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Abstract

Selective electrochemical transformations of bismuth interlayers in (Bi,),,(Bi,Tes), superlattices can be of interest as a
means of thermoelectric materials design based on bismuth telluride. In this work, the interlayers in the electrodeposited
(Bi,),,(Bi,Tes), superlattice structures formed by pulse potential controlled electrodeposition were characterized with elec-
trochemical microgravimetry on quartz crystal electrodes, cyclic voltammetry, potentiodynamic electrochemical impedance
spectroscopy (PDEIS), and in situ Raman spectroscopy. The oxidation potential of bismuth in the interlayers is in between
the potentials of metallic bismuth and bismuth telluride anodic oxidation, which allows electrochemical detection and
selective anodic dissolution of the interlayer bismuth. Microgravimetry and cyclic voltammetry have provided monitoring
of bismuth interlayer dissolution and the subsequent underpotential deposition (upd) of bismuth adatoms onto Bi,Te; lay-
ers in the electrochemically created slits. PDEIS provided separate monitoring of the interfacial charge transfer, spatially
restricted diffusion, capacitance of faradaic origin, and double-layer capacitance, which disclosed different variations of
the electrochemical interface area in the superlattices with initial bismuth content below and above that of Bi,Te;. In situ
Raman spectroscopy has monitored the removal of bismuth interlayers and distinguished different locations of Bi adatoms
in two stages of Bi upd. The electrochemically created slits of molecular dimension have a potential of being used as sieves,
e.g., to provide selective accessibility of the electrochemically created centers inside them to molecules and ions in multi-
component solutions.

Keywords Bismuth telluride - Bismuth interlayer - Superlattice - Impedance spectroscopy - Quartz crystal microbalance -
Raman spectroscopy

Introduction are of interest for thermoelectric material design, due to
the opportunity of breaking the tradeoff between electric

(Bi,),,(Bi,Te;), superlattices formed by alternation of  and thermal conductivities that normally limits figure of

elementary five-atomic layer fragments of Bi,Te; crystal
structure (Bi,Te; quintuples) and bismuth biatomic layers
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merit of individual bismuth telluride [1-3]. Much attention
in electrochemistry of bismuth telluride has been given to
electrodeposition of Bi,Te; nanoparticles of various sizes
and shapes [4—13], while (Bi,),,(Bi,Te;),, (Bi,),,(Bi,Ses),
[14-17] and (Sb,),,(Sb,Tes), [18] superlattices were usually
obtained by non-electrochemical methods. A superlattice
extends unusual properties of nano object to macro dimen-
sions, so that the heterogeneity on nanometer level affects
both physical and electrochemical properties of large parti-
cles with internal superlattice structure.

We have recently [19] developed a pulsed electrodepo-
sition technique with two potentiostatically controlled
potentials — electrodeposition and refinement potentials
for preparation of superlattice materials of (Bi,),,(Bi,Te,),
series with variable interlayer bismuth content. The for-
mula (Bi,),,(Bi,Te;), fits to different superlattices. With m
increasing up to m=n, bismuth atomic bilayers are randomly

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-021-05068-9&domain=pdf

Journal of Solid State Electrochemistry

alternated with Bi,Te; quintuples or stacks of few quintuples
until each van der Waals plane of Bi,Te; structure (a plane
between tellurium atoms belonging to the neighboring quin-
tuples) is filled by bismuth bilayer at Bi,Te; net composi-
tion. The corresponding structure is shown in Fig. 1 on the
left side. According to X-ray photoelectron spectroscopy,
the interlayer bismuth is in Bi(0) oxidation state [19]. The
opportunity of electrochemical formation of bismuth bilay-
ers between Bi,Te; during the electrosynthesis results from
underpotential deposition of Bi adlayer on Bi, Te; and stabil-
ity of the structure that combines two adlayers in a bilayer,
confirmed by density functional theory calculations [19].
At very high precursor Bi(III)/Te(IV) molar ratio in the
electrolyte solution at (Bi,),,(Bi,Te;), electrodeposition, the
excessive bismuth cannot fit into bilayers, so thicker interlayers
have to be formed at m > n, tending to double bilayers in Bi, Te
or even thicker interlayers at especially high Bi(IIT)/Te(IV).
In this work, “low bismuth content” refers to (Bi,),,(Bi,Te;),
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Fig. 1 Schematic presentation of the selective anodic dissolution of
bismuth from interlayers in (Bi,)m(Bi,Te;)n superlattice with “low”
bismuth content
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with m <n, contrary to “high bismuth content”” which refers to
(Bi,),,(Bi,Tes), with bismuth content higher than in Bi,Te;.
Bismuth interlayers of both kinds are easily distinguished
from metallic bismuth by significantly higher anodic oxidation
potential. But different interlayers are not easily discriminated
by their potentials of anodic oxidation, as the anodic oxidation
of bismuth in the interlayer is a non-stationary process which is
strongly dependent on mass transport. Materials which contain
metallic and interlayer bismuth give two distinct peaks of bis-
muth anodic oxidation with above 100 mV separation. Bi,Te;
framework of (Bi,),,(Bi,Tes), superlattice oxidizes at higher
potential, and this provides the opportunity of selective anodic
oxidation of bismuth interlayers in (Bi,),,(Bi,Te;), superlat-
tice structures. The selective anodic oxidation and dissolution
of bismuth from interlayers in the superlattices with low bis-
muth content is of special interest, as it was shown by XRD
analysis to proceed with preservation of the original superlattice
structure [19] (Fig. 1). The stability of the superlattice struc-
ture framework at the anodic treatment provides a way for the
introduction of defects that control thermoelectric properties of
(Bi,),,(Bi,Tes), by affecting the tradeoff between thermal and
electric conductivities. Also, the non-destructive oxidative dis-
solution of bismuth interlayers may provide a way for bismuth
substitution by other elements in a design of more complex
superlattice structures.

The goal of this work is the examination of anodic
oxidation of bismuth interlayers in the electrodeposited
(Bi,),,(Bi,Tes), by four potentiodynamic methods: micro-
gravimetry on quartz crystal electrodes, cyclic voltammetry
(CV), potentiodynamic electrochemical impedance spec-
troscopy (PDEIS), and Raman spectroscopy applied in the
potentiodynamic mode.

The use of potentiodynamic mode is essential, as the anodic
dissolution of bismuth from bismuth interlayers is an inherently
non-stationary process which makes applications of stationary
versions of the same methods much less productive. Addition-
ally to the anodic oxidation and dissolution of bismuth from the
interlayers, we examined the reverse deposition of bismuth into
the electrochemically created slits and found that a significant
amount of bismuth can be reintroduced into the Bi,Te; frame-
work at the electrochemical condition of underpotential depo-
sition, despite the anodic dissolution of the interlayers was a
generally irreversible process.

Experimental

Electrodeposition and potentiodynamic
voltammetry

The superlattice materials were synthesized by pulse
potential-controlled electrodeposition [19, 29]. The
electrolyte composition was typically 7.5 mmol L™ of
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Bi(NO,);, 2.5 mmol L™ of TeO,, and 1 mol L™ of HNOj; at
electrodeposition of (Bi,),,(Bi,Te;), superlattices with “low”
bismuth content, i.e., below that corresponding to Bi,Te;
formula. While 8.75 mmol L™ of Bi(NO,);, 1.25 mmol L™
of TeO, in 1 mol L™! of HNO; electrolyte solution was used
for electrodeposition of (Bi,),,(Bi,Te;), superlattices with
“high” bismuth content. Stainless steel substrates were
polished with 0.05 pm alumina suspension after pretreatment
in boiling concentrated nitric acid. The working part of the
electrode was separated from the rest of the electrode with
water-resistant varnish, and the electrode was subjected to
ten potential cycles between—0.4 V and 0.8 V at 50 mV s™!
in 1 mol L™ nitric acid before the electrodeposition which
was carried out in a three-electrode cell with a working
electrode, AglAgCIlIKCI(3 M) reference, and Pt counter
electrode. Effects of parameters of the electrodeposition
on nucleation, film growth, and film morphology were
presented earlier [19, 29]. The electrodeposited films were
compact, polycrystalline, and firm sufficiently to be detached
with epoxy resin from steel support for measurement of
thermoelectric properties at 120 min deposition time, when
the thickness reached 3 pm (not presented in this work).
The pulse potential mode provided phase composition
independence on film thickness. This allowed us to use
thinner films for the electrochemical examination (approx.
1.5 pm in electrochemical microgravimetry, 1 pm in
potentiodynamic Raman spectroscopy, and 0.5 pm in PDEIS)
with confidence in their electrochemical property relevance to
those of thicker films. The use of thin films in PDEIS favored
avoiding complications in circuit analysis which could be
otherwise affected by contribution to frequency response of
charge transfer inside a thick film. The sum of the 0.5 pm film
resistance with resistance of electrolyte solution, evaluated
from PDEIS spectra, was much below 10  cm?. Geometric
surface area of electrodes was 113 mm? in electrochemical
microgravimetry, 25 mm? in potentiodynamic Raman
spectroscopy, and 5 mm? in PDEIS experiments.

Gamry Series G300 potentiostat was used for potential
control in electrodeposition, cyclic voltammetry (CV), and
potentiodynamic microgravimetry. After the electrode acti-
vation at—0.4 V for 10 s, a square potential waveform was
applied at 0.1 Hz and 5% duty cycle (0.5 s active electrodep-
osition at—100 mV with the subsequent switching to 20 mV
for the rest time of each period) with a continuous stirring
of the electrolyte solution.

Quartz crystal microbalance

Cyclic potentiodynamic microgravimetry was performed
with QCM200 Quartz Crystal Microbalance (QCM) on Au-
coated quartz crystals (Stanford Research Systems). The cell
setup was the same as in potentiodynamic voltammetry.

Potentiodynamic electrochemical impedance
spectroscopy

Potentiodynamic electrochemical impedance spectra were
acquired with a home-built spectrometer [20, 21] and ana-
lyzed with built-in PDEIS software described in [22]. The
software for analysis of PDEIS data extends the algorithms
of ordinary impedance spectra analysis, which were applied
in EIS Spectrum Analyser [23], to the analysis of imped-
ance spectra dependences on variable potential. The result-
ing potentiodynamic profiles of equivalent circuit param-
eters present contributions of the corresponding circuit
elements to the potentiodynamic electrochemical response
in a way similar to that of mass and current profiles in the
potentiodynamic microgravimetry. The potentiodynamic
frequency response was acquired in 22 frequencies in the
interval between 10 and 440 Hz. Relatively thin films of
(Bi,),,(BiyTes), pulse deposited at 15 min were used to avoid
complications of the frequency response by interparticle
electron transfer within the film.

Raman spectroscopy

Raman spectra were acquired at room temperature using a
Nanofinder HE confocal spectrometer (LOTIS TII, Belarus-
Japan) with a 532-nm solid-state CW laser as the excita-
tion source. Incident optical power was 2 mW. The Raman
signal was obtained from the part of the electrode surface
illuminated by focused laser beam. Due to strong absorb-
ance of the electrode material at the excitation wavelength,
the signal characterized predominantly the electrochemi-
cally stimulated changes in a thin layer close to the electro-
chemical interface. Metrohm Autolab was used to control the
potential in the potentiodynamic mode. CV and Raman data
were collected in the potentiodynamic mode at 1 mV s~! in
a three-electrode cell with Au counter and Bi reference elec-
trodes in 10 mmol L™! of Bi(NO;);, and 1 mol L™ of HNO,
electrolyte. Bi/Bi** reference electrode was used to comply
with a confinement of the experiment working space. All
other potentials in this work are presented with reference to
AglAgCIIKCI(3 M) electrode.

Results and discussion

Potentiodynamic microgravimetry

Observation of the selective anodic oxidation and dissolution of
bismuth interlayers from (Bi,),,(Bi,Tes), superlattice requires
the use of strongly acidic medium to prevent suppression of

the reaction product evacuation by Bi(IIl) hydrolysis. Figure 2
shows the effect of the electrolyte composition on the anodic
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Fig.2 Linear sweep voltam- C
mograms showing effect of
electrolyte composition on the
selective anodic oxidation of 2000 B
bismuth interlayers in the elec-
trodeposited (Bi,) m(Bi,Te;), [
superlattices at high bismuth
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current in the potential range of bismuth interlayer anodic oxida-
tion. 1 M HNO; was the optimal composition which provided
both the efficient evacuation of Bi(IIl) and sufficient stability
of the remaining bismuth telluride framework. Electrode mass
change monitoring with QCM has proved to be helpful for
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Evs. Ag/AgCIl |V

understanding the electrochemistry of systems with the charge
transfer accompanied by mass transport [24-27].

Figure 3a, b show variation of mass and current in a
cyclic potential scan of Au QCM electrode in the electro-
lyte solution used for electrodeposition of (Bi,),,(Bi,Tes),
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superlattices with bismuth bilayers at “low” bismuth con-
tent. Figure 3c, d present variations of the same parameters in
the separate solutions of Bi(IlI) and Te(IV) precursors. The
low cathodic current and small mass increase, which start
at approx. 0.15 V vs. Ag/AgCl reference electrode in the
negative scan attributed to Au surface cooperative modifi-
cation by adlayers of Te and Bi. The initial small decrease
of mass in the cathodic scan in TeO, solution close to 0.2 V
(Fig. 3d) is due to the removal of oxygen from adsorbed
TeO, (or HTeO,") during the adsorbed Te(IV) precursor
reduction. Underpotential deposition of Bi on gold proceeds
in the same potential region (Fig. 3c). The potentials of Bi
upd on Te [28] and Bi upd on bismuth telluride (shown fur-
ther in this work) are just very slightly more negative, so
the electrodeposition of bismuth telluride can proceed via
the upd in the composite solution of Bi(Ill) and Te(IV). The
resulting presence or absence of bismuth interlayers in bis-
muth telluride is dependent on relative rates of the compet-
ing cathodic reactions which are, in their turn, controlled
by precursor concentrations and program of the potential
variation. The cyclic scan with potential reversal at—0.2 V
discloses two peaks of the anodic current accompanied by
the two corresponding mass decreases (Fig. 3a) at 0.2 V
(bismuth interlayers) and 0.45 V (bismuth telluride), which
indicate synchronous oxidation and dissolution processes in
both consecutive anodic reactions.

Figure 4 shows the emergence and growth of interlayer
bismuth signal in potentiodynamic voltammetry and micro-
gravimetry with Bi(III): Te(IV) molar ratio increase in the
electrolyte solution. At the two highest Bi(III)/Te(IV), the
anodic oxidation of bismuth interlayers dominates over bis-
muth telluride anodic oxidation. Also, the stripping voltam-
mogram of the latter shows a multi-peak structure which
evidently results from fragmentation of bismuth telluride
framework that becomes unstable when interlayers larger
than bilayers are removed. The superlattices with low Bi
content do not show this feature, which complies with the
superlattice framework preservation at bismuth interlayer
anodic dissolution from superlattice with low bismuth con-
tent earlier [19] discovered with XRD data analysis.

Figure 5 shows mass variations and potentiodynamic
voltammetric response in bismuth nitrate solution of
(Bi,),,(Bi,Te;),, which was pulse deposited at different molar
ratio of precursors Cg;qp/Crey)- The left column (Fig. Sa,
¢) corresponds to low Bi content, the right column (Fig. 5b,
d) high Bi content. The potential of negative scan reversal to
positive scan was more negative in the second row (Fig. 5c,
d) to provide metallic bismuth cathodic nucleation in addi-
tion to upd in the cathodic scan. The positive potential scans
were started from open circuit potential and reversed before
the potential of bismuth telluride anodic oxidation. Bismuth
upd in the slits created by selective anodic dissolution of

Fig.4 Potentiodynamic cyclic 1
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bismuth interlayers (upper row of plots) and both the upd
and the nucleation of metallic bismuth (lower row of plots)
are presented by potential dependences of current and mass
and could be compared for the superlattice structures with
bismuth bilayers (left column) and with thicker interlay-
ers (right column). Though the underpotentially deposited
bismuth reintroduced less than 20% of the anodically dis-
solved interlayer bismuth, its amount was orders of magni-
tude higher than the amount of bismuth which was under-
potentially deposited onto Bi,Te; film of similar thickness
for comparison, e.g., the difference was two orders for the
samples with high initial interlayer bismuth content. On the
contrary, we did not observe significant enhancement of
metallic bismuth deposition by the electrochemically cre-
ated slits. Evidently, Bi upd proceeded essentially in the slits
formed by Bi interlayer anodic dissolution, but the width of
the slits was insufficient for electrodeposition of bismuth
metallic particles even in samples with thicker interlayers.
The lower row of plots also shows the discrimination by
potentials of anodic oxidation of metallic Bi (anodic peak
starting close to 0 V) and Bi of the interlayers (the anodic
peak above 0.2 V in the first positive scan). Actually, this
significant difference of oxidation potentials provided a reli-
able protection of (Bi,),,(Bi,Te;), pulsed electrodeposition
from effects of bismuth nucleation, as the greater time slot
in (Bi,),,(Bi,Te;), pulsed electrodeposition procedure is

allocated to the refinement stage at a potential of metallic
bismuth anodic oxidation [19, 29]. The typical potential of
(Bi,),,(Bi,Te;), electrodeposition stage — —100 mV [29] —
was sufficient for Bi nucleation, but the periodic switching of
the potential upward into the region where metallic bismuth
was oxidized with preservation of Bi bilayers, and adatoms
helped to keep the smooth growth of the layered structure in
the pulse potential-controlled deposition.

Potentiodynamic electrochemical impedance
spectroscopy

The anodic oxidation of bismuth interlayers is dependent on
evacuation rate of the reaction product Bi(IIT) (Bi** cations
with anions attached to them in the solution for charge com-
pensation), as follows from the effect of electrolyte shown in
Fig. 2. The potentiodynamic microgravimetry has disclosed
the synchronous electrode mass decrease and charge transfer
in the anodic oxidation. The further separate characterization
of the charge transfer, diffusion, and double layer charging
is the field of impedance spectroscopy. Impedance spectros-
copy is especially helpful in combination with QCM and
other in situ electrochemical techniques [30-32].

Inherent non-stationarity of the anodic dissolution of bis-
muth from interlayers in bismuth—bismuth telluride superlat-
tices, as well as the non-stationarity of subsequent bismuth

Fig.5 Potentiodynamic cyclic 15 b 12
voltammetry and microgravim- a — 10.0 0.0
etry of (Biy),,(Bi,Te;), film 10
electrodes pulse deposited 1.0 1-0.2 8 -0.2
from a, ¢ 7.5 mM Bi(NO;),, ) -— ]
2.5mM TeQz, 1 M HNO;, b, d < 0.4 g. < 6 0.4 g
8.33 mM Bi(NO,),, 1.67 mM € 05 SO / Ny
TeO,, | M HNO;. Electrolyte: By -— 06 € Z 4 06 &
10 mM Bi(NO,),, 1 M HNO, < B
dE/dt=1mV s . Inaandb, 0.0 —1-0.8 2 0.8
the negative scan was reversed 0 .
immediately after Bi upd into -1.0 — — -1.0
anodically created slits; ¢ and 0.5 -2
d additionally show cathodic 00 01 02 03 04 00 01 02 03 04
deposition and anodic oxidation E vs. Ag/AgCI/ V E vs. Ag/AgCI / V
of metallic bismuth
C d,
6
=
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0
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underpotential deposition into the electrochemically created
slits, presents a critical hindrance to application of stationary
impedance spectroscopy for examination of these processes.
This kind of objects is appropriate for examination with non-
stationary EIS [33, 34].

Figure 6 shows a typical PDEIS spectrum of bismuth—
bismuth telluride superlattice with bismuth content sufficiently
low to accommodate all the excessive bismuth in bilayers
between bismuth telluride quintuples. The spectrum presents
the frequency response variation during the selective anodic
oxidation of bismuth interlayers in the positive potential scan.
The impedance spectrum is shown as a 3D surface formed
by translation of Nyquist plot along the potential axis at
0.9 mV s~! scan rate in the direction perpendicular to the
plane formed by Z(im) and Z(re) axes. The snapshots of
frequency response are acquired in PDEIS at fixed potentials;
however, fast algorithms of the frequency response acquisition
and the use of very small steps along the potential axis (2 mV
in this case) provide a quasi-continuous recording of the
impedance spectrum and a dc voltammogram; the dc and
frequency responses are simultaneously recorded in a way
similar to that in staircase voltammetry with small but discrete
increments of the potential in a quasi-linear potential scan.
The potentiodynamic voltammogram is presented on the
invisible front plane of the parallelepiped formed by Z(im),
Z(re), and E axes (the parallelepiped edge opposite to Z(im)
shows values of the current in the voltammogram). The three
planes of the parallelepiped closest to observer were made
invisible to facilitate observation of the 3D spectrum inside
the parallelepiped.

a b
-Z(im)/ Q i
1000
70|
soof JTHA 800
500 - ;
400 |- |14
300 |- i 12 600
200 |- 10
100 |, . 400
e
‘ta
g 200

400

Z(re)/ Q

250

600 "—"150 20 E/mv

Fig. 6 a PDEIS 3D spectrum recorded during Bi selective anodic dis-
solution from (Bi,)m(Bi,Tes), at 0.9 mV s~!, b the orthogonal pro-
jection of the same 3D spectrum showing imaginary impedance vari-

Similarly to potentiodynamic voltammetry which
graphically presents dynamics of electrochemical reac-
tions, PDEIS also shows the dynamic electrochemical
response already in the time of the potential scan, and
the potentiodynamic frequency response discloses some
peculiarities hidden from revelation both by stationary EIS
and potentiodynamic voltammetry even before analysis
of the frequency response in terms of equivalent circuits,
e.g., the PDEIS spectrum in Fig. 6a discloses graphically
a high capacitive response at the potential of voltammet-
ric peak by the imaginary impedance hollow (the direc-
tion of the potential scan is indicated in Fig. 6a with a
sequence of small green arrows at the lowest frequencys;
Fig. 6b shows the imaginary impedance variation by the
orthogonal projection of the same spectrum). The further
quantitative analysis in terms of equivalent electric cir-
cuits by method and software described in [22] confirms
the visual information by potentiodynamic profiles of the
respective capacitances.

The best fit equivalent circuit in the potential region
of Bi interlayer anodic oxidation (Fig. 6¢) contains two
capacitances, the double-layer capacitance Cy and the
capacitance C,, in the faradaic branch in parallel with Cy,.
Impedance of diffusion has shown some variable spa-
tial confinement which resulted in its accurate fitting to
finite-length diffusion with transmissive boundary circuit
element Zy,, similar to the one that represents diffusion
impedance in impedance spectroscopy on rotating disc
electrode (Warburg Short element [35]). The presence of
the finite-length Warburg element in the equivalent circuits

\\, :
\\\\&///\\ c C
RH I dl
\/ ] R; I
\\/ 4% Re c. Zws

\V\
N

J/ W/

150 200 250 300
E/mV

ation in the potential scan (frequency increases from top to bottom in
the series of red lines), and c¢ the best fit equivalent electric circuit
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evidently results from spatially confined diffusion profiles
of the mass transport from and to the slits in superlat-
tice which required the use of two parameters of diffusion
impedance instead of single Warburg coefficient Ay, of
semi-infinite diffusion. The second parameter, Ay, in
Warburg short accounts for spatial restriction imposed on
mass transport.

The capacitance C;, results from availability of bidirec-
tional electron transfer in one or more steps of the irrevers-
ible as a whole three-electron redox reaction

Bi > Bi** + 3¢ (1)

The entire reaction lacks reversibility both in the anodic
bismuth interlayer dissolution and in Bi upd in the anodi-
cally formed cavities. The irreversibility of the former
reaction follows from incomplete filling of the cavities
by bismuth cathodic deposition (shown in the previous
section with QCM). The electrochemical irreversibility of
Bi upd follows from the separation on the potential of the

100 150 200 250 300 350
E/ mV

2.5 1

2.0 .

1.5

103 Ry 110

1.0

100 150 200 250 300 350
E/ mV

C,/ uF

non-overlapping cathodic and anodic currents of Bi upd
and anodic oxidation of Bi adatoms (Fig. 5). The irrevers-
ibility originates from evacuation of the reaction product,
which is a slow process, while on a short time scale, the
charge transfer in reaction (1) is reversible, similarly to
the charge transfer in the earlier [21, 36] examined reac-
tion (1) in Bi upd on gold. Reversibility of charge transfer
in upd manifests itself by adsorption capacitance in the
Faradaic branch of equivalent electric circuit [34, 36]. The
corresponding circuit element C,, was clearly disclosed in
the anodic bismuth interlayer dissolution by PDEIS data
analysis.

The capacitance C, is much higher than the double-
layer capacitance (Fig. 7a, b), and this is typical to
adsorption capacitances that result from fast bidirectional
electron transfer in surface-restricted electrochemical reac-
tions [37-39]. Unlike Cg4, which gradually rises, due to
the electrochemically active interface proliferation dur-
ing the anodic oxidation and dissolution of bismuth from

60
115
50 -
110
40- 2
_5 -
301
20 10

0.10 % i
E/mV
100 150 200 250 300 350
E/ mV

Fig.7 Potentiodynamic profiles of PDEIS parameters a Cg, b C),, ¢ R, d Ay, and Ay, (inset in d) corresponding to Fig. 6
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Fig.8 PDEIS parameters of the model shown in Fig. 6¢ at Bi anodic oxidation from (Bi,),(Bi,Te;), at high Bi content; a Cy and current /,

b C, and R

the interlayers, C, shows maximum value shortly before
the voltammetric peak. This complies with C; attribution
to the surface confined redox reaction. The maxima of
inverse values of charge transfer resistance R.,~' (Fig. 7c)
and Warburg coefficient AW_1 (Fig. 7d) are shifted in the
opposite directions from the voltammetric peak. The R, ™'
peak tends to a reversible potential of a redox reaction
which should correspond to some point on the rising part
of the anodic voltammogram (specifically, the point of
intercept of R.,”'(E) plots for forward and back reactions
[28]), while a significant positive shift of Ay, ™' peak indi-
cates some variation of the diffusion conditions during
the anodic dissolution of bismuth from interlayers. The
variation of mass transport conditions is further confirmed
by the complex dependence of the spatial parameter of
diffusion impedance Ay, shown in inset to Fig. 7d, but at
this stage of investigation, we are not yet prone to attribute
any physical meaning to maxima and minima in Ay, (E)
plots which appeared to be rather variable at variable
conditions of experiment. Due to random distribution of
bismuth interlayers between stacks of Bi,Te; quintuples
in (Bi,),,(Bi,Te;), superlattices of variable composition,
the model should have probably contained more than a
single parameter related to the superlattice structure
effect on diffusion; Ay,,~! probably just averages effects
of several parameters, thus allowing accurate derivation
of other parameters of the circuit. The use of “Warburg
short” instead of ordinary Warburg element in the analysis
of this system frequency response variation is somewhat
analogous to the use of constant phase element for repre-
sentation of distorted double-layer capacitances, i.e., the
additional parameter is required for providing high qual-
ity of derivation of other parameters though the physi-
cal meaning of the additional parameter itself may be not
always clear. However, in system with a single diffusion
length restriction, e.g., in potentiodynamic electrochemical

impedance spectroscopy on rotating disc electrode, Ay, is
very informative as it is equal to diffusion length d ratio to
square root of diffusion coefficient D, Ay, =d/D% [40].

The net formula for the superlattice with maximum
number of bismuth bilayers is Bi,Te;, which corresponds
to the condition m=n in (Bi,),(Bi,Te;),. With further
increase in bismuth content, we observed the transforma-
tion of the gradually rising Cg4(E) of the kind shown in
Fig. 7a to a plot with Cy maximum in the range of the
interlayer bismuth anodic oxidation (Fig. 8a). At high bis-
muth content, the superlattice cannot accommodate all the
excessive bismuth in bilayers, so the excessive bismuth
forms thicker interlayers, such as Bi, in Bi,Te, and the
anodic destruction of the thick interlayers appears to be
more harmful to the superlattice which shrinks according
to our earlier XRD examination [19]. The abrupt decrease
in Cy which was observed above the potential of the vol-
tammetric peak or even earlier in the anodic scan, depend-
ing on (Bi,),,(Bi,Te;), composition, evidently manifests
this shrinkage of the Bi,Te; framework during the anodic
dissolution of bismuth interlayers. Both capacitances
(Fig. 8a, b) were much higher at high Bi content, indicat-
ing higher electroactive surface area. Also, the relative
increase of the capacitances before they started to fall
was higher than in the case shown in Fig. 7, which indi-
cated a greater electrochemical accessibility of the anodi-
cally proliferated interface in structures with originally
high Bi content. Similarly to the case of low Bi content,
R..~'(E) showed maximum corresponding to Bi anodic
oxidation and started to rise again above 300 mV thus
indicating the start of Bi,Te; framework anodic oxidation.
Shortly above this potential, the frequency response usu-
ally became unstable, which prevented from its analysis
at higher potential.

The electrochemical mobility of bismuth in the
interlayers is of interest for further design of complex
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thermoelectric materials by replacing bismuth by atoms
of other elements with preservation of bismuth telluride
framework. The electrochemical introduction of atoms of
other elements, such as zinc [41], into layered structure of
metal chalcogenides is also of interest for development of
advanced aqueous batteries.

Raman spectroscopy

In situ Raman spectroscopy combined with cyclic voltam-
metry provides additional information about (Bi,),,(Bi,Tes),
superlattice transformations during selective anodic oxida-
tion of bismuth interlayers, subsequent electrodeposition and
anodic oxidation of Bi adatoms and metallic bismuth. The
spectra were continuously recorded in the potentiodynamic
mode; the data acquisition of each spectrum took 30 s, which
corresponded to 30 mV in the potential scan.

To analyze the data obtained from in situ Raman experi-
ment, we consider the four states of the superlattice varia-
tion during the experiment indicated by Roman numerals in
the voltammograms (Fig. 9a, d). The state I corresponds to
the superlattice at the beginning of the experiment at OCP.
The state II is achieved by the selective anodic oxidation of
bismuth interlayers. After the potential scan reversal, the
selectively oxidized superlattice acquires Bi adatoms in two
stages of Bi upd (upd 1 and upd 2) distinguished both in CV
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Fig.9 a, d Potentiodynamic cyclic voltammograms and b, c, e, f
in situ Raman spectra potentiodynamic maps of pulse deposited
(Bi,),,(Bi,Tes), films with low (a—c) and high (d—f) interlayer Bi con-
tent in cyclic potential scans at 1 mV s~! starting from open circuit
potential in 10 mM Bi(NO;);, 1 M HNOj electrolyte solution (the
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and in situ Raman and thus enters the state III. The next state
IV is obtained during the subsequent deposition of metallic
bismuth. Then, as a result of metallic bismuth anodic oxida-
tion, the object reaches the state analogous to state I1I (state
III") which has no metallic Bi but still contains Bi adatoms.
After the anodic oxidation of Bi adatoms, we obtain the state
II again.

Figure 9b, e show full spectral maps for two potential
cycles on the superlattices with originally low (Fig. 9b) and
high (Fig. 9¢) Bi content. Due to different effect of Au (in
QCM experiment) and steel (in Raman) substrates on kinet-
ics of (Bi,),,(Bi,Tes), pulsed electrodeposition, the sample
with low Bi content contained less Bi in the latter case than
in QCM experiment, and this difference was kept to provide
convenient simultaneous spectral characterization of both
the interlayered Bi and Bi adatoms which were cathodically
introduced into the superlattice after the anodic oxidation of
Bi interlayers. The start of the spectral map is at the bottom
of the ordinate axis at the potential that corresponds to the
open circuit potential of (Bi,),,(Bi,Te;),, of the given com-
position in 10 mM Bi(NO3);, 1 M HNO; electrolyte (0.11 V
for the superlattice with low bismuth content and 0.07 V for
the superlattice with high bismuth content).

Figure 9b, e show that the key feature in the transitions
between states I and II during the selective oxidation of the
interlayered bismuth consists in the great increase in the
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Red lines in the spectral maps show the potentials of the scan direc-
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states indicated by Roman numerals in the voltammograms (a, d)
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Raman intensity of the EZg mode at 101 cm™ and A% , mode
at 125 cm™! inherent to bismuth telluride [42]. Moreover,
there is intensity redistribution in favor of the A2lg mode,
which could be explained taking into account participation
of bismuth electrons in formation of the E2g mode of bis-
muth telluride. The observed shifts in characteristic frequen-
cies at early stages of the oxidation can be attributed to the
change in the predominant interaction between the building
blocks, as Coulomb interaction between bismuth telluride
quintuples and Bi is reduced with Bi anodic oxidation and
dissolution [43]. The dramatic increase in the Raman signal
intensity shown by appearance of brown areas in the maps
can result from exposure of tellurium-terminated facets that
have larger cross-sectional area for Raman scattering [44,
45], when bismuth of interlayers leaves the superlattice.

The parts of Fig. 9b, e outlined with white dotted rec-
tangles are shown in the magnified form in Fig. 9c, f for
detailed representation of changes in spectral map during
the deposition of Bi adatoms and metallic Bi, as well as their
subsequent anodic oxidation. The cyclic voltammetry shows
the double-peak structure of Bi upd voltammetric response.
We did not observe any corresponding internal differen-
tiation in the upd with QCM, but the Raman spectroscopy
shows that the first stage of Bi upd causes a decrease in
Raman intensity of the mode at 125 cm™!, whereas the sec-
ond stage leads to a decrease in the intensity of the mode at
101 cm™!. It is worth to mention that the spectrum recorded
after the second step of the Bi upd resembled the spectrum
of the initial superlattice in state I. We assume that in the
first stage of Bi upd, adatoms interact only with tellurium-
terminated facets, and this interaction reduces the intensive
Raman signal grown during the selective oxidation of bis-
muth interlayers. In the second stage, adatoms interact with
each other, partially regenerating bilayer structure and thus
causing the spectrum appearance close to the one of the
initial superlattice.

The deposition of metallic bismuth during the transition
from the state III to the state IV suppresses the mode at
101 cm™" and gives rise to the E, bismuth mode at 71 cm™,
This change in Raman spectrum in combination with our
QCM and CV data allows to distinguish reliably metallic
bismuth from bismuth of interlayers in (Bi,),,(Bi,Te;),,
superlattices, contrary to assignment of bismuth with
enhanced anodic oxidation potential to free bismuth in some
works on bismuth telluride electrodeposition [46]. Bismuth
of the interlayers shows more similarity with adatoms than
with metallic bismuth.

The oxidation of metallic bismuth during the transition
from the state IV to III' returns the mode at 101 cm™, and
the following oxidation of Bi adatoms that finishes at about
0.2 V regenerates state II with the Raman intensity increase
at 125 cm™! revealing the re-exposure of tellurium-terminated
facets. Moreover, this shows that both the deposition of Bi

adatoms and metallic bismuth into and onto the superlattice
distorted by oxidation of bismuth interlayers proceeds
reversibly, i.e., with regeneration of similar states in the
potential cycles, which is also in compliance with the cyclic
character of transformations observed in QCM experiments.

Conclusion

The four methods were applied in the potentiodynamic mode
for in situ characterization of bismuth interlayer selective
anodic oxidation and dissolution from (Bi,),(Bi,Te;),
superlattice: cyclic voltammetry, microgravimetry, poten-
tiodynamic electrochemical impedance spectroscopy, and
in situ Raman spectroscopy. The cyclic voltammetry in a
combination with microgravimetry provided monitoring
of bismuth removal from interlayers during the selective
anodic oxidation and the subsequent reverse mass transfer
during Bi upd in the electrochemically formed slits. The
potentiodynamic electrochemical impedance spectroscopy
has differentiated the electrochemical response by contribu-
tions of the interfacial charge transfer related to the electro-
chemical kinetics, the charging of double layer capacitance,
and the capacitance of faradaic origin, and also provided
detailed information on mass transport. The latter has shown
spatial restrictions originated in the superlattice structure.
The potentiodynamic profiles of double-layer capacitance
have disclosed different variations of the electrochemical
interface area in the anodic dissolution of interlayer bismuth
from superlattices with low and high bismuth content. The
continuously growing interface of the former complies with
the stability of the corresponding naked superlattice frame-
work, while the abrupt C; decrease after initial growth in the
anodic dissolution of bismuth from superlattice with high
bismuth content indicates the telluride network shrinkage
resulting from removal of bismuth from thicker interlayers.
With the further addition of in situ Raman spectroscopy, we
obtained information on localization of bismuth adatoms
which were deposited into the slits formed by selective bis-
muth anodic dissolution from the interlayers. The double-
peak structure of Bi upd observed with cyclic voltammetry
was shown to result from the electrodeposition of adatoms
at potentials of the first peak followed by the adatoms join-
ing up into fragments of the previously destroyed interlayer.

Thus, bismuth interlayers in (Bi,),,(Bi,Te;), superlat-
tices present a very interesting object to electrochemistry.
Their potential of anodic oxidation is intermediate between
the potentials of anodic oxidation of metallic bismuth and
bismuth telluride, and this provided both the efficient con-
trol of electrodeposition of the superlattices and the further
selective dissolution of bismuth from the superlattices. The
proliferation of (Bi,),(Bi,Te;), electrode interface during
the selective anodic oxidation and dissolution of bismuth
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from interlayers presents the opportunity to create slits
accessible for Bi** penetration from electrolyte solution
with subsequent formation of unusually high amount of Bi
adatoms by upd. In principle, the slits formed by interlayer
dissolution can also act as molecular sieve that allows pen-
etration of molecules of certain size corresponding to bis-
muth bilayer or quadruple thickness, which is a potentially
interesting means to control selective accessibility of dis-
solved substance to catalytic centers formed inside the slits
by upd, in addition to the main interest of material science
in (Bi,),,(Bi,Tes), as thermoelectric material and a precursor
of other thermoelectric materials which can be designed via
the electrochemical transformations of the interlayers.

Funding This research has received funding from Horizon 2020
research and innovation program under MSCA-RISE-2017 (no 778357)
and Himreagent 2021-2025 (nos. 20210562 and 20211465).
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