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carbon electrode

|Antanas Steponaviéius|1,

Dijana Simkiinaité'*,

Ignas Valsiiinas',

[Gintaras Baltrunasf

! Institute of Chemistry,
Center for Physical Sciences
and Technology,

A. Gostauto 9,

LT-01108 Vilnius, Lithuania

Initial stages of selenium electrodeposition onto GC electrode were investigated in the
sulphuric acid medium by means of cyclic voltammetry, chronoamperometry and elec-
trochemical impedance spectroscopy. The chronoamperometric results were shown to fol-
low the progressive 3D nucleation and diffusion-controlled growth model by Scharifker
and Hills. Electrochemical impedance spectroscopy investigations have revealed that the
presence of a thin Se layer on the GC electrode does not change the inhomogeneity of
the surface significantly, as the estimated values of the parameter n were very close for
the bare GC and Se-modified GC electrodes and equal to ~0.9, but it affects the charge
transfer rate at the applied E = 0.2 V. The estimated charge transfer resistance values for
bare and selenium-covered GC electrodes differ markedly and range from 1872 Q cm?
to 1007 €2 cm?, respectively. The obtained parameters of CPE capacitance and the ohmic
resistance of the electrolyte solution for bare GC and Se-covered GC electrodes at the po-
tential value E = 0.2 V are close and vary slightly, indicating that the structure of the double
layer undergoes an insignificant alteration and the additional ohmic drop across the inter-
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facial layer is negligible.
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INTRODUCTION

The electrodeposition of selenium and metal chalcogenides
has received considerable attention not only from the academic
point of view but for the large area of their possible applications
raging from the chemical analysis [1, 2] to electrochemical
growth of compound semiconductors [3]. Their prominent fea-
tures such as light sensitivity and good semiconducting prop-
erties have made selenium particularly promising in the pro-
duction of so-called metal selenides (CdSe, ZnSe, PbSe, InSe,,
CulnSe,, etc.). Potential uses of such compounds are highly
intriguing in technological applications like optoelectronics,
advanced thin film solar cells, IR detectors, solid state lasers,
biological sensors, thermoelectric cooling materials, etc. [3-6].

Selenium and selenides can be obtained by a variety of
techniques, but electrodeposition is convenient for large
area deposition; it is least costly, effective, simple and readily
adoptable method when compared with most physical meth-
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ods [7, 8]. The cathodic reduction of selenious acid is known
to be the best way to obtain Se films in the so-called metallic
form (resistivity 1 Q cm) [9] or the amorphous insulating
form (resistivity 10° Q2 cm) [10]. Moreover, Se electrodeposi-
tion always occurs as a side reaction in the cathodic synthesis
of metal selenides [11].

Considerable work has already been done in investigating
the mechanism and kinetics of the H,SeO, reduction/ oxida-
tion process in different solutions of various composition
[11-20]. This process is rather complicated and complex due
to several factors such as the presence of a coupled chemical
reaction and the sensitivity of Se(IV) electrochemistry to the
substrate surface. Electrodeposition of selenium on different
substrates has been presented in [5, 11, 13, 19-26]; however,
these studies are mainly based on the reduction pathway for
Se(IV) [11, 13, 19, 24, 25], surface structure of Se atom layers
[23, 26], characterization of Se films [20, 27], or the analysis
of trace amounts of Se [11]. Investigations of the initial stages
(nucleation and growth mechanism) of selenium film depo-
sition have remained largely ignored.



92 [Antanas Steponavicius Dijana Simkinaité, Ignas Valsiinas,[Gintaras Baltranad

The nucleation and growth are of primary importance as
they play a decisive role in film structure and properties [28].
They are usually investigated using foreign substrates, such as
platinum, gold and carbon including glassy carbon (GC). Par-
ticular studies have been performed applying a GC electrode.
The specific properties of this electrode are low cost, good
electrical conductivity and high surface quality with excellent
polishing characterizations. To the best of our knowledge, the
only study on the initial stages of Se electrodeposition onto
non-reactive SnO, electrodes has been presented in [29]. It
has been shown that at low overpotentials, the deposition of
Se proceeds by a four-electron reduction of Se(IV) to Se(0)
and 2D growth under instantaneous nucleation followed by
a multiplayer spiral growth mode. At high overpotentials, the
deposition of Se occurs through a comproportionation reac-
tion between Se(IV) and Se(-II) generated from a six-elec-
tron reduction of Se(IV) and 3D growth under progressive
nucleation.

It is known that in the electrochemical formation of sele-
nides, such as ZnSe, CdSe and CulnSe,, selenium is generally
deposited first. Therefore, the nucleation and growth of the
first layer of Se is also the first step in the electrochemical for-
mation of selenides. Moreover, semiconductor nanocrystals
exhibit a wide range of shape and size-dependent properties
[30, 31]. It is mostly in the regime below 10 nm where this
variable comes into play. Variations in fundamental charac-
teristics ranging from phase transitions to electrical conduc-
tivity can be induced by controlling the size and shape of the
particles. To obtain the desirable quality of selenium and se-
lenide thin films, a closer examination of the nucleation and
growth mechanism during selenium electrodeposition is of
first importance.

The present work deals with the examination of the early
stages of Se nucleation and growth onto GC electrode in the
sulphuric acid medium, in which cyclic voltammetry (CV),
chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS) were employed.

EXPERIMENTAL

The working solution was 0.5 M H,SO, containing H SeO,
in amounts of 1'to 1.6 mM. It was prepared from triply dis-
tilled water, ultra-pure sulphuric acid (Russia) and selenious
acid (99.999% purity, Aldrich). Prior to each experiment, the
working solution had been deaerated with Ar gas for 0.5 h.

All electrochemical experiments were carried out at
20 £ 1 °C in a conventional three-electrode cell. The work-
ing electrode was glassy carbon (GC) (CY-2000) sheet of
ca. 1 cm? dressed in glass. The counter-electrode was a Pt
sheet of ca. 4 cm? in area, and the reference electrode was
Ag / AgCl / KCI (sat.). In the text, all potentials (E) were re-
calculated with respect to the standard hydrogen electrode
(SHE), unless otherwise stated.

The pretreatment of the electrode prior to each electro-
chemical measurement was as follows: (i) mechanical polish-

ing to a nearly mirror finish with successively finer grades
of alumina powders, eventually to 0.05 um, and cleaned ul-
trasonically in sequence in acetone, diluted HCl and triply
distilled water; (ii) to obtain a clean reproducible surface be-
fore each following measurement, the GC electrode was also
scanned in the background 0.5 M H,SO, solution at a poten-
tial scan rate 50 mV - s for 20 min between E__~ +0.25 and
E ~+15V.

The electrochemical investigations were carried out using
the cyclic voltammetry, single potential step and electro-
chemical impedance spectroscopy techniques. EIS measure-
ments were obtained at a 0.1 to 8 kHz frequency range and
the 0.005 V (p / p) amplitude. Cyclic voltammograms (CVs),
potentiostatic I/t curves and EIS spectra were recorded using
an pAutolab Type IIL.

RESULTS AND DISCUSSION

Figure 1 shows the cyclic voltammograms recorded for the
GC electrode in 0.5 M H,SO, solution containing increasing
amounts of H,SeO, within the anodic limit E_ = +1.5V and
cathodic limit E_ = -0.55 V. In the case of a solution with
a higher concentration of the reactant, two well defined ca-
thodic peaks (labeled C1 and C2) at EPCl about +0.15V and
Epcz about —0.12 V have been revealed (Fig. 1a). In the least
concentrated solution, poorly defined waves appear. The
curve inbetween the mentioned concentrations displays
two cathodic peaks, the second, being followed by an ill-de-
veloped peak at a more negative E (about —0.17 V). Poorly
defined voltammetric curves with a single cathodic peak
about -0.80 V vs. SCE of H,SeO, onto GC electrodes in differ-
ent acid media have been recorded [14]. Results reported in
(11, 14] have indicated that the behaviour of H,SeO, depends
markedly on the kind and pretreatment modes of the carbon
electrodes used.

In the context of works [11,13,17,19, 23-25, 32-34], the
cathodic peak C1 at the potential value of about +0.15V cor-
responds to bulk selenium deposition through four-electron
reduction of Se(0) by Eq. (1):

H,SeO, + 4H* + 4e — Se + 3H.0. (1)

Another cathodic peak, C2, at more negative poten-
tials ~ -0.12 V is associated with formation of H,Se species
through a direct six-electron reduction of Se(IV) to Se(-II)
according to Eq. (2) [11,21,29],

H,SeO, + 6H" + 6e — H Se + 3H,0, (2)
or / and Eq (3):
Se + 2H* + 2e — H,Se. (3)

At more positive potentials the process described by
Eq. 3, with transference of two electrons, is possible [21, 29].
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The product Se(-II) then undergoes a comproportionation
reaction with Se(IV), leading to the chemical formation of
Se(0) [19], which is usually attributed to the amorphous form
of selenium:

H,SeO, + 2H Se — 3Se + 3H,0. (4)

In (CVs), this reaction can appear along with a process
described by Eq. 2 as a single peak or as closely spaced two
peaks depending on the sweep rate, upper potential limit and
H,SeO, concentration [11, 24]. The similar character of two
closely spaced peaks is observed when H,SeO, concentration
of 1.2 mM is used (Fig. 1). When the concentration of H SeO,
is high enough, reaction (4) becomes fast, and the overall
process according to reactions (2) and (4) looks like a four-
electron reduction (Eq. 1) [11].

The cyclic voltammogram recorded for the GC electrode
in 0.5 M H,S0, solution containing 1.6 mM H,SeO, within the
cathodic limit E_= 0.20 V displays a slight initial increase of
current before peak Cl, followed by a hysteresis loop (Fig. 1b).
A similar weak reduction current has been observed in [29,
33, 34]. 1t is usually assigned to the four-electron selenium
predeposition on a foreign substrate before the overpotential
deposition of bulk selenium.

The presence of a nucleation loop is diagnostic for the for-
mation of selenium nuclei onto GC electrode and has been
found to be indicative of the nucleation / growth process [35].

Generally, these current loops occur because metal deposi-
tion onto a foreign substrate during cathodic scan requires a
considerable overpotential in order to initiate the nucleation
and subsequent growth of a deposit. Then the scan direction
is reversed, the reduction faradaic current continues flowing,
because the metal deposition now takes place on the nucle-
ated surface of the substrate.

The nucleation process was analysed by the potential step
technique. Figure 2 shows a family of potentiostatic I/ ¢ tran-
sients for various potentials obtained onto GC electrode in
0.5 M H,SO, + 1.6 mM H_SeO, solution. The shape of these
chronoamperograms is typical of a diffusion-limited reaction
for the nucleation and growth of a metal deposit onto a for-
eign substrate [28, 36]. The transients are characterized by a
sharp current decline due to a double layer charging, the cur-
rent exhibiting the induction time attributed to the incuba-
tion time for nucleation and a current increase due to the nu-
cleation and growth of isolated nuclei. As the size or / and the
number of the nuclei grow, the overlap of spherical diffusion
fields gives rise to a current maximum (I ) at ¢__, followed
by a decaying current. ] _increases and f _decreases as the
applied deposition potential (E deP) is shifted towards lower
values. These features are consistent with the Sharifker and
Hills (SH) model for 3D nucleation with diffusion-controlled
growth [36]. This model implies the formation and growth of
the initial nuclei onto a surface of foreign substrateatt < ¢_,
the overlap of the diffusion zones around them at t=¢__and
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the further growth on the initial layer of the substrate surface
att>t .

Two limiting cases - instantaneous and progressive nu-
cleation — have been predicted according to SH theory. One
of the methods for distinguishing between these two limiting
cases is to compare the experimental transients plotted in a
non-dimensional plot, (I/1_ )*vs.t/t__,with the theoreti-
cal plots calculated for instantaneous (Eq. 5) and progressive
(Eq. 6) 3D nucleation with the diffusion-controlled growth

process [36]:

(IL)Z:l.9542(%)"{1—exp[[-l.2564(tt )] (5)

max max max

([L)2 = 1.2254(tL)*1 {1—exp[[-2.3367(tL)2]}2 6)
To make a comparison convenient, it is necessary to make
a correction for the induction time ¢ . It could be obtained
from the intercepts of the straight lines of I*'* vs. ¢ [37]. The
corrected experimental (I/1_ )**vs.t/t__plots along with
the plots calculated from equations (5) and (6) are shown in

Fig. 3. Within the whole E, ' region applied, the experimen-
tal curves show a rather good correlation with the theoreti-
cal curve for progressive nucleation. Only for a longer time
(t>>t_ )anegligible negative deviation from the ideal theo-
retical progressive nucleation is observed. These deviations
are often detected [38-43] and can occur for different rea-
sons. Among them, the presence of a reaction parallel to met-
al deposition or mixed charge transfer and mass transport
control are mentioned. In our case, the presence of a reaction
parallel to Se deposition can be attributed to the beginning
of H_Se evolution, followed by a chemical reaction according
to Eq. 4.

The EIS method has been regarded as an effective and
practical method for probing the interfacial features of bare
and surface-modified electrodes. In the present paper, only
preliminary impedance data are discussed. Figure 4 shows
the impedance responses as the Nyquist plot (Z” vs Z°) of
the bare GC electrode (curve 1) and Se-covered (~12 ML)
GC electrode (curve 2) in 0.5 M H_SO, solution containing
1.6 mM H,SeO, at E = 0.2 V. Modification of the GC was per-
formed by the multiple potential step technique in the so-

(/1)

Fig. 3. Nondimensional plots of potentiostatic

0.2

current transients recorded onto GC electrode 1 instant.

in 0.5 M H,50, + 1.6 mM H,Se0, solution (data 2 progres.

from Fig. 2). Lines, theoretical instantaneous (1) 0.0 L L !

and progressive (2) 3D nucleation and diffusion- 0 1 2 3 4

controlled growth according to SH model

t/t

max
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in 0.5 M H,S0, + 1.6 mM H_Se0, solution at the potential
E=02V

2000

lution of the same concentrations at E = 0.2 V. The electric
charge Q,, involved in the Se(IV) reduction and, subsequent-
ly, the coverage of the surface with Se layers were evaluated
by integrating the profile of i-f transient, assuming that four
electrons are exchanged per Se adatom in the surface reduc-
tion reaction according to Eq. (1). The impedance spectrum
in Fig. 4 includes a semicircle portion corresponding to the
charge transfer limited process and implies the features asso-
ciated with the charge transfer process accompanied by elec-
trosorption of selenium species onto the electrode surface.
As the charge transfer resistance (R ) at the electrode surface
is equal to the semicircle diameter of EIS, it can be used to
describe the interface properties of the electrode. The fitted
semicircle through a part of the measured curves at high fre-
quencies shows a close coincidence with the experimental
data, indicating that experimental results could be fitted to
the classical Ershler-Randles equivalent circuit (Fig. 5). The
circuit includes the following elements: (1) the ohmic resist-
ance of the electrolyte solution (R ), (2) the charge transfer
resistance (R ), and (3) the double layer capacitance replaced
by a constant phase element (CPE) as the roughness of the
electrode surface should be taken into account. The double
layer of the solid electrode in solution, simulated as CPE with
impedance, can be defined as [44]

Z, gy = A7), 7)

(CPE)

CPE

Rct

Fig. 5. Equivalent circuit for electrodes shown in Fig. 4: R — uncompensated solu-
tion resistance, R — charge transfer resistance across electrode / solution inter-
face, CPE — constant phase element representing interfacial capacitance

where A and n are frequency-independent parameters
(0 <n<1).Factor A corresponds to the double-layer capaci-
tance, and the exponent # shows the impedance phase shift.
When the electrode surface is homogeneous, # is unity and
Eq. 7 transforms into the simple double layer capacitance
with the impedance

Z(CPE) = (Cyjo)™. (8)

The deviation of the exponent n from unity is usually
small even for a rough metal surface and ranges within 0.9 to
1. However, this deviation may increase drastically when the
surface is covered with an inhomogeneous low-conductivity
layer [44]. Formation of Se layers onto the GC surface are ex-
pected to affect the n values as well as the values of R,R, and
CPE capacity significantly in case an amorphous insulating
layer is present. The R  values can be calculated from the dif-
ference in the impedance plot at lower and higher frequen-
cies. The C_ . values can be calculated from the following

CPE

equation [43]:
CCPE = ((Dmacht)_l’ (9)

where ®__ is angular frequency at which the imaginary part
of the impedance is maximum (Z”) . The calculated values
conform well with the values obtained from the simulated
plots (Fig. 4), assuming the equivalent circuit with the CPE
parallel to the resistance R and resistor in series, and are
given in Table. Modification of the GC electrode with a thin
Se layer results in a decrease of the diameter of the semicir-
cle (Fig. 4) and, consequently, in a significant decrease of R,
down to 1007 Q cm? for the selenium-covered GC electrode

Table. Parameters of equivalent circuit presented in Fig. 5 for EIS response
of bare GC and Se-covered GC electrode in 0.5 M H,S0, solution containing
1.6mMH,Se0,at E=0.2V

Eletrode | R,Q-am® | R, Q-cm? | CPEWF-am? | n
Bare GC 11.66 1872 795 0.89
Se-covered GC 14.96 1007 781 0.90
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as compared with the R = 1872 € cm” for the bare GC elec-
trode. Such an alteration of the R values and a negligible
deviation of the exponent # from unity imply that the occur-
rence of a thin Se layer on the GC electrode does not change
the inhomogeneity of the surface significantly, but affects the
charge transfer rate markedly. Assuming that Se reduction
at E = 0.2 V proceeds through the four-electron reaction ac-
cording to Eq. (1), deposition of Se should be notably facili-
tated if Se is predeposited on the surface of the GC electrode.
So, the Se-covered GC electrode has the features typical of
conductive materials and accelerates charge transfer in the
conditions under study. The observed deviation of experi-
mental results from the fitted semicircle at low frequencies in
Fig. 4 is an evidence of a homogeneous or / and heterogene-
ous chemical reaction. The crystallization reaction could not
be excluded, either.

Noteworthy are also the high values of CPE capacitance
ranging from 795 to 781 pF - cm™ The possible reasons for
such a phenomenon may be (a) the adsorbtion-desorbtion
processes occurring on the electrode surface or / and (b)
an increase in the surface area, bearing in mind that the
GC electrode was pretreated by cycling in the background
0.5 M H,SO, solution between E ~ + 0.25and E_~ + 1.5 V;
anyway, the structure of the double layer undergoes quite in-
significant changes if a thin Se layer is present on the surface
of the GC electrode.

As demonstrated by data in Table, the value R, close
to 14.96 QO cm? for the Se-covered GC electrode is slightly
higher than R =11.66 Q2 cm” for the bare GC, indicating the
occurrence of a negligible additional ohmic drop across the
interfacial layer. An analogous phenomenon was observed
for a Se-covered Ti electrode [20]. The increase of R values
was ascribed to the formation of a resistive film, and the
resistivity close to 4000 2 cm was obtained. The estimated
value was intermediate between those reported in the lit-
erature for amorphous and hexagonal Se. Following [20],
if the increase of R_is ascribed to the formation of a resis-
tive film, analogous specific resistivity can be obtained from
the impedance increase (3.3 Q cm?) for a Se-covered GC.
The estimated value is equal to 0.5 - 107 Q ¢cm and could be
attributed to the insulating amorphous form of Se. If this
is the case, it should be an indication of the occurrence of
chemical reaction according to Eq. (4) and the presence of
Se(-II) even at the rather positive E = 0.2 V value applied.
However, the physical meaning of the R_value is not quite
clear as the contributions of the resistances involved in the
process are not well separated. The resistance of the elec-
trolyte solution, as well as the resistance of the thin Se layer
and of the bare GC electrode should be taken into account.
Thus, the obtained value of specific resistivity is rather ap-
proximate; it gives only a preliminary picture, and a par-
ticular examination is required.

CONCLUSIONS

In this study, the initial stages of selenium electrodeposition
onto GC electrode were investigated in a sulphuric acid me-
dium in the presence of H,SeO,. Analysis of the experimental
data indicates a progressive 3D nucleation and diffusion-
controlled growth of Se nuclei in accordance with the model
proposed by Sharifker and Hills for the early stages of metal
electrocrystallization onto a foreign substrate.

Analysis of electrochemical impedance spectroscopy
data indicates that the presence of a thin Se layer on the GC
electrode does not change the inhomogeneity of the surface
significantly as the estimated values of the CPE parameter
n are very close for the bare GC and Se-modified GC elec-
trodes and are equal to ~0.9, but it affects the charge trans-
fer rate at the applied E = 0.2 V value. The estimated charge
transfer resistance values for the bare and selenium-covered
GC electrodes differ markedly and range from 1872 Q cm?
to 1007 Q cm? If Se is predeposited on the surface of the
GC electrode at E = 0.2V, Se reduction could be facilitated
markedly. The obtained parameters of CPE capacitance and
the ohmic resistance of the electrolyte solution for bare and
Se-covered GC electrodes are close and vary slightly, indica-
ting that the structure of the double layer undergoes an insig-
nificant alteration and the additional ohmic drop across the
interfacial layer is negligible.
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SELENO ELEKTROLITINIO NUSODINIMO
PIRMOSIOS STADIJOS ANT STIKLISKOSIOS
ANGLIES ELEKTRODO

Santrauka

Seleno elektrolitinio nusodinimo pirmosios stadijos ant stiklisko-
sios anglies (SA) elektrodo buvo tirtos taikant ciklinés voltametri-
jos, chronoamperometrijos ir elektrocheminio impedanso spektro-
skopijos metodus sieros riigsties tirpaluose. Chronoamperometriniy
tyrimy rezultatai parodé, kad selenas ant SA nusodinamas pagal
Scharifkerio ir Hillso pasitilyta momentinés 3D nukleacijos ir difu-
zijos kontroliuojamo augimo mechanizma. Elektrocheminio impe-
danso spektroskopijos tyrimai parodé, kad plonas Se sluoksnis ant
SA elektrodo pavirsiaus itin nekei¢ia pavir§iaus nehomogeniskumo,
kadangi nustatytos parametro # reik§meés $varaus SA ir Se padengto
SA elektrody atvejais buvo artimos ir lygios ~0,9, taciau turi jtakos
kravio pernesimo grei¢iui, kai E = 0,2 V. Apskaic¢iuotosios kravio
pernesimo varzos vertés §variam SA ir Se padengtam SA elektro-
dams labai skiriasi ir kinta atitinkamai nuo 1872 iki 1007 € cm?.
Abiem atvejais CPE talpos ir ominés elektrolito varzos parametrai,
kai E = 0,2 V, yra artimi ir kinta neZymiai, t. y. dvigubo sluoksnio
struktiros poky¢iai tik nereikémingi ir papildomas ominis kritimas
per fazinj sluoksnj nezymus.



