Te0.9Se2.1 in an electrochemical environment and compares the results to atmospheric oxidation and
surface functionalisation by thiols. XPS and electrochemical techniques were used to study the
electrochemical modification and thiol functionalisation of single-crystal Bi2Te0.9Se2.1. Results for in-situ
cleaved, air exposed, electrochemically modified, and thiol functionalised samples showed (i) the
timescale of surface oxidation in an ambient environment; (ii) the feasibility of maintaining an oxidefree surface under electrochemical control for EC-STM study; (iii) different sensitivities of Bi, Te and Se
toward air oxidation; (iv) the transition between dissolution and passivation during electrochemical
oxidation; (v) the partial reversibility of electrochemical oxidation and (vi) the feasibility of thiol
functionalisation. Electrochemical oxidation of different bismuth chalcogenides studied by EC-STM
will be discussed in Chapter 4.

69

CHAPTER
E LECTROCHEMICAL SCANNING TUNNELLING MICROSCOPY STUDY OF
BISMUTH CHALCOGENIDE SINGLE CRYSTALS

I

n Chapter 3, the surface chemistry of bismuth chalcogenide Bi2Te0.9Se2.1 single crystals was
modified by electrochemical methods and detected by XPS technique. The results suggested that
bismuth chalcogenides would be a feasible platform for EC-STM study. Therefore, attempts to

characterize the morphology of bismuth chalcogenides in an electrochemical environment by EC-STM
were made. The first goal was to see whether it is possible to image bismuth chalcogenide surfaces in
an electrochemical environment by EC-STM. The second goal was to study the evolution of the surfaces
during electrochemical oxidation. The third goal was to compare different bismuth chalcogenides to
understand differences in these materials and the origin of surface oxidation. This chapter will
introduce the procedures of the EC-STM experiments and present the EC-STM images of freshly
cleaved and electrochemically oxidized bismuth chalcogenides. The images of the fixed areas show the
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surface evolution with increasing oxidation time, while the images of the randomly selected areas were
used to study the relationship between surface morphology and oxidation time.
Attempts to date to study the properties of bismuth chalcogenides following exposure to air or water
have led to conflicting conclusions as described in Chapter 3. Specifically, the degradation of bismuth
chalcogenides in different environments has been studied by (non-electrochemical) STM because its
outstanding spatial resolution enables morphology characterization on the nanoscale. In contrast to
techniques such as X-ray photoelectron spectroscopy and electrochemical impedance spectroscopy that
deliver integrated data from the whole sample, STM can provide real-space information. Of particular
relevance to the present work, ultrahigh vacuum STM showed that dosing Bi2Te3 with water led to the
formation of pits in the top QL [102]. In this study, only the top QL reacted with water, which indicates
that the newly exposed QL was passivated. Furthermore, Bi2Te3 was imaged in UHV, nitrogen, ambient
and organic solvent environments by STM [111]. The surface stability was much less in the latter two,
with clear evidence of surface modification during STM scans. However, no EC-STM study has been
reported. Since surface chemistry is strongly dependent on surface morphology, any features shown in
STM images may influence the surface chemistry of surrounding areas. Further, considering that
electrochemical control could modify the surface chemistry, EC-STM that combines a normal STM with
electrochemical control may be a powerful tool to study both surface morphology and chemistry of
bismuth chalcogenides. Here, EC-STM experiments were carried out to expand the research field of
bismuth chalcogenides. Surface morphology and chemistry were linked with controllable parameters
such as oxidation potential and oxidation time.
The work discussed in this chapter has been published (Langmuir 2019,35,47,15100-15105) [112] and
some text has been taken from this paper, which was written by the author of this thesis with only
limited input from his co-authors.
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4.1 CVs for bismuth chalcogenides
For all the electrochemical experiments discussed in this chapter, the electrolyte was 0.05M Na2SO4
aqueous solution at pH 3.0 (adjusted by H2SO4 addition); A polypyrrole coated quasi-electrode (ppy)
and a Pt ring were used as a reference electrode and a counter electrode, respectively.
In preparation for the STM measurements, CVs were carried out in the STM cell (which should have
been described in Chapter 2). Figure 4.1 shows CVs measured for freshly cleaved Sn0.01Bi1.99Te2Se (a),
Bi2Se3 (b) and Bi2Te0.9Se2.1 (c) samples (these samples were imaged by EC-STM later). The scan rate was
50mV/s while the open circuit potential was about -0.1V. All CVs show clear anodic peaks and
corresponding cathodic peaks. Taking the CVs for Sn0.01Bi1.99Te2Se as an example, in the first scan, there
is a clear anodic peak between 0.1 and 0.2 V, while further anodic peaks are seen at more positive
potentials. On the second and subsequent scans, a large cathodic peak corresponding to the reduction
of the products of the previous scan is observed around -0.6 V. Two initial anodic peaks are replaced
by a broad anodic peak starting around 0.0V. Subsequent cycles differ from the first due to the oxidation
and reduction of electrochemical reaction products.
In most cases, the sample potential should protect the surface from both oxidation and reduction during
imaging. Since the faradaic current between -0.3 V and -0.1 V is minimal, this potential region is suitable
for Sn0.01Bi1.99Te2Se imaging. From the corresponding CVs, the potential regions for the other two
samples are similar.

Figure 4.1. Cyclic voltammetry of a freshly cl eaved (a) Sn 0 . 0 1 Bi 1 . 9 9 Te 2 Se, (b) Bi 2 Se 3 (c)
and Bi 2 Te 0 . 9 Se 2 . 1 . The scan rate was 50mV/s.
Similar features are observed in CVs for Bi2Se3, despite several spikes observed close to the cathodic
limit of the second scan. Compared to CVs measured in normal three-electrode cells, CVs measured in
the EC-STM cell are more sensitive to disturbances because the volume of the EC-STM cell is very
limited. The anodic limit of CVs for Bi2Te0.9Se2.1 is more negative than the corresponding values for the
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other two, but the oxidation tendency is still clear. Since the outermost layers of Sn0.01Bi1.99Te2Se, Bi2Se3,
Bi2Te0.9Se2.1 and the oxidation products from these layers are different [87], the position of the large
cathodic peak shifts by about 0.1V.

4.2 EC-STM images for bismuth chalcogenides
EC-STM images obtained during or after electrochemical oxidation were compared with images for
freshly cleaved samples to study the changes in surface morphology. The experiments were carried out
using the procedure described in Chapter 2 at room temperature. The bias between the sample and the
tip was fixed at -0.1V while the potential between the sample and the reference electrode was adjusted.
It was important to avoid too large a bias as well as the accompanying large faradaic current to ensure
the wax coating on the tip was stable on the timescale of the experiments.

4.2.1 EC-STM images for freshly cleaved bismuth chalcogenides

Figure 4.2. Images and surface profiles along the red lines of freshly
cleaved (a) Sn 0 . 0 1 Bi 1 . 9 9 Te 2 Se (b) Bi 2 Se 3 .
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The natural way to evaluate the effects of electrochemical oxidation is to compare the surface
morphologies of bismuth chalcogenides before and after electrochemical oxidation. Hence typical ECSTM images of freshly cleaved bismuth chalcogenides at the rest potential are shown in Figure 4.2. The
surfaces are smooth over hundreds of nm. Steps with the height equal to the expected QL thickness
(1nm) or an integral multiple of the QL thickness are observed, which indicates the coexistence of
monolayer steps and multilayer steps. Importantly, the surfaces can remain stable for several hours at
the rest potential, whether or not they are simultaneously scanned. The stability of the bismuth
chalcogenides at the rest potential was indicated by CVs and XPS in Chapter 3. Here, it is confirmed by
in situ imaging directly.

4.2.2 EC-STM images obtained during oxidation
Several experiments were then carried out to study samples during oxidation. Figure 4.3 shows a series
of images showing a fixed area of a Bi2Te0.9Se2.1 sample that was experiencing mild electrochemical
oxidation.
The surface underwent slow oxidation at a potential that was close to the starting point of the oxidation
peak in Figure 4.1. Clear surface dissolution accompanied by pit formation was observed. These pits
expanded in the lateral direction with increasing oxidation time until the whole quintuple layer
dissolved. The surface height histograms show the evolution of the surface and indicate an average pit
depth of about 1nm. The newly exposed surface exhibits significantly higher stability than the original
surface, suggesting a sort of passivation. This phenomenon is consistent with the passivation of Bi2Te3
surface towards water described in Ref.[102]. The relation between surface oxidation and surface
defects was discussed in Chapter 3 and could explain this passivation.
The STM images in the literature for a Bi2Te3 surface which was continuously scanned in ambient
conditions showed similar surface morphology to Figure 4.3 [111]. The first scan showed a flat surface
with pits one QL deep, and during the subsequent scans the pits expanded until the top QL had been
removed. The reduced surface stability in an ambient environment was attributed to the adsorption of
molecular species. Since the dissolution of the first QL can be achieved in air without electrochemical
control, the dissolution observed in Figure 4.3 could be partly due to non-electrochemical factors such
as tip effects. However, the electrochemical oxidation must play a role because the surface being
scanned at the rest potential can remain stable for several hours. One possibility is either air exposure
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Figure 4.3. (a)-(f) Bi 2 Te 0 . 9 Se 2 . 1 , continuously imaged at the oxidation potential E=0.1V
vs ppy, shown at t=0 min, 10 min, 20 min, 30 min, 40 min, 50 min, respectively. Inserts
are surface height histograms.

or electrochemical oxidation can make the outermost QL more easily removed by the STM tip. The
effects of the STM tip will be discussed in the next section. Furthermore, the removal timescale for
Bi2Te3 in an ambient environment in Ref.[111] is faster than the oxidative dissolution timescale for
Bi2Te0.9Se2.1 in this experiment. In principle, electrochemical oxidation should be more effective than air
oxidation, but the opposite could occur for the following reasons. Firstly, the Te outermost layers of
Bi2Te3 are more sensitive to oxidation than the mixed Te/Se outermost layers of Bi2Te0.9Se2.1. Secondly,
the Bi2Te3 used in Ref.[111] may have a higher density of defects, hence the removal rate was also higher
than the Bi2Te0.9Se2.1 used in this experiment. Thirdly, the tip effects in air may be stronger than the tip
effects in solution, therefore the surface which was scanned in air may be affected by a larger interaction
and thus removed faster.
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4.2.3 Tip effects
The similarity of the Bi2Te0.9Se2.1 and Bi2Te3 surfaces following scanning in different conditions may be
due to tip effects that have long been noted and studied theoretically or experimentally. For example,

Figure 4.4. The evidence of tip effects. (a) E=0.0V, after scanning the central area for
30 mins. (b) E=0.1V, after scanning the right side 16 times for about 80 min, the
scanning area was changed to include the left side and this image was taken.

the disappearance of adsorbed CO molecules during STM measurements was attributed to tip effects
[113, 114]. Calculations suggested reorientation of adsorbed molecules and significant changes in the
obtained images. Furthermore, current injection from the STM tip could move the adsorbed molecules
laterally [115-117]. This effect depends on various factors, including the band structure of the acceptor.
More importantly, the electric field around the STM tip may localize the excitations induced by inelastic
electron tunnelling [118] and weaken or strengthen chemical bonds, giving STM the potential to
influence local chemistry. Significant tip effects were observed during these measurements. Dissolution
appeared to be more rapid where scanning took place than elsewhere, see Figure 4.4. The central area
in Figure 4.4(a) was continuously scanned for 30 min before the scan area was enlarged. The marked
rectangle area shows clear oxidative dissolution, whereas other areas do not. Figure 4.4 (b) was
obtained by moving the scan area 500nm left after the previous area was scanned 16 times over about
80 min. Again, the area which experienced multiple scans dissolved faster than the area scanned for the
first time, which provides evidence for tip effects. Since the bias between sample and tip was fixed at 0.1V, the tip might be expected to impede oxidative dissolution because the sample potential is more
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negative than the tip potential. However, tip effects caused oxidative dissolution in Figure 4.4a and
enhanced dissolution in Figure 4.4b, so the potential difference between sample and tip is unlikely to
be responsible. The shielding effect of STM tip was observed during Cu deposition. A very large
shielding of the diffusive flux of Cu2+ ions to the areas under the STM tip reduced the deposition rate
of Cu [119, 120]. However, shielding a certain kind of ions is also unlikely to enhance oxidative
dissolution. If the tip effects are not electrical effects or shielding effect, one would expect that the tipsample interaction influences the surface dissolution mechanically. AFM tip-enhanced Cu deposition
and dissolution were reported and attributed to tip-sample force [121]. This force could remove or
disrupt the naturally occurring oxygen adlayers, hence create active sites for Cu deposition and
dissolution.
One possible explanation is that the tip effects observed in these experiments are attributed to tipsample force, but the oxidation potential is a precondition for dissolution. Unlike the normal
electrochemical oxidative dissolution, tip-enhanced dissolution is a combined effect of tip-sample force
and the applied potential. It may be divided into three steps. First, the oxidation potential activates the
whole surface, but dissolution is impeded by “barriers”. Since dissolution may start from surface
defects such as Se/Te vacancies, the “barriers” may influence these vacancies, therefore obstruct the
dissolution. Considering that the chemical composition of the as-grown crystals may deviate from the
ideal stoichiometry to some extent, the “barriers” that block these defects could be intrinsic elemental
Bi that originates from the crystal growth process. The “barriers” could also be oxygen adlayers
discussed in Ref.[121] for AFM, although the tip-sample interaction for STM is a different nature. Next,
the “barriers” in the scanned area are removed by mechanical influence. As a consequence, the scanned
area dissolves at a higher rate than areas without scanning. In addition, the affected range of the tip
influence is apparent from Figure 4.4. The tip effects appear to be highly localized because the
continuously scanned area and the affected area match well.
For further study, more experiments are needed to evaluate the contribution of pure electrical effects.
For tip effects dominated by an isotropic electric field, circular dissolution of the area beneath the tip
would be expected. In addition, changing the bias between the sample and the tip may affect the
influence of the tip. Experiments that study the relationship between the bias and the tip effects may
lead to quantitative results.
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4.2.4 EC-STM images for electrochemically oxidized samples obtained at the rest potential
The sample was oxidized for successive intervals at a predetermined potential to minimize tip effects.
After each oxidation stage, the sample was imaged at the rest potential. Particularly, the tip was
withdrawn before each oxidation stage and re-approached afterwards to reduce its influence on the
oxidation process and keep the tip condition stable. The withdrawal distance was limited to about
several µm to avoid drift.
The Sn0.01Bi1.99Te2Se sample was oxidized for successive intervals of 2 minutes at an applied potential of
+0.05V with respect to the polypyrrole quasi-reference. After each oxidation stage, the sample was
returned to the rest potential (-0.3V vs ppy) then imaged. A selection of results is presented in Figure
4.5.
Again, the pit density and coverage increased progressively with increasing oxidation time. The depth
of the pits was generally equal to the thickness of a complete chalcogenide QL (1 nm) and did not
change with oxidation time, showing a layer-by-layer dissolution mode. Moreover, oxidative
dissolution took place on smooth terraces, in contrast to the redeposition that was concentrated on the
step edges.

Figure 4.5. Sn 0 . 0 1 Bi 1 . 9 9 Te 2 Se surface imaged at E=-0.3V vs ppy, after oxidative
dissolution at E=0.05V for (a) 4 min, (b) 12 min, (c) 18 min and (d) 24 min. (e) shows
the surface profile along the red line in (c). Colour height scale is 6.5nm.
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Figure 4.6 is a higher magnification image of part of the Sn0.01Bi1.99Te2Se surface shown in Figure 4.5.
Although the newly revealed surface was passivated to some extent, a few pits were observed to form
in the second QL. The apparent greater stability of the inner QL under electrochemical oxidation
conditions could also be due to a lack of defects. In principle, perfect bismuth chalcogenides are
relatively inert because there are no dangling bonds on the surface. Mild oxidation is expected to start
from surface defects such as Se/Te vacancies [83, 88]. Since the outermost QL has a higher density of
defects than the inner QLs due to cleaving or the short air exposure, it is reasonable that the reaction
rate reduces after dissolving the outermost QL. The passivation is also consistent with the previously
discussed literature [102]. In addition to pit formation, irregular clusters appeared where the
dissolution took place.

Figure 4.6. Higher magnification images showing parts of the Sn 0 . 0 1 Bi 1 . 9 9 Te 2 Se surface
shown in Figure 4.6 after oxidative dissolution at E=0.05 V for (a) 18 min and (b) 36
min. The squares indicated by red dotted lines indicate the same area in each figure.
All images were acquired at rest potential (E= -0.3V vs ppy). (c) shows the surface
profile along the red line in (b). Colour height scale is 5nm.
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Similar to Bi2Te0.9Se2.1 which has been discussed in Chapter 3, the oxidation products are expected to be
+
solvated Bi3+ ions, soluble HTeO+
2 and HSeO2 species in oxidation state +4 (since the amount of Sn is

very limited, Sn related reactions are ignored). According to the Pourbaix diagrams and the discussion
in Chapter 3, the clusters could be the corresponding oxides (mainly Bi2O3), but the existence of an
intermediate structure due to incomplete oxidation could not be ruled out because their height is the
same or less than that of a complete QL. Furthermore, the oxidation potential of this experiment (+0.05V

Figure 4.7. Bi 2 Se 3 , imaged at E=-0.4V vs ppy. (a) Freshly cleaved surface.
(b)-(d) after oxidative dissolution at E=0.13V for 20s, 120s, 180s.
vs ppy) is more negative than the oxidation potential used in Chapter 3 (+0.1V vs MSE, which is about
+0.2V vs ppy), therefore one would expect that the yield of oxides also decreases. Redeposition of
dissolved components was observed when a more negative potential was applied after oxidative
dissolution, see Figure 4.7 and Figure 4.8. Figure 4.7 shows a series of images of Bi2Se3 at -0.4V with
respect to the polypyrrole quasi-reference, following electrochemical oxidation at an applied potential
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of +0.13V for 20, 120 and 180 seconds. -0.4V was chosen as the imaging potential because clusters start
to appeal at this potential. Considering the mutually induced codeposition and the Ref.[95] discussed
in Chapter 3, these clusters should be redeposited Bi2Se3. Noticeably, the literature also used a similar
potential to deposit Bi2Se3 from the solution containing Bi3+ and HSeO2+, although the pH of their
solution is lower (0.2-0.4).
Figure 4.8 was acquired at -0.6V with respect to the polypyrrole quasi-reference, following
electrochemical oxidation at an applied potential of +0.15V for 20 seconds. Bright clusters with a wide
distribution of heights (up to 2.5nm) decorated the edges of the step and pits. These clusters appear to
be the products of reductive deposition rather than residue because most of the clusters are higher than
1QL. Similar to what was observed in Figure 4.7, the redeposition occurred primarily at step edges. The
conditions for redeposition are appropriate electrochemical oxidation and a relatively negative imaging
potential. Since the redox potentials for this experiment are similar to the parameters used in Chapter3,
the redeposition products could be Bi2TexSe3-x, according to the discussion in Chapter 3. Again, the
stoichiometry of the redeposited clusters will not necessarily be identical to that of the starting material.

Figure 4.8. Image showing redeposition of dissolved components. E= -0.6V vs ppy,
after oxidative dissolution at 0.15V for 20s. Colour height scale is 5nm.
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4.2.5 Statistical study of the electrochemical oxidation process

Figure 4.9. Randomly selected Sn 0 . 0 1 Bi 1 . 9 9 Te 2 Se areas imaged at E=-0.3V. (a)-(c) Areas
1-3, after oxidative dissolution at E=0.05V for 7 min. (d)-(f) Areas 4-6, after oxidative
dissolution at E=0.05V for 10 min. (g)-(i) Areas 7-9, after oxidative dissolution at
E=0.05V for 13 min. (j)-(l), Areas 10-12, after oxidative dissolution at E=0.05V for 16
min (m) Pit density and coverage as a function of oxidation time . (n) Surface height
analysis of (a)-(c). (o) Surface height analysis of (g) -(i).
The freshly cleaved surface is assumed to be spatially uniform. However, the upper area imaged in
Figure 4.6 appeared to dissolve faster than the lower area, which indicates that the sample surface may
be spatially non-uniform. In addition, since the tip was immersed in the electrolyte during the
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electrochemical oxidation process, it may still affect the dissolution to some extent. Therefore, to avoid
any potential tip effects and to minimize the influence of spatial difference, the extent of dissolution as
a function of oxidation time for randomly selected areas was studied. The oxidation potential was
+0.05V with respect to the polypyrrole quasi-reference. Before each oxidation stage, the STM tip was
removed from the electrolyte to avoid any tip influence. After each oxidation stage, several different
areas were randomly selected then imaged. The resulting data and the images used to calculate them
are shown in Figure 4.9. In this experiment, there was no evidence of some parts of the sample
dissolving faster than others. The pit density and coverage calculated from the collected images using
ImageJ both increased with increasing oxidation time, see Figure 4.9 (m).
Figure 4.10 shows the results for a similar experiment with a more positive oxidation potential (+0.1V
with respect to the polypyrrole quasi-reference). The pit coverage also increased with increasing
oxidation time, while the pit density was not calculated because pits overlapped at high coverage. Since
the applied potential was more positive, the dissolution rate significantly increased.
A similar experiment was carried out for Bi2Te0.9Se2.1 to compare different bismuth chalcogenides.
Notably, oxidized Bi2Te0.9Se2.1 shows different surface morphology, see Figure 4.11. The pits on
Sn0.01Bi1.99Te2Se have a similar size and are distributed homogeneously, whereas the pits on Bi2Te0.9Se2.1
have a range of sizes and are distributed unevenly. Calculations suggest that the structures of
Sn0.01Bi1.99Te2Se and Bi2Te0.9Se2.1 QLs are Te-Bi/Sn-Se-Bi/Sn-Te and Te/Se-Bi-Se-Bi-Te/Se, respectively [87].
Hence, the heterogeneous morphology of Bi2Te0.9Se2.1 may be attributed to different dissolution rates of
Te and Se in the outermost layers. Since the outermost layers of Sn0.01Bi1.99Te2Se are pure Te, the
oxidative dissolution would be expected to occur on the whole surface at the same rate. Since each part
of the surface has the same composition, every pit edge would be expected to expand at the same rate,
leading to a relatively uniform pit size. The situation is different for Bi2Te0.9Se2.1. Its outermost layers
consist of Te and Se. The distribution of Te and Se may be heterogeneous on the nanoscale, therefore
Te- and Se-rich areas are expected to exist. The Te-rich areas may be more easily dissolved than the Serich areas because Te is more sensitive to oxidation, leading to a non-uniform pit distribution.
A positive correlation between the pit coverage and the oxidation time is shown in Figure 4.9-Figure
4.11, but the exact relationship between these two parameters is still not clear. The coverage versus time
curve is determined by the mode of dissolution. Three probable modes lead to different curve shapes.
(a) If the whole surface dissolves at a constant rate, the second derivative of the curve is zero. Therefore,
a linear coverage versus time curve is expected. (b) Suppose each undissolved part of the first quintuple
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layer has the same possibility to be dissolved at any time. In that case, the second derivative of the curve
will be negative because the ratio of the undissolved area to the dissolved area will decrease with
increasing oxidation time. Therefore, the coverage versus time curve has a positive but decreasing slope.
The slope will approach zero if the newly revealed quintuple layer is passivated. (c) If each point at a
pit edge has the same possibility to be dissolved at any time, the second derivative of the curve is
expected to increase initially, then decrease because the total length of pit edges increases initially due
to the formation of new pits and the extension of existing pits, then decreases due to the overlap of pits.
Mode (a) and (b) are excluded by the curves shown in Figure 4.10 and Figure 4.11, because the
dissolution ates are very low in the initial stages. Therefore, mode (c) is the most probable dissolution
mode.
For mode (c), based on the progressive nucleation discussed in Ref.[122], consider a simplified model
in which all pits that do not touch another pit are circular. In analogy with the growth of twodimensional layers, one can derive a relationship between the dissolution rate R and the oxidation
time t .
For a single pit with radius

r (t ) , the number N (t )

of molecules dissolving into the solution obeys the

equation:

dN (t )
= 2 kr (t )
dt

(4.1)

where k is the rate constant for oxidative dissolution at the pit edge. Defining the area covered by the
pit as

S (t )

and the number of bismuth chalcogenide molecules per unit area as  we obtain:

dS (t ) k
= 2 r (t )
dt


(4.2)

For a circular pit, one can calculate

(4.3)

r (t ) :
r (t ) =

k
t


Equations 4.1-4.3 hold as long as the pit does not touch other pits and the sample boundary.
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In a real situation, there will be many pits dissolving simultaneously. The Avrami equation relates the
area S that is actually covered by pits to the extended area Sex that would be covered by pits if they
did not overlap.

S = 1 − exp(− Sex )

(4.4)

For progressive pit nucleation, assume that new pits are form at a constant rate K . The extended area
for a pit formed at a time t ' is:

Sex 0 = 

(4.5)

k2



2

(t − t ') 2

Integrating over t ' and multiplying by K , the total extended area Sex is given by:

k 2t 3
Sex = K
3 2

(4.6)

Therefore, the actual area covered by pits is:

S = 1 − exp(− K

(4.7)

k 2t 3
)
3 2

The dissolution rate is given by:

(4.8)

R(t ) =
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Equation 4.8 predicts a dissolution rate that first rises then rapidly decreases. If the constant K 
set as 1,
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The plot of equation 4.9 shows the expected tendency, see Figure 4.12. Although the pits observed in
the experiments have irregular shape, the overall tendency should be similar to the above discussion.
However, this mode has not been completely confirmed because the oxidation time of the experiments
does not cover the dissolution of the whole quintuple layer and the time intervals between
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measurements are too large. For the experiment shown in Figure 4.9, the first image was collected after
electrochemical oxidation for 7 min, hence the data for the initial dissolution is missing. In this situation,
if the first quintuple layer needs “activation” before dissolving, that could also explain the shapes of
the curves in Figure 4.10 and Figure 4.11. Therefore, further experiments should pay more attention to
the initial and the final dissolution stages of the first quintuple layer.

Figure 4.10. Randomly selected Sn 0 . 0 1 Bi 1 . 9 9 Te 2 Se areas imaged at E=-0.3V. (a) Area 1,
after oxidative dissolution at 0.1V for 3 min. (b) Area 2, after oxidative dissolution at
0.1V for 5 min. (c)-(d) Areas 3-4, after oxidative dissolution at 0.1V for 7 min. (e)-(f)
Areas 5-6, after oxidative dissolution at 0.1V for 10 min. (g) Pit coverage as a function
of oxidation time.(h) Surface height analysis of (c)-(d). (i) Surface height analysis of
(e)-(f).
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Figure 4.11. Randomly selected Bi 2 Te 0 . 9 Se 2 . 1 areas imaged at E=-0.3V. (a)-(c) Areas 13, E=-0.3V, after oxidative dissolution at 0.0V for 6 min. (d)-(f) Areas 4-6, after
oxidative dissolution at 0.0V for 8 min. (g)-(i) Areas 7-9, after oxidative dissolution
at 0.0V for 12.5 min. (j)-(k), Areas 10-11, after oxidative dissolution at 0.0V for 15.5
min. (l) Pit density and coverage as a function of oxidation time. The absence of the
pit density data for the last two groups is due to redeposition. (m) Surface height
analysis of (d)-(f). (n) Surface height analysis of (g) -(i). (o) Surface height analysis of
the red rectangle marked area in (j) and (k).
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0
Figure 4.12. The plot of equation 4.9 showing the evolution of the dissolution rate.

4.3 Chapter Discussion
EC-STM experiments were carried out to image single-crystal surfaces of bismuth chalcogenides in situ
under electrochemical control.
Parts of the results are expected. (1) At the rest potential, the surface can remain stable for several hours,
whether or not it is being simultaneously scanned. The results confirmed the feasibility of
electrochemical protection. (2) The first quintuple layer slowly dissolved when the surface was scanned
at the oxidation potential, which demonstrates the feasibility of electrochemical oxidation. (3) Pit
formation was observed after a series of mild oxidation stages. As expected, the pit density and
coverage increased progressively with increasing oxidation time. (4) Redeposition of dissolved
components was observed when a more negative potential was applied after oxidative dissolution,
showing the partial reversibility of electrochemical modification.
However, some phenomena are unexpected. (1) Tip effects enhanced oxidative dissolution. Although
the exact mechanism is still not clear, one explanation is that the tip effects are combined effects of tipsample force and the applied potential. (2) The inner quintuple layers showed greater stability under
electrochemical oxidation conditions (partial passivation), which may be attributed to the lower density
of defects of the newly exposed surface. However, it was not completely passivated because a few pits
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still formed on inner quintuple layers. (3) Oxidised Sn0.01Bi1.99Te2Se and Bi2Te0.9Se2.1 show different
surface morphologies. The heterogeneous morphology of Bi2Te0.9Se2.1 may be attributed to the different
dissolution rates of Te and Se in the outermost layers, whereas the homogeneous morphology of
Sn0.01Bi1.99Te2Se may be attributed to the consistent dissolution rate of the Te outermost layers.
Compared to chapter 3, the results in chapter 4 provide more direct evidence of electrochemical
protection and modification because the EC-STM images record the evolution of the surface
morphology of bismuth chalcogenides. However, the dissolution rate observed in chapter 4 is much
lower than the reaction rate calculated in chapter 3. This discrepancy can be explained by the following
reasons. Firstly, the cleaving process may randomly influence the activity of the surface, thus affect the
dissolution rate. Secondly, the dissolution reaction may involve more than six electrons. Therefore, the
calculated reaction rate is larger than the actual rate. But the most possible reason is that the oxidation
potential in chapter 4 (+0.05V vs ppy, which is ~-0.05V vs MSE) is more negative than the applied
potential in chapter 3 (+0.1V vs MSE). Since the reaction rate strongly depend on the applied potential,
the dissolution rate in chapter 4 decreased significantly. Consider the timescale of collecting an ECSTM image (~5min), the mild oxidation conditions in chapter 4 are more suitable for EC-STM study.
Furthermore, the concepts of passivation in chapter 3 and 4 are different. In chapter 3, the surface
passivated after the dissolution of more than ten quintuple layers. The residue of locally incomplete
oxidation products (as the clusters in Figure 4.6b) may block the surface, therefore, impede further
dissolution. In chapter 4, the surface partially passivated after the dissolution of the first quintuple layer.
As discussed before, the term “passivation” only means the decreasing of electrochemical activity of
the newly exposed quintuple layer. Therefore, one may expect that a more positive oxidation potential
could overcome the partial passivation, as +0.1V vs MSE did in chapter 3.

4.4 Chapter Summary
In conclusion, the EC-STM was used to study the surface morphologies of bismuth chalcogenide single
crystals under electrochemical control. In-situ imaging of these single crystals before and after the
electrochemical modifications deliver significant physical insight and new knowledge by showing that
(i) oxidative dissolution takes place via the progressive nucleation of pits rather than at step edges; (ii)
there are differences between the first and subsequent quintuple layers; (iii) there are differences
between different chalcogenides; (iv) the tip can enhance the dissolution process; (v) the pit coverage

89

increases with increasing oxidation time & the dissolution rate increases with increasing oxidation
potential; (vi) redeposition of the oxidation products takes place at step edges. Finally, different models
for dissolution are discussed based on the pit coverage versus oxidation time curves.
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CHAPTER
E LECTROCHEMICAL STUDY OF BISMUTH SELENIDE SINGLE CRYSTALS

I

n Chapter 4, EC-STM was used to study the surface morphology of bismuth chalcogenides under
electrochemical control, focussing on oxidative dissolution rather than the subsequent reductive
redeposition. To provide a comprehensive picture of the latter, this chapter combines EC-STM

and electrochemical impedance spectroscopy to study a typical bismuth chalcogenide Bi2Se3. First, ECSTM experiments, which were intended to produce deposits, were carried out. Next, electrochemical
impedance spectra, collected under similar electrochemical conditions, were compared to EC-STM
images to establish the link between electrochemical response and surface morphology. In particular,
the electrolyte used here is different from that described in the previous chapters to be consistent with
the electrochemical impedance measurements.
Bi2Se3 is a typical bismuth chalcogenide which has been studied by many researchers. It is a model
topological insulator, a layered material and a promising platform for surface catalysis studies, as
described in chapter 3. Experiments confirmed its exotic topological properties by angle-resolved
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photoemission spectroscopy (ARPES) measurements [123, 124], spin pumping [19, 125] and spin torque
studies [126, 127]. However, there are very few studies of its surface chemistry at ambient pressure.
Since the topological properties of Bi2Se3 are derived from its topological surface states, surface
chemistry that could influence its surface states may be strongly related to its topological properties.
Therefore, the attempts to understand how electrochemical methods can be used to modify surface
chemistry of Bi2Se3 are of great importance for adjusting and utilizing its topological properties.

5.1 EC-STM study of Bi2Se3 in 0.1M NaClO4
Compare to the EC-STM experiments discussed in Chapter 4, these experiments have three main
differences. Firstly, the electrolyte is 0.1M NaClO4 rather than 0.05M Na2SO4 aqueous solution at pH 3
because 0.1M NaClO4 is the supporting electrolyte used for electrochemical impedance measurements.
Secondly, the experiments discussed in Chapter 4 were focused on dissolution caused by
electrochemical oxidation, whereas the experiments discussed here focus on redeposition of dissolved
components. Thirdly, the experiments discussed in Chapter 4 studied three bismuth chalcogenides and
compared images of different samples to analyse the relationship between surface oxidation and
elemental composition, but the experiments discussed here only studied Bi2Se3 as a typical bismuth
chalcogenide. Instead of comparing different bismuth chalcogenides, these experiments linked two
powerful techniques (EC-STM and EIS) to provide a new approach to study their surface chemistry.

5.1.1 Electrochemical oxidation and redeposition
Bi2Se3 single crystals used in this chapter were prepared by collaborators from Nanjing University. In
this chapter, a Hg/Hg2SO4 electrode (MSE) was used as a reference electrode while a Pt ring was used
as a counter electrode for all the experiments. The experiments were carried out with the procedures
described in Chapter 2. Image processing used open source software Gwyddion.
Again, cyclic voltammetry measurements were carried out to determine potentials for electrochemical
oxidation and reduction (Figure 5.1). In the first cycle, the CV shows two clear anodic peaks and
subsequent cathodic peaks. Notably, the area of the anodic peaks is much larger than the area of the
cathodic peaks, which indicates that only a part of oxidation products are reduced around -0.5V.
Further explanation of this discrepancy will be shown in a later section. Since the open circuit potential
is close to -0.2V, it was chosen as the imaging potential.
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Figure 5.1. Cyclic voltammetry of a freshly cleaved Bi 2 Se 3 sample measured in 0.1M
NaClO 4 . The scan rate was 10mV/s and the scan range was from -0.8V to 0.2V.

Figure 5.2. (a) Freshly cleaved Bi 2 Se 3 surface imaged by EC-STM at E=-0.2V. (b)
Surface profile along the line in (a). The image area is 1μm x 1μm.
A freshly cleaved Bi2Se3 surface imaged in 0.1M NaClO4 at -0.2V with respect to MSE is shown in Figure
5.2. The surface profile shows that the step has a height equal to the quintuple layer thickness. The
cracks are indicated by red dotted lines.
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Figures 5.3a-5.3b show nearby regions following oxidation at 0.1 V for successive intervals of 60s. The
scan area was not adjusted during the experiment, but drift is likely to have changed the imaging area
slightly, as the tip was withdrawn by ~ 10 µm for each oxidation period. Similar to the images shown
in Chapter 4, oxidative dissolution again generates pits of depth equal to the quintuple layer thickness,
but the dissolution of the step edge is clearer. Pit formation is even more obvious when the surface is
electrochemically oxidised at a more positive potential (0.2V), see Figure 5.3c-5.3d. The surface profile
shown in Figure 5.3c reveals another difference between Figure 4.5 and Figure 5.3. Small clusters of ~
1nm height tend to distribute in small pits or along the pit edges. These clusters are higher than the
initial terrace height, suggesting that they are formed by deposition rather than being composed of
residue that did not dissolve. Since the surface starts to dissolve along the crack, it becomes the most
notable feature in the images, which is consistent with the expectation that the dissolution starts from
surface defects.

Figure 5.3. Bi 2 Se 3 surface imaged at E= -0.2V, after oxidative dissolution at E = 0.1V
for (a) 60s, (b) 120s. (c) Surface profile along the line in ( b). Bi 2 Se 3 surface after
subsequent oxidative dissolution at E = 0.2V for (d) 60s, (e) 120s. (f) Surface profile
along the line in (e). The image area is 1μm x 1μm.
Again, the Pourbaix diagrams are used to analyse the surface reactions, see Figures 5.4-5.5. Compared
to the experiments discussed in Chapter 3 and Chapter 4, since the pH of the electrolyte has changed
from 3 to 7, the solubility of Bi2O3 decreases significantly. Therefore, a higher proportion of Bi ions in
oxidation state +3 released by Bi2Se3 dissolution could precipitate Bi2O3 at the oxidation potential. The
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change of the pH also affects the oxidation of Se, but the most probable oxidation products in pH7
solution at the imaging potential are still Se ions in oxidation state +4.

Figure 5.4. Pourbaix diagram of Bi. The electrochemical oxidation conditions are represented by the red
dot (pH7, 0.2V vs MSE, which is about 0.85V vs SHE). The imaging conditions are represented by the
blue dot (pH7, -0.2V vs MSE, which is about 0.45V vs SHE). Adapted from Ref.[110].

The Bi2Se3 redeposition potential may be more negative at higher pH for the following reasons. Firstly,
any precipitation of Bi2O3 would reduce the availability of Bi ions in the pH7 solution. Secondly, it is
more difficult to reduce Se ions at pH7, according to the Pourbaix diagram. Considering that
redeposition starts at -0.4V with respect to the polypyrrole quasi-reference (about -0.5V vs MSE) in pH3
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solution (Figure 4.7), the redeposition potential in pH7 could be more negative. Therefore, the small
clusters observed at -0.2V with respect to MSE may be Bi2O3 rather than Bi2Se3.

Figure 5.5. Pourbaix diagram of Se. The electrochemical oxidation conditions are represented by the
red dot (pH7, 0.2V vs MSE, which is about 0.85V vs SHE). The imaging conditions are represented by
the blue dot (pH7, -0.2V vs MSE, which is about 0.45V vs SHE). Adapted from Ref.[110].

5.2 EIS measurements of Bi2Se3 single crystals
EC-STM study provides direct spatially-resolved evidence of surface oxidation. Oxidative dissolution
and adsorbed oxides change the surface morphology at the nano-scale. A natural question is whether
the changes in surface morphology affect the electrochemical response. If so, how to find a link between
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the microscopic morphology changes and the macroscopic electrochemical response. Here, the
electrochemical impedance spectroscopy technique was used to study how electrochemical oxidation
affects charge transfer resistance. The combination of EC-STM and EIS provides a new approach to
study bismuth chalcogenides and can be applied to other materials.

5.2.1 Ferrocyanide/ferricyanide redox couple
Since charge transfer resistance is the resistance to the process of electron transfer from one phase to
another, it depends on the electrode and electrochemical reactions being studied. A well-defined redox
couple provides a reliable electrochemical reaction to simplify the analysis of impedance data. The
selection of the redox couple mainly depends on its equilibrium potential, but possible reactions
between the sample and the redox couple also need to be considered. The ferrocyanide/ferricyanide
redox couple was used in this experiment because its equilibrium potential is in the electrochemical
working window of Bi2Se3. In addition, no reaction is expected to happen between the sample and the
redox couple.
Ferricyanide is the anion [Fe(CN)6]3- (its most common salt is potassium ferricyanide K3[Fe(CN)6]). The
structure of [Fe(CN)6]3- is shown in Figure 5.6 (adapted from websites). A Fe3+ is bounded to six cyanide
ligands in an octahedral geometry. The anion is easily reduced to the related ferrocyanide [Fe(CN) 6]4-

Figure 5.6. Structure of potassium ferricyanide K 3 [Fe(CN) 6 ]. (a) Two-dimensional
diagram, adapted from ChemSpider. (b) Three-dimensional diagram, adapted from
PubChem.
without breaking any Fe-C bonds, hence the reversible redox couple [Fe(CN)6]3-/[Fe(CN)6]4- is regarded
as a standard redox couple in electrochemistry. Since the redox couple contains CN-, it can react with
mineral acids to release highly toxic HCN gas, although its toxicity is much less than normal cyanides
due to strong Fe-C bonds. Therefore, the pH of the 3mM K3[Fe(CN)6], 0.1M NaClO4 solution used in
this chapter was not adjusted.
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5.2.2 CVs in K3[Fe(CN)6] solution
The equilibrium potential for the ferrocyanide/ferricyanide redox couple was checked by CV
measurements. A gold substrate and a Bi2Se3 sample were used as working electrodes, while the 3mM
K3[Fe(CN)6], 0.1M NaClO4 solution was used as electrolyte. From the figure, the selection of the working
electrode does not affect the CVs much. Specifically, Figure 5.7a shows a cathodic peak around -0.3V
and a corresponding anodic peak around -0.1V, while Figure 5.7b shows a cathodic peak around -0.25V
and a corresponding anodic peak around -0.15V. Since the intercepts of the CVs with the X-axis are
around -0.25V and -0.15V, -0.2V was chosen for further impedance measurements.

Figure 5.7. Cyclic voltammetry of (a) Au and (b) Bi 2 Se 3 in 3mM K 3 [Fe(CN) 6 ], 0.1M
NaClO 4 . The scan rate was 10mV/s. The arrows indicate the sweep direction.

5.2.3 EIS measurements for samples experiencing electrochemical oxidation and reduction
in K3[Fe(CN)6] solution
Electrochemical impedance measurements were carried out. The frequency range for the AC signal was
200000 to 0.1 Hz, and its RMS amplitude 10 mV. A simple Randles circuit as described in chapter 2 was
used to analyse the results, according to which the diameter of the semi-circular feature in the
impedance spectrum is equal to the charge transfer resistance Rct . First, a freshly cleaved Bi2Se3 sample
was measured in 3mM K3[Fe(CN)6], 0.1M NaClO4 electrolyte at -0.2V. Next, the sample was oxidised
for successive intervals of 1 minute at applied potentials of -0.1V,0.0V,0.1V and 0.2V, respectively. After
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each oxidation stage, the sample was measured at -0.2V. The collected impedance spectra and current
vs time curves are shown in Figure 5.8.
From the figure, electrochemical oxidation at -0.1V and 0.0V did not affect the impedance much, while
electrochemical oxidation at 0.1V changed the transfer resistance considerably. Further electrochemical
oxidation at 0.2V was even more effective because the semi-circular part in the corresponding spectrum
has a much larger diameter. The results indicate that the critical potential for surface oxidation is

Figure 5.8. (a) Nyquist plots showing electrochemical impedance data for a sample
experiencing successive electrochemical (EC) oxidation at different potentials. (b)
Corresponding current vs time curves. The potential interval is 0.1V.
around 0.1V, which is similar to the oxidation potentials for the EC-STM experiments. For the current
vs time curves, the initial currents increased with increasing potential, showing that the surface reaction
rate was sensitive to the applied potential, see Figure 5.8b. In particular, the current decreased rapidly
with increasing time, suggesting some sort of passivation. This passivation is consistent with the
phenomena observed in Chapter 3 and Chapter 4. Since the impedance spectrum after electrochemical
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oxidation at 0.2V showed a very large change in charge transfer resistance, successive impedance
spectra were collected continuously at -0.2V for a sample oxidised at 0.2V for 120s to study the evolution
of the charge transfer resistance with time after the oxidising potential was removed, see Figure 5.9.
The clear difference between the first Nyquist plot and subsequent plots suggests that the surface
changes on the timescale of the experiment. Furthermore, subsequent plots indicate that the surface is
relatively stable after the initial relaxation process and only changes slightly over a period of several
minutes.
The effect of electrochemical reduction was studied by the same method. Nyquist plots after
electrochemical oxidation at 0.2V and subsequent electrochemical reduction at -0.6 V are shown in the
same figure. Again, the following plots are slightly different from the initial one due to the relaxation
process. Notably, the charge transfer resistance after electrochemical reduction at -0.6V is lower than
the value before reduction, indicating that the electrochemical reduction at -0.6V did have a significant
effect. However, it cannot restore the impedance completely.

Figure 5.9. Successive Nyquist plots after electrochemical oxidation at 0.2V for 120s
and electrochemical reduction at -0.6V for 600s.

An experiment using a more negative reduction potential was carried out to study the relationship
between reduction potential and charge transfer resistance, see Figure 5.10. First, the freshly cleaved
sample was measured at -0.2V. Afterwards, the sample was kept at -1.1V for 120s and measured at 0.2V again. Next, the sample was subjected to oxidation at +0.2V and reduction at -1.1V, with
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impedance measurements taken at -0.2V after each process. Comparing the four plots, it is apparent
that the electrochemical reduction at -1.1V lowers the transfer resistance to its original value.

Figure 5.10. Nyquist plots for a freshly cleaved sample, the sample after
electrochemical treatment at -1.1V, the sample after electrochemical oxidation at 0.2V
and the sample after electrochemical reduction at -1.1V.

According to the Pourbaix diagram (Figure 5.12), -0.6V is enough for electrochemical reduction of Bi
oxides in pH3 solution, but not enough for electrochemical reduction of Bi oxides in pH7 solution. The
retained Bi oxides may passivate the surface and cannot easily be reduced, which may explain the CVs
in Figure 5.1. However, there are other possibilities for the CVs. Firstly, the sites at which crystalline
chalcogenides could re-form on reduction may be blocked. Secondly, some oxidation products may
diffuse away from the surface.
The CVs and the impedance spectra after electrochemical reduction at -0.6V do suggest that part of
oxidation products could be reduced at this potential. Considering the mutually induced codeposition,
the potential for Bi2Se3 deposition should be positive than the potential for Bi deposition, therefore the
reduction products at -0.6V could be Bi2Se3. The impedance spectra also suggest that part of Bi oxidation
products could remain on the surface in pH7 at -0.6V because the transfer resistance is still higher than
the original value. However, the situation is totally different at -1.1V. According to the Pourbaix
diagram, -1.1V is enough to reduce Bi3+ to Bi0, therefore the reduction products should be Bi2Se3 when
Se ions exist (mutually induced codeposition). The recovery of the transfer resistance after

101

electrochemical reduction at -1.1V indicating that almost of oxidation products are reduced at -1.1V,
which is consistent with the Pourbaix diagram and the assumption.
As a comparison with Figure 5.1, cyclic voltammograms for a freshly cleaved Bi2Se3 sample were
recorded in the potential range from -1.2V to 0.2V, see Figure 5.11. The clear reduction peak at around
-1.1V is consistent with the impedance spectra in Figure 5.10 and could be attributed to the complete
reduction of the oxidation products.

Figure 5.11. Cyclic voltammetry of a freshly cleaved Bi 2 Se 3 sample measured in 0.1M
NaClO 4 . The scan rate was 10mV/s. The scan range was from -1.2V to 0.2V.

The increase of the transfer resistance of the oxidised surface could be due to adsorbed oxides. This
explanation is supported by EC-STM images and impedance spectra for the surfaces that experienced
EC oxidation and subsequent reduction. EC-STM images show pit formation and cluster generation.
We expect the clusters to be Bi2O3, according to the Pourbaix diagram. The impedance spectra show
that electrochemical oxidation at 0.2V increases the transfer resistance significantly. Electrochemical
reduction at -0.6V restores the transfer resistance partially, and a more negative potential (-1.1V) is
required to recover the initial transfer resistance. The reversibility of the transfer resistance is consistent
with the reversibility of X-ray photoelectron spectra shown in Chapter 3.
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Figure 5.12. Pourbaix diagram of Bi. The electrochemical oxidation conditions are represented by the
red dot (pH7, 0.2V vs MSE, which is about 0.85V vs SHE). The partial reduction conditions are
represented by the orange dot (pH7, -0.6V vs MSE, which is about 0.05V vs SHE). The full reduction
conditions are represented by the green dot (pH7, -1.1V vs MSE, which is about -0.55V vs SHE).
Adapted from Ref.[110].
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5.3 EC-STM study of Bi2Se3 in K3[Fe(CN)6] solution

Figure 5.13 Cyclic voltammetry of Bi2Se3 in 3mM K3[Fe(CN)6], 0.1M NaClO4 (reused from Figure
5.7). Regions marked with different colours indicate the possibility of EC-STM imaging. The scan
rate was 50mV/s.

Using the ferricyanide solution for EC-STM experiments may reveal the origin of large charge transfer
resistance for the electrochemically oxidized surface. Since the exchange current contributes to EC-STM
imaging, for a pre-oxidized surface, one would expect that the images collected when the redox
reactions of ferrocyanide/ferricyanide are happening are different from the images collected when the
reactions are finished. The spatial distribution of the exchange current could be detected by comparing
two groups of images. If the exchange current and the tunnelling current have the same direction, local
regions which become darker when the reactions are happening indicate the localized suppression of
exchange current, vice versa. Considering the negative correlation between exchange current and
charge transfer resistance, these regions may be attributed to the increase of charge transfer resistance.
However, the surface cannot be imaged when the redox reactions occur due to the large faradaic current
originating from the reactions. Figure 5.13 shows the CVs for Bi2Se3 in 3mM K3[Fe(CN)6], 0.1M NaClO4
(the same sample as Figure 5.7) and the difficulty level of collecting data in each potential region. In the
potential region more positive than -0.2V (marked with red), the tip picks up a Faradaic current which
is comparable to or larger than the setpoint current (up to several nA). Therefore, the sample cannot be
imaged in this potential region. In the potential region from -0.55V to -0.2V (marked with yellow), the
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sample can be imaged if the potential changes from a more negative value. Ferricyanide may be
reduced to ferrocyanide at more negative potentials, hence no further redox reaction obstructs imaging.
However, if the potential changes from a more positive value, ferricyanide starts to reduce, and the
large faradaic current impedes imaging. In the potential region more negative than -0.55V (marked
with green), the sample can be imaged after a relaxation time of several minutes, presumably because
ferricyanide is exhausted within a relatively short time at more negative potentials.

Figure 5.14. (a)-(e) Bi 2 Se 3 surface imaged in 3mM K 3 [Fe(CN) 6 ], 0.1M NaClO 4 at E=0.6V,-0.5V,-0.4V,-0.3V and -0.2V successively. The image area is 1μm x 1μm and the
tip was held at 0.1 V relative to the sample.

Figure 5.14 shows a series of images collected in ferricyanide solution. Using ferricyanide solution
results in poor imaging quality. The white patches in the images have some sort of continuity in the
vertical direction, which indicates that these spikes are mobile species or related to the surface structure
rather than random electrical noises. Since the tip scans the surface horizontally, random electrical
noises should be horizontal spikes. The large faradaic current not only limits sample characterization
but also limits tip adjustment because the tip potential is also constrained in a small region.
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The attempt to image the sample at 0.0V failed. If the ferrocyanide could transform to ferricyanide at
0.0V rapidly, the faradaic current should decrease soon. However, the faradaic current was still higher
than the setpoint current after a 10 minute wait. The reaction rate at 0.0V may not be enough to deplete
ferrocyanide in a short time, hence the faradaic current did not reduce significantly. A more positive
potential may accelerate this process, but it may also affect the sample condition.
Direct visualization of local catalytic activity has been reported, using EC-STM to measure the local
noise in the tunnelling current (n-ECSTM) as an indicator of local reactivity [55, 128, 129]. However, in
the experiment discussed above, the faradaic current was too large, therefore impeded imaging.

5.3 Chapter Discussion
EC-STM experiments and EIS measurements were carried out in pH7 solution (0.1M NaClO4) to study
the link between surface morphology of single-crystal Bi2Se3 and its electrochemical response.
Parts of the results are expected. (1) Smooth Bi2Se3 surface can be imaged at the rest potential, which
indicates that the change of solution pH didn’t influence the feasibility of electrochemical protection.
(2) Oxidative dissolution was observed after a series of oxidation stages, although it required a more
positive potential due to the change of solution pH. EC-STM images (Figure 5.3) demonstrate that pit
formation originated from point defects and crack (line defects). (3) EIS measurements showing that
electrochemical modification changed the charge transfer resistance considerably. Specifically, the
charge transfer resistance significantly increased after electrochemical oxidation, then decreased after
subsequent electrochemical reduction. Change of the charge transfer resistance may be due to
precipitation and subsequent dissolution of oxides (mainly Bi oxides).
However, some phenomena are unexpected. (1) Small clusters of ~1nm height were observed in pits or
along the pit edges at the rest potential after a series of oxidation stages. Consider the Pourbaix
diagrams, these clusters are supposed to be Bi oxides. (2) Electrochemical reduction at -0.6V vs MSE
cannot restore the charge transfer resistance completely, which is also attributed to the change of
solution pH. (3) The sample can only be imaged in ferricyanide solution within a very narrow potential
window due to the large faradaic current.
Compared to chapter 3, EC-STM images and EIS data collected after electrochemical oxidation still
demonstrate the feasibility and efficiency of electrochemical control. However, the reversibility of
electrochemical modification is confirmed by electrochemical reduction at -1.1V vs MSE rather than at
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-0.6V vs MSE as chapter 3 did. The change of solution pH shifts the dissolution potential of Bi oxides
(Figure 5.12), therefore a more negative potential is required to restore the charge transfer resistance
(Figure 5.10). Compared to chapter 4, oxidative dissolution and precipitation of clusters were happened
at more positive potentials because of higher solution pH, as discussed before.

5.4 Chapter Summary
EC-STM and electrochemical impedance techniques were used to study the electrochemical
modification of single-crystal Bi2Se3 in 3mM K3[Fe(CN)6], 0.1M NaClO4 and 0.5M HNO3. Compared to
experiments discussed in chapter 4, this work shows that a different choice of chalcogenide (Se in place
of Te) and electrolyte yields clear differences in the oxidative dissolution and subsequent reductive
redeposition processes. Electrochemical oxidation leads to pit formation at locations linked to preexisting surface features, while subsequent electrochemical reduction results in clusters generated from
oxidation products. The morphology of the clusters mainly depends on the oxidation potential.
Changes in charge transfer resistance were observed through electrochemical impedance
measurements and linked to surface morphology changes. In addition, an EC-STM study of Bi2Se3 in
ferricyanide solution was discussed. The large faradaic current originating from the redox reactions of
the ferrocyanide/ferricyanide redox couple obstructs image collection.
This chapter demonstrates the feasibility of establishing a link between the surface morphology and
the charge transfer resistance. Clear changes in the oxidation and redeposition processes are attributed
to differences in the outermost layers and the electrolyte. Metal electrodeposition using the same
sample and electrolyte will be discussed in chapter 6.
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CHAPTER
E LECTRODEPOSITION ON BISMUTH SELENIDE SINGLE CRYSTALS

T

he preceding chapters demonstrate that bismuth chalcogenides are promising platforms for
electrochemical study. CVs and EC-STM images indicate a potential range that can protect
the surface from both oxidation and reduction. This range is a reference and a starting point

for EC-STM experiments. Oxidative dissolution and pit formation are observed at potentials more
positive than this range. Subsequently, reductive deposition happens at potentials more negative than
this range.
In this chapter, instead of changing the surface morphologies by electrochemical oxidation and
reduction, extra metal ions are introduced to obtain Bi2Se3/metal heterostructures by electrodeposition
for the following reasons. Firstly, a Bi (111) bilayer on Bi2TexSe3-x has already been obtained using
molecular beam epitaxy [130, 131]. As a two-dimensional topological insulator, the edges of a Bi bilayer
possess topologically protected metallic edge states. These edge states could have effects on
electrocatalysis, as discussed in Chapter 1. If the electrochemical method can generate a Bi bilayer with
a high density of edges, it could provide a promising platform for surface catalysis. Secondly, it is a
possible termination of a Bi2TexSe3-x surface exposed in air, therefore the study of bismuth
chalcogenides/bismuth bilayer heterostructures may reveal the reaction mechanism between bismuth
chalcogenides and air. Thirdly, Bi2Se3/Pb (TI/superconductor) heterostructure has the potential to be an
artificial topological superconductor [132, 133]. It may pave the way for experimentally realising
Majorana fermions.
The main goal of this chapter is to deposit Bi and Pb on a smooth Bi2Se3 surface to gain knowledge of
metal electrodeposition on bismuth chalcogenides. Furthermore, the possibility that the edges of the
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pits could be active sites for adsorption due to dangling bonds and the evidence that the newly exposed
surface exhibits significantly higher stability than the original surface suggest that the surface chemistry
of the oxidised surface is of interest. Therefore, the second goal is to study metal electrodeposition on
the oxidised surface to evaluate surface chemistry change.
Electrodeposition of Bi and Pb on e.g. Au substrates are well-studied. Bi electrodeposition on Au(111)
and Au(100) electrodes were studied by video-rate EC-STM [134]. The structures of deposited Bi
strongly depend on the facet of Au substrate. Needle-like Bi(110) deposits was obtained on Au(111)
electrode, whereas Bi(111) epitaxial film formed on Au(100) substrate. The introduction of magnetic
field into Bi electrodeposition was studied by X-ray diffraction and scanning electron microscope [135].
A 0.5T field significantly suppressed the dendritic growth of Bi at high current density, but no clear
evidence of crystal microstructure change. Underpotential deposition of Bi monolayer on Au(111)
electrode was studied by X-ray scattering and electrochemical methods [136]. The transient current and
X-ray intensity revealed the transition of zero-coverage to commensurate (2x2)-Bi phase on the
millisecond time scale and suggested a classic Langmuir type adsorption where the adsorption is
uniform across the entire surface. Electrodeposition of Pb on Au(111) was studied by EC-STM [137].
Three different processes including terrace expansion, island growth and monolayer formation were
characterized at different potentials in the underpotential range. Three-dimensional growth in the
overpotential range was also imaged. Pb underpotential deposition on Au(100) was studied by ECSTM [138]. At low coverage, Pb deposition led to a step decoration, which is consistent with Ref.[137].
At higher coverage, a two-dimensional hexagonal close packed Pb overlayer was obtained. The
parameters and results discussed above could be a starting point for further study. However, the
deposition potential and the deposited structure may be varied due to the difference of the substrate.

6.1 Three growth modes in heteroepitaxial growth
There are three basic modes for heteroepitaxial growth[122].
(a) If the interaction of the deposited atoms with each other is stronger than with the substrate (the sum
of the interface tension and the surface tension of the deposit is larger than the surface tension of the
substrate), three-dimensional island growth occurs at overpotential. This growth mode is known as
Volmer-Weber growth.
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If the interaction of the deposited atoms with the substrate is stronger than with each other (the sum of
the interface tension and the surface tension of the deposit is smaller than the surface tension of the
substrate), a monolayer can be deposited at underpotential. There are two subcases (b) and (c):
(b) If the mismatch of the lattice structures of substrate and deposited metal is large, after one or more
layers, three-dimensional islands are formed. This growth mode is known as Stranski-Krastanov
growth.
(c) If the mismatch of the lattice structures of substrate and deposited metal is small, epitaxial growth
of subsequent layers would weaken the influence of the substrate. Consequently, the deposition
proceeds in the same way as bulk deposition after several layers have been deposited. This growth
mode is known as Frank-van-der-Merwe growth or layer-by-layer growth.
Consider a two-dimensional nucleation for layer-by-layer growth [139], the first one or several layers
grow with a lattice constant matched to the substrate (pseudomorphic), therefore a strain is caused by
lattice mismatch. The extent of the mismatch is given by:

=

(6.1)

a f − as
as

where a f is the natural lattice constant of the deposited film, a s is the lattice constant of the substrate.
Consider two-dimensional nucleation with round nuclei of radius

r , the elastic energy is given by:

Ee =  r 2C 2

(6.2)

where C is a constant characterizes the elastic properties of the monolayer.
The energy associated with the surface tension is:

Et =  r 2 ( dep +  i −  s )

(6.3)
where  dep ,

 i and  s are surface tension of the deposit, the interface and the substrate, respectively.

The boundary energy is given by:

Eb = 2 r 

(6.4)

where



is the step line tension.
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For a negative overpotential  , the Gibbs free energy of a nucleus contains N atoms is:
(6.5)

G = Ee + Et + Eb + Nze =  r 2C 2 +  r 2 ( dep +  i −  s ) + 2 r  + Nze

Introduce the area of per atom  :
1

(6.6)

G = N (C 2 +  dep +  i −  s ) + 2 ( N ) 2 + Nze

The maximum value of G is given by:

d (G )
=0
dN
(6.7)

Nc =

 2 ()
[(C 2 +  dep +  i −  s ) + ze ]2

Gmax

 2 ()
=−
(C 2 +  dep +  i −  s ) + ze

If C 2 +  dep +  i −  s is positive. To have nucleation, the minimum value of

(6.8)

|  |

|  | is

given by:

(C 2 +  dep +  i −  s )
ze

The three-dimensional nucleation for Volmer-Weber and Stranski-Krastanov growth is much more
complicated because the surface tension of the nucleus strongly depends on its shape. Furthermore, the
elastic energy of a three-dimensional nucleus is more complicated than two-dimensional situation.

6.2 Preliminary study of silver deposition
Bi2Se3 single crystals used in this chapter were prepared by collaborators from Nanjing University. For
all the experiments discussed in this chapter, a Hg/Hg2SO4 electrode (MSE) was used as a reference
electrode, while a Pt ring was used as a counter electrode. EC-STM experiments were carried out to
study the electrochemical behaviour of Bi2Se3 in a very acidic electrolyte (0.5M HNO3) because 0.5-1.0
M HNO3 is typically used for Bi2Se3 electrodeposition. -0.2V was chosen as the imaging potential
because it is close to the open circuit potential.
The possible silver deposition was recorded by accident, see Figures 6.1-6.2. The nail polish insulating
layer was partially removed when cleaving, therefore some silver epoxy was exposed to the electrolyte
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in the subsequent experiments. A terrace with islands of height 0.2 nm is shown in Figure 6.1a.
Considering the coexistence of both Bi and Se terminations of Bi2Se3 cleaved in air, these islands may
be attributed to imperfect cleaving. EC-STM images record the evolution of the islands, see Figures
6.1b-6.1e. The scan area was not adjusted during the experiment, but the drift is likely to have changed
the imaging area slightly, as the tip was withdrawn by ~ 10 µm for each oxidation period. Similar to
the images shown in Chapter 5, oxidative dissolution again generates pits of depth equal to the
quintuple layer thickness. These pits appear to nucleate at the edges of the low islands, which is
consistent with the expectation that the dissolution starts from surface defects. Figures 6.1b-6.1e also
show clusters decorating the edges of the pits that form on the Bi2Se3 surface. Pits and clusters are even
more obvious when a cleaved Bi2Se3 sample is electrochemically oxidized at more positive potentials,
see Figure 6.2. Well-defined pits form even after oxidation for only 1s at 0.2V. These clusters are totally
different from the redeposited Bi2Se3 clusters in Figure 4.7 for the following reasons. Firstly, the
deposition potential (-0.2V vs MSE) is more positive than the potential for Bi2Se3 deposition (about 0.4V vs MSE). Secondly, the size of these clusters is much larger than the size of redeposited Bi2Se3
clusters (compared to Figure 4.7). Thirdly, the coverage (total volume) of these clusters is much larger

Figure 6.1. Bi 2 Se 3 surface (with silver epoxy exposed) imaged by EC -STM at E= -0.2V
(tip potential: 0.1V) before (a) and after oxidative dissolution at E = 0.06V for (b) 60s,
(c) 120s, (d) 240s, (e) 360s. The image area is 1μm x 1μm and experiments were carried
out in a 0.5M HNO 3 electrolyte. (f) Surface profile along the line in (a). The range of
the height colour scale is 3.2nm for (a), 6nm for (b) -(e).
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than the coverage (total volume) of pits, see Figures 6.2e-6.2f. Therefore, the origin of these clusters may
relate to the exposed silver epoxy rather than Bi2Se3.
CVs for the EC-STM measured sample, a well-insulated new sample and silver epoxy (fixed on a gold
substrate) support the assumption of silver deposition, see Figure 6.3. The reduction peak around -0.2V
vs MSE is attributed to silver epoxy, because the peak is absent in the CV for the well-insulated sample
and clear in the CV for silver epoxy. Furthermore, CVs shown in Figure 6.4 indicate that the redox
reactions for silver epoxy are sensitive to the pH and the oxidation potential.

Figure 6.2. Bi 2 Se 3 surface (with silver epoxy exposed) imaged by EC -STM at E = -0.2V
(tip potential: 0.1V), after o xidative dissolution at E = 0.2V for (a) 1s, (b) 2s, (c) 22s,
(d) 60s, (e) 120s. (f) Surface profile along the line in (e). The image area is 1μm x 1μm
and experiments were carried out in a 0.5M HNO 3 electrolyte. The range of the height
colour scale is 8.5nm.

Figure 6.3. Cyclic voltammograms for (a) the EC -STM measured sample, (b) a well insulated sample and (c) silver epoxy. The scan rate was 50mV/s.
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Figure 6.4. Cyclic voltammograms for silver epoxy (a) in pH0.3 electrolyte with
different oxidation potentials, (b) in pH0.3, pH3, pH7 electrolytes, respectively. The
scan rate was 50mV/s.

6.3 Bismuth electrodeposition
Firstly, 1mM Bi(NO3)3 / 0.5M HNO3 and 5mM Bi(NO3)3 / 0.5M HNO3 electrolytes were used. For the
experiment using a 1mM Bi(NO3)3 / 0.5M HNO3 electrolyte, starting at around E= -0.5V vs MSE,
cathodic electrodeposition is observed, giving rise to characteristic triangular structures as shown in
Figure 6.5. The triangle edges form parallel steps with a very low density of kinks, and the minimum
measured step height is approximately 0.4nm. The step height and the morphology are consistent with
the film orientation being Bi(111) [140, 141]. For another Bi deposition experiment using a 5mM
Bi(NO3)3 / 0.5M HNO3 electrolyte, the sample potential was kept at -0.58V for 10s. After that, the surface
was imaged at E=-0.5V, where slow deposition of Bi continues, as shown by the sequence of images in
Figure 6.6 and Figure 6.7. These images show clearly how a single Bi bilayer grows across a smooth
terrace (note the slow growth of a Bi bilayer indicated by arrows in Figure 6.6).
Bi electrodeposition on Bi2Se3 is fully reversible, as shown in Figure 6.8. Firstly, the sample was imaged
at -0.6V (Figure 6.8a). Then, the sample was imaged at E=-0.45V after complete Bi dissolution at this
potential (Figure 6.8b). Next, the sample was imaged when changing the potential from E= -0.45V to 0.6V (Figure 6.8c). The arrow indicates where the applied potential was changed. Finally, the sample
was imaged after returning to E= -0.45V (Figure 6.8d). The appearance and the disappearance of the
triangular structure strongly depended on the applied potential, which indicates the reversibility of Bi
deposition.
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Figure 6.5. Characteristic triangular structures resulting from Bi electrodeposition on
single-crystal Bi 2 Se 3 at E= -0.6V for 600s from a 1mM Bi(NO 3 ) 3 / 0.5M HNO 3 electrolyte
imaged by EC-STM at E= -0.5V. The image area is 1μm x 1μm and the tip was held at 0.1
V relative to the sample. The range of the height colour scale is 16.0nm.

Figure 6.6. (a)-(e) A succession of 500nm x 500nm EC -STM images acquired at E= -0.5V in
a 5mM Bi(NO 3 ) 3 / 0.5M HNO 3 electrolyte following initial deposition at E= -0.58V for 10s.
Note the slow growth of a Bi bilayer (indicated by arrows). (f) S urface profile along the
white line in (c). The tip was held at 0.1 V relative to the sample. The range of the height
colour scale is 12.0nm.
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Figure 6.7. (a)-(e) A succession of 500nm x 500nm EC-STM images for Bi
electrodeposition on Bi 2 Se 3 (the deposition and imaging parameters are the same as
Figure 6.6).
In the experiments, a sufficiently negative potential was applied so that a number of nuclei were formed
on the surface. After a short period, the overpotential was reduced to a lower value so that existing
nuclei could grow, but new ones were hard to form. Therefore, the overall process could be seem as
instantaneous nucleation. Since the lattice mismatch of bismuth chalcogenides and metal bismuth is
small, the observation of pseudomorphic growth is reasonable. For comparison, bismuth was deposited
from another widely-used electrolyte 0.1M HClO4/1mM Bi2O3 [134], see Figure 6.9. Again, triangular
features were observed, although the tip condition was not perfect during the experiment. As expected,
no clear difference between nitrate and perchlorate.
CVs measurements were carried out (Figure 6.10). A crossing (so-called nucleation loop) was only
observed in the first cycle, which may be attributed to the nucleation process requiring activation
energy provided by overpotential. The pronounced reduction peaks start at -0.5V vs MSE, which is
consistent with the bismuth deposition potential. Notably, the shoulder on the reduction peak in the
first and second cycles may be attributed to the reduction of pre-existed Bi2Se3 oxidation products.
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Figure 6.8. EC-STM images showing the reversibility of Bi electrodeposition on
single-crystal Bi 2 Se 3 from a 5mM Bi(NO 3 ) 3 / 0.5M HNO 3 electrolyte. (a)
Electrodeposited Bi imaged at E= -0.6V; (b) sample surface imaged at E= -0.45V after
complete Bi dissolution at this potential; (c) sample surface imaged (scanning from
the bottom to the top) when changing the potential from E= -0.45V to -0.6V. The
arrow indicates where the applied potential was changed; (d) sample surface imaged
after returning to E= -0.45V. The image area is 1μm x 1μm, the tip was held at 0.1 V
relative to the sample. The range of the height colour scale is 18 nm for (a),(b),(d) and
50nm for (c).
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Figure 6.9. 1μm x 1μm EC-STM images acquired at E= -0.5V in a 0.1M HClO 4 /1mM Bi 2 O 3
electrolyte following initial deposition at E= -0.6V for 10s. The range of the height colour
scale is 13.0nm.

Figure 6.10. Cyclic voltammograms for Bi 2 Se 3 in a 0.1M HClO 4 /1mM Bi 2 O 3
electrolyte. The scan rate was 50mV/s.
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6.4 Lead electrodeposition
The stock solution was 10mM lead sulphamate (Pb(NH2SO3)2) prepared by reacting lead carbonate
(PbCO3) with approximately 1M sulphamic acid (H3NSO3) solution (10g H3NSO3 in 100mL Milli-Q
water). Then the stock solution was diluted to 1mM lead sulphamate with Milli-Q water.
Cyclic voltammetry measurements were carried out to determine potentials for lead deposition. A
clear cathodic peak is observed at around -1.1V vs MSE, which is much more negative than the potential
for Bi deposition (Figure 6.11). The loop in the CV is not a nucleation loop. The larger current for the
reverse scan may instead indicate that the electrochemically active area increases due to lead deposition.
Furthermore, the constant gradient in the CV shows that the ohmic potential drop is significant.

Figure 6.11. Cyclic voltammograms for Bi 2 Se 3 in a 1mM lead sulphamate
electrolyte. The scan rate was 10mV/s.

EC-STM was used to study the surface morphology during or after lead deposition. The bias between
tip and sample was fixed at 0.2V or 0.3V to avoid lead deposition on the STM tip. By stepping the
sample potential to -1.2V for several seconds then imaging the sample at -0.9V to protect the deposited
features and to avoid further deposition, the initial stages of lead deposition could be characterized, see
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Figure 6.12. The nucleation of lead occurred first at step edges and cracks (linear defects), which may
be attributed to dangling bonds at these sites. Although the images were collected from the bottom,
there was no difference in nucleation density between the lower area (scanned earlier) and the upper
area (scanned later), which means the nucleation stopped at -0.9V.
-1.0V was applied to the sample to study further deposition. EC-STM images that were collected during
electrodeposition show the evolution of the surface, see Figure 6.13. Again, the scan direction was from
bottom to top. Since the clusters kept growing during imaging, the clusters on the upper area are larger
than the clusters on the lower area. Figure 6.13a shows initial preferential deposition at step edges, but
the influence of the step edges appears reduced in subsequent images due to the relatively high growth
rate.

Figure 6.12. (a)-(b) 1μm x 1μm EC-STM images acquired at E= -0.9V in a 1mM lead
sulphamate electrolyte following initial deposition at E= -1.2V for 1s and 3s. (c)
Surface profile along the white line in (b). The tip was held at 0.2 V relative to the
sample. The range of the height colour scale is 7.0nm.
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Figure 6.13. (a)-(c) A succession of EC-STM images acquired at E= -1.0V in a 1mM
lead sulphamate electrolyte following initial deposition at E= -1.2V for 3s. (d) Surface
profile along the black line in (a). The tip was held at 0.2 V relative to the sample.
The range of the height colour scale is 9.0nm.

Figure 6.14. Current versus time for lead electrodeposition at -1.0V.
An I-t curve during electrodeposition is shown in Figure 6.14. For this fixed deposition potential, the
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electrochemical current decreases with increasing time, which suggests that the deposition process is
diffusion limited.
Figure 6.15. shows lead deposition at -1.1V, after initial nucleation at -1.2V for 10s. The growth rate is
significantly higher than the rate for Figure 6.13, which can be attributed to the longer nucleation step
at -1.2V and the larger overpotential. The same areas on each scan are highlighted, from which the
merging of lead islands is observed. Rounded step edges and the high density of screw dislocations are
the most distinctive features on the surface, which is quite different from Bi triangular structures.

Figure 6.15. A succession of 1μm x 1μm EC-STM images acquired at E= -1.1V in a
1mM lead sulphamate electrolyte following initial deposition at E= -1.2V for 10s. The
tip was held at 0.2 V relative to the sample. The range of the height colour scale is
16.0nm. The same areas on each scan are highlighted by ellipses, showing the merge
of lead islands.
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The difference between the chemical potential  of the fluid phase and the equilibrium phase for liquid
of vapour phase growth is called supersaturation. It is used to determine the most favourable growth
mode. At very low supersaturation, Screw-Dislocation-Driven (SDD) growth is the only permitted
mode because the screw dislocations step edges allow the crystal to growth at supersaturation below
the threshold to create two-dimensional nuclei for layer-by-layer growth [142-144]. For
electrodeposition, the driving force is the electrochemical potential which combines electrical potential
with chemical potential. Therefore, the supersaturation is the difference of the electrochemical potential,
which is directly related to the overpotential  ( 

= ze |  | ). The high density of screw dislocations

may be attributed to insufficient overpotential, because the screw dislocation step edges allow the
crystal to grow even when the overpotential is not enough to create new nuclei.
Figure 6.16 and 6.17 are images of SDD growth. Comparing every two successive images, it appears
that the rotation rate of the indicated screw dislocation decreases with increasing time. The decrease in
the growth rate is consistent with the I-t curve shown in Figure 6.14. However, the rotation of screw
dislocations in these images is not very smooth. Besides, the dislocations “merged” with each other
during the measurements, which may indicate multi-tip. During lead deposition, the tip condition can
change by crashing into the growing clusters. Once the tip condition changes, it is difficult to recover
the situation because methods that can be applied in vacuum such as applying a high pulse to the tip
cannot be used in the electrochemical environment. There are two different pathways for metal
deposition: direct deposition from the solution at a growth site, or indirect deposition involving
formation and subsequent surface diffusion of adatoms. In the first case, the electrode kinetics obey a
modified Butler-Volmer equation, although the activation energy for ion transfer (solvent displacement)
is different from the activation energy for electron transfer (solvent reorganization). However, extra
variables such as the coverage of the adsorbates may be introduced to the equation, which makes the
quantitative discussion complicated. In the second case, the deposition and dissolution of the adatoms
may obey the Butler-Volmer equation, but subsequent surface diffusion makes things more
complicated than the first case.
Even for a very simplified model that uses an unmodified Butler-Volmer equation to describe direct
deposition, the unknown transfer coefficient



limits quantitative discussion. For electron transfer,

is usually close to 0.5. However, for ion transfer, the value of

 could range from 0 to 1 because there

is no need for Gibbs free energy curves of reactants and products to be symmetric.
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Here is an example where different transfer coefficients lead to different conclusions. For an electrode
reaction involving a change of

n

electrons, it must involve

n

distinct electron transfer steps. If the

reaction is electron transfer controlled, the rate-determining step (RDS) is always a one-electron process.
Therefore, the Butler-Volmer formulation (equation 1.9) can be written as:
0
i = FAkRDS
[CPb2+ (0, t )e− f ( E − E ) − C X (0, t )e(1− ) f ( E − E ) ]
0'

(6.9)

where

0
kRDS

0'

is the standard rate constant of the rate-determining step, C X is the concentration of the

intermediate reactants.
If the overpotential is large enough (in the Tafel region), the backward term becomes negligible.
Furthermore, if change of the Pb2+ concentration with the reaction time is ignored, equation 6.9 could
be simplified as:

(6.10)

0
0
i = FAkRDS
CPb2+ (0, t )e− f ( E − E )  FAkRDS
CPb2+ e−40 ( E − E
0'

0' )

Considering two groups of deposition parameters -1.2V/1mM (A) and -1.3V/0.2mM (B). For  = 0.1 ,

the current for B is

e0.4
5

(~0.3) times of the current for A, which means that the deposition rate should

decrease. For  = 0.9 , the current for B is

e3.6
5

(~7.3) times of the current for A, indicating that the

deposition rate should increase. The contradiction showing that the quantitative discussion is difficult
unless the transfer coefficient is known.
A more dilute electrolyte (0.2mM lead sulphamate) was used to slow down the growth rate (Figure
6.18). The deposition was very slow even at a more negative potential (-1.3V vs MSE). The amount of
dissolved lead in the electrolyte in the STM cell (about 5mL) was calculated to be ~ 1e-6 mol. The atomic
weight of lead is ~ 207 and the density of lead is about 11.3g/cm3, therefore the volume was calculated
to be 1.8e-5 cm3. The sample surface area was estimated to be 0.5cm2. If all lead ions were reduced to
lead atoms then deposited on the sample, the thickness of the lead film would be about 3.6e-7m (360nm).
Since the amount of deposited lead is only a small fraction of the lead in the cell, the concentration of
the bulk solution does not change much. The small growth rate may be attributed to slow mass
transport in ~0.2mM lead sulphamate.
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Figure 6.16. A succession of 500nm x 500nm EC-STM images acquired at E= -1.1V in a 1mM
lead sulphamate electrolyte following initial deposition at E= -1.2V for 10s. The tip was held
at 0.2 V relative to the sample. Screw dislocation growth is indicated by arrows. The range of
the height colour scale is 1.7nm. The time interval is about 5min.
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Figure 6.17. A succession of 1μm x 1μm EC-STM images acquired at E= -1.1V in a
1mM lead sulphamate electrolyte following initial deposition at E= -1.2V for 10s. The
tip was held at 0.2 V relative to the sample. Screw dislocation growth is indicated by
arrows. The range of the height colour scale is 8nm. The time interval is about 5min.
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Figure 6.18. EC-STM images acquired at (a) E= -1.2V and (b) E= -1.3V in a 0.2mM lead
sulphamate electrolyte. The tip was held at 0.3 V relative to the sample. The time
interval is about 30min. The range of the height colour scale is 14nm.

6.5 Chapter Discussion
Metal

electrodeposition

on

Bi2Se3

single

crystals

were

carried

out

to

obtain

bismuth

chalcogenides/metal heterostructures.
Parts of the results are expected. (1) Pseudomorphic growth of Bi thin films on Bi2Se3 was confirmed by
continuously collected EC-STM images. Two different electrolytes led to similar surface morphologies.
(2) Pb precipitation was observed during the experiments. Again, parts of the results are unexpected.
(3) Possible Ag deposition was recorded when the silver epoxy was exposed to the electrolyte.
Subsequent CVs measurements suggest that the redox reactions of silver epoxy are sensitive to the
applied potential and solution pH. (4) For Pb electrodeposition, a high density of screw dislocations
was observed. These distinctive features could be attributed to insufficient overpotential. However, the
attempt to record the deposition process at a relatively larger overpotential was failed because the
deposition rate was too fast for a conventional EC-STM to collect images.
Compared to previous chapters, electrochemical protection at the rest potential still effective, although
the conditions of experiments were slightly changed. To facilitate metal electrodeposition, the solution
pH was much lower than the pH of the electrolytes used in previous chapters, therefore oxidative
dissolution is expected to occur at a more negative potential. However, the electrodeposition
experiments need flat substrates, therefore the oxidative dissolution should be avoided.
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6.6 Chapter Summary
EC-STM and cyclic voltammetric method were used to study metal (Ag, Bi and Pb) electrodeposition
on Bi2Se3 single crystals. The deposited structures strongly depend on elements and their concentrations.
For silver deposition from exposed silver epoxy, large clusters were observed at -0.2V vs MSE. For
bismuth deposition from both Bi/HNO3 and Bi/HClO4 electrolytes, characteristic triangular structures
were observed at around -0.5V vs MSE. EC-STM images acquired at -0.5V following initial deposition
at a more negative potential show epitaxial growth of bismuth bilayer with a very slow growth rate.
Furthermore, the reversibility of Bi deposition was confirmed by repeatedly switching the sample
potential between -0.6V and -0.45V. For lead deposition, three electrolytes with different lead
concentrations were used. Initial nucleation of lead clusters and the merge of lead islands as well as
subsequent screw-dislocation-driven growth were observed when 1mM lead sulphamate electrolyte
was used. The I-t curve recorded during deposition and the successively collected EC-STM images
demonstrate that the growth rate decreases with increasing time. Increasing lead concentration to
10mM resulted in straight steps and the absence of screw dislocation, whereas decreasing lead
concentration to 0.2mM led to nucleation of lead clusters but limited further growth.
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CHAPTER
C ONCLUSIONS AND THE FUTURE PLAN

These studies aimed to investigate the electrochemistry of bismuth chalcogenides by determining their
electrochemical response and characterizing their surface morphologies under electrochemical control.
These were achieved via conventional electrochemistry methods, XPS and EC-STM.
The general background was introduced in Chapter 1, including the properties and application
prospects of bismuth chalcogenides and an introduction to scanning tunnelling microscopy and
electrochemical methods. The proposed experiments and the structure of this thesis were also described
at the end of this chapter.
Detailed methods were discussed in Chapter 2, including preparation of samples and STM tips,
selection of the reference electrode, the procedure of an EC-STM measurement, cyclic voltammetry,
electrochemical impedance spectroscopy (EIS) and X-ray photoelectron spectroscopy. Subsequent
experiments were carried out using the techniques and the procedures described in this chapter.
Air exposure and electrochemical redox reactions of single crystals of a bismuth chalcogenide
Bi2Te0.9Se2.1 were explored and discussed in Chapter 3, after explaining their importance as well as the
motivations for studying their surface chemistry. The XPS data demonstrate the ability to control and
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characterize the surface oxidation of bismuth chalcogenides in an electrochemical environment. By
applying an appropriate potential (the rest potential), an oxide-free surface can be maintained. By
applying an oxidation potential that is more positive than the rest potential, the surface can be oxidised
on the timescale of several minutes. By applying a reduction potential that is more negative than the
rest potential, the change in the surface chemistry produced by electrochemical oxidation can also be
reversed. Pourbaix diagrams were used to identify possible oxidation and reduction products. For
electrochemical oxidation, the most probable products are oxides of Bi,Te and Se. For electrochemical
reduction, considering the mutually induced codeposition, BixTeySez rather than elemental Bi, Te or Se
could be the most probable product. These results not only confirm that the surface chemistry of
bismuth chalcogenides can be modified by electrochemical oxidation and subsequent electrochemical
reduction but also suggest that bismuth chalcogenides would be a feasible platform for EC-STM study.
This is followed up in Chapter 4.
As an alternative way to protect a bismuth chalcogenide surface, thiol functionalisation was also
discussed in Chapter 3. The XPS for a 1,5’-pentanedithiol functionalised sample and a 1-pentanethiol
functionalised sample are different. No clear evidence of oxidation can be detected from the 1,5’pentanedithiol functionalised sample, which means that 1,5’-pentanedithiol can protect the surface
from oxidation. However, clear oxidation peaks with lower intensities than the corresponding peaks
for the unprotected sample are detected from the 1-pentanethiol functionalised sample, indicating that
1-pentanethiol just partially reduces the surface oxidation. The better protection ability of 1,5’pentanedithiol may be attributed to spontaneous polymerisation.
EC-STM experiments of different bismuth chalcogenides were discussed in Chapter 4. Images were
collected at the rest potential, showing atomically smooth terraces and steps with height equal to the
expected quintuple layer (QL) thickness (1nm). Continuous scanning does not show significant changes
in the morphology, which indicates that the freshly cleaved surfaces can remain stable for several hours
at this potential.
Electrochemically oxidised surfaces were imaged by three strategies. For the first strategy, the sample
was imaged at a mild oxidation potential, which means the surface was continuously dissolved during
the imaging process. Clear surface dissolution accompanied by pit formation was observed when the
surface was imaged at a mild oxidation potential. With increasing oxidation time, these pits only
expanded in the lateral direction, keeping a pit depth of about 1nm. Until the whole quintuple layer
dissolved, the newly exposed surface exhibits significantly higher stability than the original surface,
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which suggests a sort of passivation. However, dissolution appeared to be more rapid where scanning
took place than elsewhere, which indicates significant tip effects. For the second strategy, the sample
was oxidised for successive intervals at a predetermined potential. After each oxidation stage, the
sample was imaged at the rest potential to minimise tip effects. Notably, the pit density and coverage
still increased progressively with increasing oxidation time, but the tip effects were significantly
reduced. For the third strategy, the STM tip was removed from the electrolyte before each oxidation
stage to avoid any tip influence. After each oxidation stage, several different areas were randomly
selected then imaged to calculate the average pit density and coverage. There was a positive correlation
between pit coverage and oxidation time. Three probable dissolution modes were discussed to explain
the exact relationship between these two parameters. Furthermore, this chapter also showed the
redeposition of dissolved components at a more negative potential after oxidative dissolution. The
results of Chapter 4 provide real-space information for bismuth chalcogenide surface electrochemical
redox reactions.
Next, the electrochemical oxidation of Bi2Se3 single crystals was studied in pH7 electrolyte in Chapter
5. Small clusters of about 1nm height were observed after oxidative dissolution. These clusters could
be Bi2O3.
The

effects

of

electrochemical

redox

reactions

were

also

studied

by

EIS

using

the

ferrocyanide/ferricyanide redox couple. Electrochemical oxidation significantly increased the Bi2Se3
charge transfer resistance, which may be attributed to adsorbed Bi oxides. Electrochemical reduction at
different potentials showed different results. Reduction at -0.6V partially restored the impedance,
whereas reduction at -1.1V lowered the transfer resistance to its original value. Pourbaix diagrams
indicate that -0.6V is not enough for electrochemical reduction of Bi2O3 in pH7 electrolyte, which may
explain the behaviour of the charge transfer resistance. Chapter 5 linked EC-STM and EIS to provide a
new approach to study bismuth chalcogenide surface chemistry.
Finally, metal deposition on bismuth chalcogenides was studied in Chapter 6. Large clusters were
observed after electrochemical oxidation of a sample that had Ag epoxy (for fixing the crystal) exposed
to the electrolyte. CVs for a well-insulated sample and Ag epoxy alone made it possible to identify these
clusters as Ag. This chapter also investigated the reversible growth of electrodeposited Bi films on
freshly cleaved Bi2Se3 single crystal surfaces. Layer-by-layer growth at a very slow rate was confirmed
by EC-STM images. The characteristic triangular structures of deposited Bi are consistent with the
literature.
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Important future work can be divided into experiments feasible with the existing instrumentation and
experiments that require improved apparatus. A quantitative study of the etching rate of bismuth
chalcogenides in air, in water (without electrochemical control) and in an electrochemical environment
is of great help for understanding which factors are involved and to which extent these factors affect
the surface dissolution. In these experiments, STM images would be collected over the same time
interval in different environments. The pit coverage would be determined as a function of time.
Although SAMs were used to protect the surface from oxidation in Chapter 3, no EC-STM experiments
were carried out to study the morphology of the SAMs or the adsorption of an individual organic
molecule on bismuth chalcogenides. Considering the probable polymerisation for alkanedithiol, 1,5’pentanedithiol may not be a good choice for EC-STM study. Oleic acid may be an alternative because
it was used to treat nanocrystals PbS and monolayers of the dichalcogenide WS2 [145, 146]. The
enhancement of photoluminescence and mobilities in the WS2 monolayer was attributed to the
passivation of defects sites by oleic acid ligands. If oleic acid could similarly treat bismuth
chalcogenides, one would expect that the treated surface would be more resistant to air oxidation and
electrochemical oxidation because the oleic acid would block the oxidative dissolution which starts
from defects sites. EC-STM study of oleic acid treated samples at different oxidation potentials could
confirm this assumption.
Tip effects in different environments could also be studied by carrying out two groups of experiments
in air, in water and in an electrochemical environment, with or without continuous scans. Furthermore,
using different bias voltages to scan the sample surface could reveal the relationship between the bias
voltage and the tip effects, as discussed in Chapter 4.
According to the Pourbaix diagrams, instead of being oxidised at a relatively positive potential,
bismuth chalcogenides could also be reduced at a much more negative potential. At about -1.5V vs
MSE, Bi in oxidation state +3 in bismuth chalcogenides could be reduced to Bi0, leading to Bi stripping
and reductive dissolution. An EC-STM experiment could be used to characterize the reduced surface,
but the imaging potential would have to be more positive than the reduction potential to avoid
hydrogen evolution and continuing dissolution. At the reduction potential, one would expect that the
bismuth chalcogenides convert to metallic Bi and soluble chalcogenide ions in oxidation state -2. If the
imaging potential is negative enough, pits and Bi clusters would be observed. If the imaging potential
is sufficiently positive to oxidise metallic Bi0 to Bi3+, bismuth chalcogenides may redeposit on the surface.
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EIS measurements could also be carried out to check whether the charge transfer resistance changes
after reductive dissolution.
Although the initial attempt described in Chapter 5 to measure the local noise in the tunnelling current
as an indicator of local reactivity and catalytic activity was unsuccessful, it could be worthwhile to try
a different combination of sample/reaction. The sample surface should consist of at least two features
that have different catalytic activities toward the selected reaction. In the case of bismuth chalcogenides,
terraces and step edges are such features on a freshly cleaved surface. A pre-oxidised surface has at
least two more: pits and pit edges. Therefore, the challenge is more how to find a suitable reaction
rather than how to obtain different surface features. In the literature, the oxygen reduction reaction and
hydrogen evolution reaction were studied on noble metal electrodes. Considering the electrochemical
working window of bismuth chalcogenides, the oxygen reduction reaction may start at a potential that
could oxidise the surface, therefore the hydrogen evolution reaction is more promising.
Improved apparatus would enable further studies. During the EC-STM experiments, the STM tip
sometimes has to be removed from the electrolyte to refill the EC-STM cell because the electrolyte
continually evaporates. On re-approaching, it is difficult to find the previously imaged area due to the
limitations of the instrument. A high precision micropump to compensate evaporation would solve this
problem and keep the experimental conditions constant. Furthermore, a combination of two
micropumps would allow the electrolyte exchange without cutting off the electrochemical control. The
first micropump that is connected to the container for waste electrolyte could extract the electrolyte A
from the EC-STM cell, whereas the second pump that is connected to a container of electrolyte B could
transfer this electrolyte into the EC-STM cell in the meantime. To avoid overflow or emptying, the flow
rates for the two pumps should be the same (and small enough). This set-up would be suitable for metal
deposition on oxidised bismuth chalcogenides. It would avoid redeposition of bismuth chalcogenides
by changing the electrolyte containing dissolved components to the electrolyte for metal deposition.
Furthermore, this set-up would also be suitable for the electrodeposition of layered structures
consisting of various metal layers, because electrolytes that contain different metal ions could be
transferred into the EC-STM cell in the required order. More complicated electrochemical flow cells
have been designed for various purposes and can be used as references to improve the scheme [147149].
The combination of EC-STM and EIS is promising. In-situ EC-STM images combined with EIS in the
same cell would provide a better way to link the surface morphology to the electrochemical response.
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This could be achieved by replacing the STM bipotentiostat with an electrochemical workstation, but
significant work would be required to link the latter to the EC-STM system. In the combined system,
there would be a command to switch between two working modes. In EC-STM mode, the
electrochemical workstation would work as a bipotentiostat to maintain electrochemical control. In EIS
mode, the tip would be removed from the electrolyte or the tip potential would be fixed to protect the
tip.
A further improvement would be to build an environmental chamber. Electrochemical experiments
could be carried out in an inert gas atmosphere with degassed electrolyte to study the influence of
dissolved oxygen on electrochemical oxidation by utilizing the environmental chamber. Bismuth
chalcogenides could also be imaged in inert gas or in degassed water (without electrochemical control)
to ascertain the function of oxygen and water on normal oxidation.
Another feasible change would be to use a scanner with a higher resolution but smaller scanning area.
The present scanner has a large scanning area but a relatively low resolution. In the case of our
electrochemical experiments, images collected by this scanner enabled us to determine the average pit
density and coverage and observe the characteristic triangular structures of electrodeposited Bi, for
example. However, the relatively lower resolution also limits the ability to characterize the step/pit
edges and redeposited clusters in greater detail. Higher resolution images could provide more
information on the surface morphology. Firstly, fine structures of step and pit edges could reveal more
details about oxidative dissolution. Secondly, atomic-resolution images of the terraces could be used to
determine the crystallographic orientation of electrodeposited Bi. Thirdly, high-resolution images of
the clusters may provide information to distinguish Bi oxides and redeposited bismuth chalcogenides.
The combination of Raman spectroscopy and EC-STM could provide more chemical information to
determine the elemental composition of the sample surface. Tip-enhanced Raman spectroscopy (TERS)
is based on the surface-enhanced Raman scattering effect (SERS), where the electric field is greatly
enhanced near the surface of metal nanoparticle[150]. The initial attempt was to use a modified AFM
tip as the cluster of nano metal particles [151]. The AFM and Raman spectroscopy combined system
could break through the light diffraction limit, and therefore provide chemical information on the
sample surface with nanometer resolution. Recent developments of TERS extend its application by
using the EC-STM tip as the cluster of nano metal particles [152]. TERS collected in an electrochemical
environment could provide information about local electrochemical reactions, therefore the EC-STMTERS system is an ideal platform for in-situ electrochemical studies on the nanoscale. In the future, it
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would be possible to update our EC-STM system to a more powerful EC-STM-TERS system. For
electrochemical redox reactions of bismuth chalcogenides, the new system could determine the
elemental composition of the redeposited clusters in-situ. Moreover, the Raman spectrum of the newly
exposed quintuple layer may be slightly different from the original surface spectrum. These possible
differences may reveal more details about the surface oxidation of bismuth chalcogenides.
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