ELECTROCHEMICAL CHARACTERIZATION OF PbSQUANTUM DOTS
CAPPED WITH OLEIC ACID AND PbSTHIN FILMS—
A COMPARATIVE STUDY

A.S. Cuharuc, L.L. Kulyuk, R.l. Lascova, A.A. Mitioglu, A.l. Dikusar

Institute of Applied Physics, Academy of Sciences of Moldova,
5 Academiei str., Chisinau, MD-2028, Republic of Moldova, dikusar @phys.asm.md

This research aims at probing electrochemical response of oleic acid capped PbS quantum dots deposited on a
Pt electrode in 0.1 M aqueous sodium hydroxide solution by cyclic voltammetry and chronoamperometry. Quantum
dots were also characterized by photoluminescence and IR spectroscopy. Cyclic voltammetry of bulk PbS thin films
obtained via chemical bath deposition is investigated in order to interpret the data on PbS quantum dots. It was found
that the two materials exhibit essentially similar voltammetric behavior; however, oxidation of PbS quantum dots tends
to start at slightly more cathodic potentials than that of bulk PbS films. This effect is attributed to the influence of cap-
ping oleic acid that binds lead ions into an insoluble lead oleate thereby causing the cathodic shift of the formal redox
potential. The procedures designed to partially remove oleic acid from PbS quantum dots result in the anodic shift of the
PbS quantum dots oxidation towards the values characteristic for the bulk material. A possibility of determining abso-
lute positions of conduction and valence bands in quantum dots by cyclic voltammetry is discussed but the influence of
the energy level structure of PbS quantum dots on their voltammetric response was not revealed under the conditions of
the present study. However, PbS quantum dots can withstand multiple redox cycles whereas bulk PbS films dissolve
readily upon the first oxidation. The effect was attributed to the oleic acid layers on the PbS quantum dots surface, those
layers preventing soluble oxidation products from diffusing into the bulk of solution. Certain PbS quantum dots samples
showed remarkable stability against oxidation typical for PbS and starting at -0.2 V vs Ag/AgCl (sat.) and a stable re-
sponse at oxidation and reduction at higher (0.55 V) and lower (-0.8 V) potentials, respectively.
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INTRODUCTION

Semiconductor nanocrystals or quantum dots (QDs) exhibit electronic, optical, photochemical and
photophysical properties greatly differing from those observed in corresponding bulk materials due to quan-
tum size effects [1]. Transition metal chalcogenides are important semiconductor materials, especially on the
nanoscale level because of their excellent photoelectron transformation properties and potential application
in physics, chemistry, biology, materials science, etc. [2-7].

Among conventional semiconductors, PbS is particularly important because of its direct and narrow
band gap (0.41 eV at 300 K), a large exciton Bohr radius of 20 nm, diverse morphologies [1] and almost
equal effective masses of electrons, m, , and holes, m, [8]. The band gap blueshifts to the spectral region of
700-1500 nm (1.77-0.82 eV) upon the decrease in the nanocrystal diameter below the size of the excitonic
Bohr radius due to quantum confinement effect. These properties of PbS quantum dots (Q-PbS) condition
their use in a wide variety of photonic devices, electrochromic films, including light-emitting diodes [9, 3],
infrared photodetectors [4—6] and photovoltaic devices [7].

The advantage of electrochemical studies of QDs consists in the fact that charge transfer events can
be registered and characterized in terms of their energetics (peak potentials) and intensity (currents). The
above mentioned advanced applications of QDs involve charge transfer to/from nanoparticles from/to a met-
al electrode or a conducting polymer or other environment. Hence a preliminary study of this phenomenon is
needed.

There are numerous reports on investigation and probing semiconductor properties of various QDs
by electrochemistry (see reviews [10, 11]). The absolute positions (that is, relative to the vacuum scale) of
conduction and valence band edges as well as defect states are necessary for photovoltaic application where-
in the match between the QD energy levels and those of the surrounding conducting polymers or other sup-
ports is crucial [12, 13]. Photoluminescence (PL) and absorption spectroscopy provide only the difference
between the band edges whereas the absolute positions can be accessed by X-ray photoelectron spectroscopy
(XPS) and the ultraviolet photoelectron spectroscopy [10]. However, the respective equipment is costly. Cy-
clic voltammetry (CV) offers a very tempting opportunity of measuring the absolute energy levels in semi-
conductor QDs as the experimental arrangement is very simple and the cost of equipment is not very high.
Although all measurements were carried out with respect to a reference electrode, the absolute values can
always be obtained from estimation of the potential of the normal hydrogen electrode with respect to the va-
cuum scale (-4.35 eV [14]) and, certainly, the potential of the reference electrode in use.
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Many authors report on a successful correlation between QD energy levels determined by CV and
their difference, the energy gap, found from absorption or PL. measurements [10, 15-19]. In our opinion this
correlation is not always unambiguous, possibly due to small ranges of QD sizes and/or insufficient amount
of the sizes tested. Most probably, a very thorough and convincing investigation was performed by Inamdar
with co-authors [18] wherein optical band gaps of Q-CdSe were compared with quasi-particle band gaps de-
termined from the difference between the oxidation and reduction peaks corresponding to the valence and
conduction bands of QDs, respectively.

Regardless of the fact whether the correlation between optical band gaps and electrochemical data
are consistent or not, one thing is obvious from all the studies: the medium where measurements are per-
formed critically affects the voltammetric response. Organic solvents are preferred due to their broad poten-
tial window available as compared to aqueous media; however, the use of ionic liquids with a phase transfer
detergent accounts for very informative voltammograms, with band edges and defect states clearly defined
(Q-CdSe in [10]).

In electrochemical experiments QDs are often prepared as a thin film on a working electrode. The
conductivity of such a film may be very poor as large capping organic molecules that normally constitute the
protective/passivating layer hinder charge transfer and, therefore, no useful data in voltammograms will be
acquired as indicated by Guyot-Sionnest [20]. Those molecules can be substituted for shorter ones by simple
immersion of a dried film into a solution of short-chain dithiols [21] or diamines and dithiols [22]. Such mo-
lecules serve as cross-links for nanocrystals, decreasing the distance between the nanocrystals.

In some cases cyclic voltammograms may not register charge transfer events in the form of peaks as
is normally expected. A practically featureless voltammogram was acquired in [21] for Q-PbSe capped with
1,6-hexanedithiol. Nonetheless, the electron and hole injection into the QDs under study was clearly regis-
tered by changes in the IR absorption spectra during application of potential, and respective electron transi-
tions were assigned to spectral bands. Therefore, electrochemical techniques alone may not be sufficient to
track the events occurring in nanocrystals.

The reports devoted to electrochemical studies of Q-PbS are not very numerous [23-26, 13], with
Chen’s et al. work being probably the most cited [11, 23]. CV of Q-PbS of several sizes was presented in
[13], where the authors demonstrated the shift of the reduction peak that correlated to the QD size, with lar-
ger particles being reduced at less negative potentials. However, a systematic study of voltammograms and
electrochemistry of QDs was not done, probably because the CV analysis was not the main objective of the
last cited research. Other researchers dealt with Q-PbS of only one certain size [23, 25, 26]; and if one com-
pares the voltammograms presented therein, the qualitative difference will be found although the tested par-
ticles were of roughly the same size (3—4 nm). Reproducibility of voltammetric data was also a challenge in
the present research as will be shown further.

Herein we report on CV of the synthesized Q-PbS capped with oleic acid (OA) and compare the ac-
quired data with CV of the PbS film deposited onto a Pt electrode as a representative of the bulk material. A
simple explanation of the voltammetric data is attempted based on the electrochemistry of semiconductors.
The quantum confinement effect in the synthesized product is confirmed by PL spectra. We emphasize post-
synthesis purification of Q-PbS and demonstrate its relevance for the voltammetric behaviour of the QD
films. FT IR spectroscopy provides evidence on the structure of a QD as a core-shell system.

EXPERIMENTAL

Reagents. Lead (II) oxide (99.999%), oleic acid (OA, technical grade, > 90%), octadecene-1 (ODE,
technical grade, > 90%), bis(trimethylsilyl)sulphur ((TMS),S) p.p.a., sodium citrate tribasic dehydrate (ACS
reagent), lead (II) acetate trihydrate (puriss. p.a.) and thiourea (puriss.) were purchased form Aldrich and
chloroform (HPLC grade), sodium hydroxide (puriss. p.a.), methanol (puriss. p.a.), sulfuric acid (puriss. p.a.)
and acetone (puriss.) — from Riedel-de Hien and used without further purification. All aqueous solutions
were prepared with triple-distilled water.

Synthesis and purification of Q-PbS. The synthesis procedure described below basically follows
that in [27]. In a three-neck flask equipped with a thermometer, an inert gas supply tube and a magnetic bar,
0.49 g of PbO were combined with 5.0 g of OA under Ar atmosphere. The flask was heated and maintained
at 150°C for 1 hour. These conditions allow removing some water formed as the reaction by-product. After-
wards, the flask was allowed to cool down to a certain temperature (indicated further in the text), depending
on the desired size of the QDs in question, and the solution of (TMS),S in ODE (0.22 g of (TMS),S and
2.6 g of ODE) was injected into the flask with a syringe through a rubber septum, with the reaction mixture
being intensively stirred. In 10 s an ice bath was placed under the flask to quench the reaction. The reaction
products were dissolved in a minimum amount of chloroform.
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Purification of the target product was performed via precipitation with methanol and re-dispersion in
chloroform. Specifically, a quantity of methanol needed to cause the QDs coagulation was added to the chlo-
roformic solution followed by centrifugation. The precipitate was separated, washed with methanol and re-
dispersed in a minimum amount of chloroform. This cycle was repeated four times. It was noted that an in-
creasingly larger amount of methanol was required to cause the precipitation. This procedure will be referred
to in the main text as ‘basic purification’.

Further purification is based on treatment with acetone and NaOH solution. Specifically, acetone was
added to cloroformic solution of the QDs studied (4:1) to cause the coagulation and the mixture was refluxed
under Ar atmosphere for ¥2 hour. The precipitate was removed by centrifugation and re-dispersed in chloro-
form and stored under Ar. The acetone extract being the purification by-product was preserved for IR analy-
sis.

Then treatment in NaOH followed. Substitution of hexane for chloroform: from a certain amount of
Q-PDbS treated in acetone, chloroform was evaporated in vacuum and nanocrystals were re-dispersed in hex-
ane since it is more volatile and does not react with NaOH. The solution in hexane was added to aqueous
0.5 M NaOH solution preheated to 50°C under Ar atmosphere. The mixture was gently stirred for 15 min,
cooled down and centrifuged. The precipitate was thoroughly washed with acetone, dried and mixed with
chloroform. The prepared product turned out insoluble in organic solvents, yielding unstable suspensions.
The alkaline extract was acidified with diluted H,SO,, and the matter poorly soluble in aqueous medium was
extracted twice with chloroform and preserved for the IR analysis. It will be referred to as ‘chloroform ex-
tract’ in the main text.

The sample notation given below indicates the synthesis temperature, and purification procedure and
will be used throughout the text for Q-PbS designation prepared under various conditions.

prefix synthesis temperature, °C purification procedure example
QD- 60, 100, 120 B — basic QD-120AC
AC —in acetone
SH — in sodium hydroxide

Synthesis of lead (I1) oleate. 0.4 g of PbO and 1.1 g of OA were mixed under inert atmosphere and
kept at 150°C until all PbO dissolved. The reaction mixture was cooled down and dissolved in chloroform.
Lead oleate was precipitated with methanol, filtered off, washed with methanol twice and dried at 60°C in a
moderate vacuum.

Chemical bath deposition (CBD) of PbS films. In the synthesis procedure we largely departed
from that in [28-30]. The deposited films demonstrate properties of the bulk lead sulphide. According to
[30], from which we basically borrow the experimental parameters, the particle size in the deposits varied
between 100-300 nm. The deposition time was not clearly revealed in that work; however, one can conclude
that the authors carried out the deposition until the full completion of the reaction. Belova et al. [28] report
that some 30 min suffice for lead (II) to quit the solution and deposit as PbS under the following conditions:
pH = 12.5, citrate — 0.02 M, lead (II) — 0.005 M and 7 = 323 K.

In the present study, the solution prepared for the CBD was 0.025 M in sodium citrate, 0.01 M in
lead acetate and 0.05 M in thiourea. By adding NaOH, pH was adjusted to 11-12. Then the solution was
deaerated and thermostated at 50°C for %2 hour. The deposition started when thiourea was added to the solu-
tion of other components; at the same time, the Pt working electrode was immersed in the reaction medium.
After 30-45 min a dark-grey mirror-like layer of PbS formed on the electrode that was further removed, tho-
roughly washed and transferred into the cell for electrochemical measurements with 0.1M NaOH deaerated
beforehand.

Electr ochemical measurements. A conventional one-compartment three-electrode cell connected to
the potentiostat Parstat 2273 (Princeton Applied Research) was employed for the measurements. Pt wire
electrodes served as working (apparent area — 0.063, true area — 0.108 cm?, as determined by hydrogen ad-
sorption [31]) and counter electrodes (apparent area 0.12 cm?); Ag/AgCl/KCI (sat.) was used as a reference
electrode. All the potentials cited in the present study are referred to this electrode unless otherwise stated.
Potential sweeps reported herein were done at the rate of 25 mV/s unless otherwise stated. Both the cell
made of Duran glass and electrodes were cleaned with hot sulphuric acid mixed with concentrated H,O,. The
working electrode was finally cleaned by cycling potential between -0.2 and +1.2 V in 0.5M H,SO, at
400 mV/s for 5 min, with the cycling always finished at the double layer region on Pt. The appearance of a
tiny peak in the region of the oxidation of adsorbed hydrogen (voltammograms recorded at 50 mV/s), in ad-
dition to two other prominent peaks, served as the evidence of a very clean Pt surface [32].
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Colloidal solutions or suspensions of Q-PbS in chloroform were drop-cast onto the working elec-
trode to make up a noticeable layer and the solvent was evaporated in a moderate vacuum. Unfortunately, the
amount of the solution dried on the wire electrode could not be determined or controlled due to the electrode
shape. This circumstance did not allow a direct comparison of currents for different QD film depositions. All
the measurements with QD films and bulk PbS were carried out in aqueous 0.1 M NaOH deaerated with Ar
(4-7 L/h) for at least 30 min prior the experiment .

IR measurements. IR spectra were acquired with the Perkin Elmer FT-IR spectrometer Spectrum-
100. All samples (including the extracts just mentioned) were prepared as films on a KBr glass. Pure KBr
glass was used for background measurement.

Photoluminescence measur ements. PL. measurements at room temperature were performed with a
grating monochromator coupled to a cooled photomultiplier (PM) with S1 photocathode or to an InGaAs
photodiode using standard lock-in detection techniques. The optical excitation was provided by the fre-
quency-doubled YAG:Nd** laser (A, = 532 nm).

RESULTS AND DISCUSSION

Photoluminescence. The PL spectra of PbS nanocrystals prepared at various synthesis temperatures
are given in fig. 1. As is evident, PbS nanoparticles exhibit a bright band-edge luminescence spectra with
clear exciton peaks at room temperature located in the near-IR spectral range. According to [33], these rela-
tively narrow spectral bands are attributed to the radiative recombination of excitons in QD. The spectral PL
maximum of PbS nanoparticles shifts from about 800 to 1300 nm as the synthesis temperature is increased,
which indicates the growth of Q-PbS.

Fig. 1. Photoluminescence spectra of Q-PbS synthesized at different temperatures: a) at 120°C; a') the same
sample as in a but recorded with the PM detector; b) at 100°C, the effect of purification procedure: basic
purification (bold line), acetone treatment (dashed line) and NaOH treatment (dashed-dotted line); c) at
60°C

Assuming parabolic bands to the first approximation (the effective mass approximation) for a semi-
conductor nanocrystal with the radius R, the band gap energy, AE,, due to quantization effects in the conduc-
tion and valence bands can be estimated through the theoretical equation derived by Wang [34]:

hE . ,1/2
— 2 L |
AE, = Eg+( p J(Rj W

where R is in nm, E, = 0.41 eV and m" =0.089m, is the effective mass for PbS (m is an electron mass).

“In separate experiments, we established that this time is sufficient to diminish oxygen content by a factor of 30. Purg-
ing for longer times did not improve this value. The residual oxygen content in our experiments (ca. 0.2 mg/mL) was
almost the same as reported in a special research [36]. PbS surface gradually oxidizes in the presence of dissolved oxy-
gen; this conditions the OCP values of the electrode made of bulk PbS [37].
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Formula includes the basic physical principles underlying the increase in the band gap when the
nanocrystalline size decreases but is not quantitatively correct for dimensions smaller than 10 nm. Using the
data from fig. 1, we estimated a nanocrsytalline radius of 4.4 nm, corresponding to Av =1.56 eV, 5.5 nm
forhv =1.29 eV, 6.5 nm for Av =1.109 eV and 7.8 nm for Av=0.95 eV, respectively. According to the
band gap energy rises for nanocrystals of smaller radii. However, it usually overestimates AE, because the
maximum of the PL spectra are shifted to lower energies relative to the absorption spectra — the shift known
as Stokes shift [35]. An adjustable band gap of PbS opens a way to a new class of applications [9, 3-7].

IR spectroscopy. The study in this section was undertaken for three reasons. First, there was an idea
that bulk material can be admixed to Q-PbS as a result of coagulation during purification procedure. Second,
there was a hope to draw certain conclusions concerning the ligand state. Third, the present investigation
provides proof for assumptions we initially made regarding the effect of the purification procedure.

Since bulk PbS band gap amounts to 0.41 eV [1], its absorption edge is expected to occur near
3300 cm’'. However, the spectrum of the QDs studied (fig. 2) shows no edge absorption in that region, hence
no bulk PbS is presented in the sample and the electrochemical signals to be discussed below are entirely due
to Q-PbS.

Fig. 2. IR transmission spectra of lead oleate, OA, the chloroform extract and two QD samples purified in
acetone, QD-100AC, and in sodium hydroxide solution (enhanced treatment), QD-100SH+. The inset shows
the proposed orientation of OA molecules on the PbS nanocrystal surface

The IR spectra of the QDs in our research can be easy understood by comparing them to the spectra
of OA and lead oleate. Inspection of the region ca. 28003000 cm™ reveals that the signal is due to the hy-
drocarbon chain of OA and virtually identical to that of lead oleate. It is of importance that the broad line
presented in the spectrum of OA in the region 2400-3400 cm™ caused by hydrogen bonding [38] (presuma-
bly in OA dimmers) is not observed in the QD and lead oleate spectra. Therefore, OA exists in the QDs in-
vestigated as a salt. Moreover, there are characteristic bands 1399 and 1428 cm’! in the lead oleate spectrum,
assigned to symmetrical valence vibrations of C=0 bond of a carboxylic group anion in a salt, and these
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bands are also strong in the QD spectrum. In fact, the QD spectrum essentially coincides with that of lead
oleate, with some lines attenuated. Based on these data, we consider that the carboxylic group of OA faces
the nanocrystal surface at the positions of lead atoms, thus forming a surface compound, lead oleate, and
compensating “dangling” valence of surface lead atoms (see the inset in fig. 2). Such a conclusion was also
made in [39] where Q-PbS capped with OA and TOPO were studied by XPS. Finally the signal (absorption
edge) from PbS nanocrystals per se was not observed before 7800 cm™ as expected for the synthesized QDs.
There are indications that ligands surrounding dissolved QDs are in a certain equilibrium with the
solvent [20]. To make up a complete picture on that issue one would have to undertake a separate research.
Here we can only qualitatively support the idea that underlies the purification procedure. Namely, the treat-
ment of the QDs described in acetone and sodium hydroxide should reduce the amount of OA that either still
drags after synthesis as an admixture or is chemically coordinated to the nanocrystal surface. The IR spec-
trum of the QD sample treated with acetone (Q-100AC) is presented in fig. 2 and was discussed above. The
IR spectrum of the sample Q-100SH+, treated with NaOH as described in the Experimental section but at a
larger concentration of NaOH and higher temperature, shows only very weak signals in the region of valence
and deformation vibrations of the hydrocarbon tail. This suggests that the treatment with NaOH removes OA
from the QDs, thus bringing them into a merger with each other. This can also be proved by the spectrum of
chloroform extract (see Experimental) which albeit distorted is essentially that of OA (compare ‘OA’ and
‘chloroform extract’ traces in fig. 2). Practically the same spectrum was recorded for the acetone extract (not
shown), hence the same matter was extracted by both NaOH and acetone, and it is OA or its sodium salt.

ELECTROCHEMISTRY

Generally, the electrochemical research we carried out revealed several aspects of Q-PbS electro-
chemistry in the conditions employed. Firstly, Q-PbS films show very similar response to that of the bulk
PbS thin films, in terms of energetics of the reactions — peak potentials on voltammetric curves. Secondly,
certain differences (again, compared to the bulk PbS film) in kinetics of the main oxidation peak (see Al in
fig. 3) have been established for certain QD samples. Thirdly, this oxidation peak diminishes gradually and
surprisingly even increases during subsequent potential cycles for the QD samples whereas it drastically
drops with every next cycle for the bulk PbS film. Fourthly, the oxidation and reduction peaks at the ex-
tremes of the potential range available emerge as very sharp and stable ones and appear independently of Al
for the QD samples only. The discussion of the experimental data for bulk PbS films and the QDs will be
given further in two separate sections.

The question whether CV can provide absolute positions of band edges of Q-PbS was the main sti-
mulus for the present research. We found out in the available literature that this question cannot be answered
unequivocally. As mentioned in the Introduction, there are publications that demonstrated the power of CV
for probing band edges and surface states of QDs (CdS [15], CdSe in [10, 16, 18]). Other authors report on
the potential range of 1.7-1.8 eV in which Q-PbS gave no voltammetric signals in organic solvents, it being
due to the band gap of Q-PbS, which was expected based on spectroscopic data [23, 25, 26]. The application
of CV for HOMO and LUMO determination (ionization potential and electron affinity, as they are also re-
ferred to) in polymer molecules and conjugated organic compounds was reported by a number of authors.
Some of them claim that absolute values of these energy levels and the band gap can be found from the posi-
tions of the first reduction (for LUMO) and oxidation (for HOMO) peak potentials [40—42] whereas other
authors are more cautious in data interpretation [43, 44] or state that only a certain correlation between the
oxidation and reduction peaks, on one hand, and HOMO and LUMO, on the other hand, can be claimed
[45, 46].

Bulk PbS film electrochemistry. We are convinced that electrochemistry of bulk PbS film will
serve a basis for understanding phenomena in Q-PbS. Fig. 3 schematically depicts the cyclic voltammogram
of a PbS thin film, which was composed of the data from multiple experiments so as to make a whole picture
of this very complex process. Any real voltammogram would miss some of the peaks since the signals are
either very weak relative to other ones or undetectable at all. The reliability of this scheme is based on the
fact that each peak was registered 3—11 times, and table 1 provides some statistical data and comments for
every peak. The picture also reflects the right succession of peaks during potential sweep starting from the
open circuit potential (OCP) in the cathodic direction.

To ensure that the peaks in question are all related to PbS electrochemistry, we provide the cyclic
voltammogram of the blank: a pure polycrystalline Pt electrode in deaerated 0.1M NaOH (fig. 3, left inset).
The voltammogram is very similar to the one reported in [47], featuring reductive hydrogen adsorption in the
far cathodic region, the formation of platinum oxide commencing at -0.2 V and reduction of the oxide on the
reverse scan with the peak potential at -0.2 V. In the present study, the platinum oxide formation and reduc-
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tion are important as they appear in the voltammograms of the QD films and bulk PbS thin films usually at
later cycles when Pt surface becomes exposed (see below).

Fig. 3. Schematic presentation of cyclic voltammograms of studied bulk PbS thin films. Potential sweep
starts from -0.25 V (usual location of OCP) and then follows the direction given in the figure. The dashed
line is the initial part of the second cycle. The right inset shows the diversity of real experimental profiles of
peak Al and the left one — the cyclic voltammogram of polycrystalline Pt in 0.IM NaOH

Table 1. Voltammetric signals of bulk PbS thin films

peak peak potential, V comments
C1 -0.64 — -0.44 weak signal (~1 pA) detected during cathodic excursions of potential,
not detected after anodic one
C2 -0.81+0.02 detected only after anodic excursion, rather strong (25 pA)
C3 starts at not a peak but a rising cathodic current becoming much stronger after
(wave) -0.7--0.6 anodic sweep
C4 0.20+0.04 always detected, currents 1-20 pA
C5 0.04+0.03 very weak and rarely detectable
Al 0.00-0.11 always detected, diverse in shapes, 140—400 pA during first cycle
A2 0.57+0.02 detected very frequently , currents 8—80 pA
A3 -0.77 - -0.48 weak peaks (< =1 pA), observed frequently and frequently together,
A4 -0.65 --0.37 i.e., sometimes only one of them detected

Peak Clappeares in all voltammograms as a very weak and broad signal and can be assigned to the
reduction of oxidized PbS surface, i.e., elemental sulphur (during the synthesis procedure we minimized ex-
posure of PbS to the atmosphere but it could not be completely eliminated). In [48], galena (natural PbS) was
exposed to oxygen-saturated alkaline solution for different times and a broad peak was observed during the
cathodic sweep between ~ -0.9 — -0.4 V vs Ag/AgCl (sat), depending on the time of exposure, and it was at-
tributed to the reduction of S° on the electrode surface. A similar peak near -0.5 V vs SCE was also observed
in the deoxygenated alkaline solution during the cathodic sweep on galena electrode following brief oxida-
tion of it by excursion of potential in the anodic direction [37].

Reduction of PbS depends on pH and commences at about -1.2 V vs SCE in 0.1 M NaOH [49, 50],
shifting in the anodic direction, with decreasing pH. The cathodic wave C3, as we observed, does not really
fit these data, starting at appreciably more anodic potentials; however, the overall picture in the cathodic re-
gion may suggest that nevertheless the reduction takes place. Specifically, in [37] and [51] the anodic wave
~-0.65 V vs SCE was observed after a sweep reversal to the anodic direction. Our voltammograms also pos-
sess this peak, A3, and frequently another peak A4 can be observed in that region of potentials. Saloniemi
et al. assigned the anodic wave to the dissolution of elemental lead previously deposited on PbS [51]. Hence
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it can be concluded that C3 represents PbS reduction, yielding Pb° and SH'. As for this signal C2 after a far
anodic excursion (see dashed line of the second cycle in fig. 3), it is not only reduction of PbS; starting at
~-0.6 V, it largely represents the reduction of matter generated by electrochemical PbS oxidation. The im-
portance of processes in this potential range for PbS restoration will be discussed later.

The most prominent feature of PbS electrochemistry is the anodic peak Al. According to the avail-
able literature, in strong alkaline medium (pH > 13), there should be not a peak but a monotonously increas-
ing signal starting at ca. -0.2 V vs SCE. Formation of soluble products that are not deposited on the electrode
surface accounts for the absence of a peak or pre-peak [48, 52]; at a lower, but not acidic pH, partial passiva-
tion of the surface occurs due to the formation of S” and PbO [48]. High pH values favour the formation of
plumbite ions; and increasingly large amounts of thiosulfate along with S” are also formed as Gardener and
Woods argue [48]. According to their calculations, nearly 60% of PbS yield S and 40% — S,05™ at pH = 13.
Hence we can write down main oxidation reactions as follows:

PbS +30H —2¢ — HPbO, + H,0 +, E’, ?)
2PbS +120H" —8e — 2HPbO, +S,0 +5H,0, E. 3)

The formal potential, E*}, at pH = 13 for reaction can be calculated based on the value E’; reported
in [48] for reaction (4)

PbS—2¢ — Pb* (aq)+S, E; =+0.1V vs SCE 4)
E’ = E? +0.827-0.0885 pH

thus giving £} = -0.22 V vs SCE (a shift of -0.32 V), which is consistent with the initial potentials reported
[48, 52] and confirmed in the present study (-0.25 —-0.20 V). We should stress that the formal potential can
become close to the initial one, being always less than E,, if the constant, &, in Batler-Volmer equation is
sufficiently small, which is generally true for irreversible redox reactions and therefore is justified for use in
our argumentation .

It can be demonstrated that the formal potential, E",, of reaction shifts from its standard potential,
E’ =0.614 V vs SHE [48], by -0.96 V at pH = 13, so that E°’, = -0.346 V vs SHE or ~ -0.57 V vs Ag/AgCl
(sat). Therefore reaction (3) is thermodynamically even more favourable than reaction (2). Nonetheless, the
experiment is consistent with reaction (2), which can be attributed to the kinetic hindrance of reaction (3).

Our findings show that oxidation of PbS is more complex than it can seem and reactions (2) and (3)
are not completely consistent with experimental observations. We have to acknowledge the formation of in-
soluble lead species on the fact that oxidation peak Al and most of other peaks resume in the second and
subsequent cycles, with the magnitude largely reducing with every next cycle. Restoration of PbS electro-
chemistry after the first cycle is possible only if a part of both sulphur and lead species are deposited on the
electrode surface. No doubt, a significant portion of lead sulphide dissolves during oxidation and diffuses
into the bulk of solution. A specially designed experiment showed that PbS restores from adsorbed species at
potentials < ~ -0.6 V but not from those surrounding the electrode as one might think. Freshly prepared bulk
PbS film underwent the potential cycle -0.4 — +0.75 — -0.4 — +0.75 V (fig. 4,a). Oxidation peak Al ap-
peared, as expected, during the first sweep but not during the second one, thus suggesting that re-formation
of PbS occurs at more negative potentials. The next cycle, +0.75 — -0.9 — +0.75 V, was accompanied by
bubbling Ar through the solution (fig. 4,b). We did not observe any distortions on a voltammetric curve due
to uneven stirring, and PbS oxidation was observed again; hence, only adsorbed species participate in all the
processes involved. Taking into account the literature just discussed, we propose another reaction for the
oxidation process, which simply states that only a part of lead diffuses away as HPbO, and the other part is
PbO deposited on the electrode:

PbS +20H" —-2e — PbO + H,0 +S. (5)

The fact that we observed a peak rather than a monotonously rising current can be explained by two
factors: 1) a limited amount of PbS thin film available on the electrode (unlike the cases when the working

“See e.g. the work by Hubbard [58] that is discussed below in more detail.
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electrode was made of massive PbS piece and, hence, the matter was quasi-infinite); 2) the PbS surface is
being passivated. These two factors do not exclude each other and can operate simultaneously. Further, the
peak, as it is depicted in the scheme, is not always observed; instead, it can be either broader, or lose the peak
shape at all, or appear as multiple successive peaks (see the right inset in fig. 3). It was noticed that processes
with higher currents tend to deviate from the “ideal” shape depicted and shift anodically. One can assume
that this is conditioned by the shift of £, due to its dependency on pH. When reaction (2) proceeds it con-
sumes 3 moles of OH" per each mole of PbS. while reaction (3) — 12 moles of OH’, resulting in a decrease of
pH near the electrode and, as a consequence, the anodic shift of E",. Further we will discuss some kinetics
aspects of process Al.

Fig. 4. Cyclic voltammograms of freshly prepared bulk PbS thin film. (a) Potential sweep
-0.4 — 0.75 — -0.4 — 0.75. Continuous curve shows the first cycle. (b) Potential sweep 0.75 — -0.9 — 0.75
followed after the sweep given in (a) and accompanied by stirring the cell solution with argon

The reasons behind the distortion of the peak Al shape are beyond our comprehension at the mo-
ment but simpler cases when process Al is represented as a single “ideal” peak can be characterized to some
extent. Several experimental facts have been established and summarized in table 2 and fig. 5. In the table,
the Tafel-type linearization data for peaks Al are presented and in the Appendix we substantiate how poten-
tiodynamic curves can be used to obtain the Tafel constant for adsorbed species. As is evident, the Tafel con-
stants vary in a narrow range, corresponding to the Tafel slopes 104-126 mV/decade. Furthermore peak cur-
rent-to-charge ratio is constant /i, = 5.32 (see fig. 5,b) for all the data. This suggests that the processes
represented by the “ideal” peak shape are essentially the same in terms of their nature and kinetics. The dif-
fering peak currents are only due to the amount of PbS available. Peak potentials vary in the range 0-0.11 V,
with the majority of data confined to 0.04-0.08 V. There is no correlation between peak potentials and peak
charges or currents; therefore peak potentials are not conditioned by the amount of PbS reacted or its kinetics
and depend on an unknown factor. This implies that, unfortunately, the bulk PbS film oxidation cannot be
characterized by a certain peak potential.

Table 2. The data on the linearization of peak Al for the bulk PbS films and peak Al potentials

cycle number” intercept slope slope, mV/decade Enax, V
[c2 3.52 8.63 116 0.041
L3 -4.22 791 126 0.044
(cl -3.63 8.36 120 0.049

c2 -4.37 9.49 105 0.11
| 4 439 9.65 104 0.067
L c5 -4.53 9.08 110 0.054
c2 -4.21 8.61 116 0.0252

*) for a given bulk PbS film, several potential cycles were carried out and are indicated. The curly brackets unite the
cycles of the same film.

The Tafel linearization mentioned above is presented in fig. 5,a. Deviations from the linear behav-
iour are characteristic and always observed in the post-maximum region. This can be regarded as an “inter-
vention” of another process that results in a significant decrease of the rate of PbS oxidation, which can be
due to the passivation of PbS surface, but not to limited amounts of PbS on the electrode. The oxidative dis-
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solution of PbS can be interpreted in terms of dissolution of a binary bivalent ionic semiconducting com-
pound and described by ion transport kinetics [14]:

S+ * 2 2eAQc
BLP i=2ek;A[S] pbexp[T , (6)

FLP i=2ek;, A[Pb] exp{ T } @)

where i is current, e is elemental charge, p, is bulk concentration of holes, k is the Boltzmann constant, 7 is
absolute temperature, k," and kp," are rate constants, [S]" and [Pb]" are surface concentrations of sulphur and
lead ions; A is the electrode area, op," is the transfer coefficient of lead ions, Adsc and Ady are potential drops
across a semiconductor space charge layer and the Helmholtz layer, respectively. Formulas (6) and (7) apply
when the band edge level pinning (BLP) or the Fermi level pinning (FLP) take place, respectively. The Tafel
slope for BLP, implied in (6), at 298 K, is 30 mV/decade, which is not consistent with our data that show
114 mV/decade, on average. Therefore dissolution occurs with FLP — the change of potential drop applied is
entirely in the Helmholtz layer — and the transfer coefficient is ap,” = 0.52. The Tafel slopes of
57-76 mV/decade were reported in [53] for galena dissolution in acidic medium, higher values related to
surface states of the galena samples.

Fig. 5. Linearization of peak Al for the bulk PbS films (a) and the plot of total peak charge vs peak
current (b)

Next, we attempt to present basic redox reactions of the bulk PbS film from the standpoint of semi-
conductor electrochemistry. Richardson and O’Dell found a polarizable space charge layer of their galena
samples in the potential range ca. -0.6 — -0.2 V vs SCE with the flat-band potential close to -0.6 V or -0.2 V
for highly n- or p-type samples, respectively [37]. Therefore one can admit that these potentials determine
the positions of conduction (CB) and valence bands (VB) of PbS. High anodic currents observed for our
samples in the present study suggest that they are of p-type and the Fermi level in PbS, &), is located close
to VB (fig. 6,a). Our experiments also showed that anodic polarization from OCP immediately results in the
anodic current of peak Al. This implies that the Fermi level in PbS becomes lower than the redox Fermi lev-
el, €rec, p)» corresponding to p-type decomposition of PbS — a thermodynamic condition for oxidative de-
composition of a semiconductor [14, 54]:

€r(sc) < €r(dec.p) (8)
or in terms of potentials on electrochemical scale

E, o >E,

(sc) (dec.p)® )
Indeed, if Eyp ~ -0.2V and Ere, p) = E", = -0.22 V, then condition (9) is met in p-type PbS as soon as the
electrode is polarized anodically, +e# (fig. 6,b and d).

Under cathodic polarization, gxsc) moves cathodically, -ez, charging surface states, SS, correspond-
ing to the oxidized PbS surface as discussed above, and when conditions (10) and (11) are met
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8F(SC) > €t decn) (10)

EF(SC) < EF(de(',n) (11

PbS undergoes reductive decomposition (fig. 6,c and d), if we accept that Erec, » 1S ~ -1.2 'V as established
in publications cited above. As is evident, the band gap and absolute positions of VB and CB are not in-
volved in this process; conditions (8)—(11) result only from thermodynamic reasons and are not related to the
structure of energy levels.

Fig. 6. Energy levels of bulk PbS films under OCP (a), anodic polarization (b), cathodic polarization (c).
Schematic presentation of the respective i-E profile, redox Fermi levels of oxidative, Erge., ), and reductive
Er(iec. ny decomposition of PbS and surface states, SS (d). (Note that in this schematic picture, the bands are
not depicted curved for simplicity.)

As for other peaks, C4 and C5, the nature of reactions involved has not been clarified in the present
study; however, they will be mentioned in the following section.

Electrochemistry of Q-PbS. The first important aspect of Q-PbS electrochemistry under the condi-
tions of study consists in proximity of redox reaction potentials of Q-PbS samples and of bulk PbS thin films.
fig. 7,a demonstrates 15 consecutive cycles of potential for the sample QD-120AC. Most of the peaks de-
tected for a bulk PbS film appear in this voltammogram as well. Note that the cathodic peak at -0.3 —-0.2 V
on this and other voltammograms represents reduction of Pt oxide formed during the anodic potential excur-
sion beyond -0.1 V. Peak potentials for reactions denoted A2, C4 and C5 on the first cycle are 0.598, 0.209
and 0.063 V, respectively. These values fit (within the standard deviation (s.d.)) those presented in table 1 for
the same redox reactions of a bulk PbS film. In the second cycle, process A2 is presented by an additional
peak at 0.52 V. The cathodic reaction C3 appears as a rather well-defined peak unlike the wave observed for
a bulk PbS film. Peak Al is shifted towards negative potentials; it is highly reproducible with an average
value -0.05 V. If compared to peak potentials for bulk PbS films, one can conclude that Q-PbS undergoes
oxidation easier. However, most remarkable features of oxidation that make the difference between the two
materials are 1) gradual decrease of peak currents during cycling, 2) temporal upsurge of peak currents dur-
ing cycling, and 3) unexpected reproducibility of peak currents both within a given experiment and between
replicate experiments.

A gradual decrease of peaks Al in subsequent cycles is characteristic of the QD samples only. We
assume that OA forms “a bag” surrounding nanocrystals, hence preventing soluble oxidation products from
diffusing into the bulk of solution. Alternatively, lead oleate rather than plumbite can be admitted as one of
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the oxidation products; this compound is insoluble in an aqueous medium and keeps lead ions available for
the following reaction with S* forming during the cathodic potential sweep.

Fig. 7. (a) Cyclic voltammograms of QD-120AC: cycle 1 (bold continuous line), cycle 2 (bold dashed line),
cycles 3 — 15 (thin short-dashed line). The first seven cycles are marked with numbers. (b) The plot of peak
Al currents vs cycle number. (c) The plot of group mean peak Al charge vs group mean peak Al current

In fig. 7,a, peaks A1 of the first 7 cycles are marked with numbers to show the effect just mentioned.
Under the conditions of the present study, one cannot deposit a reproducible amount of Q-PbS on the elec-
trode, hence, peak currents are expected to be different with every new deposition of Q-PbS. However, the
values that peak currents assumed, although vary, form four groups or clusters . Fig. 7,b exemplifies how
peak currents change with a number of cycles for three different PbS depositions. The gray bands show lim-
its for every current group as meant s.d. Peak charges also follow grouping which is not so pronounced as
that of currents . The hierarchical analysis yields three clusters instead of four, with the charge values corre-
sponding to the two first current groups being merged into one. Yet, if one sets to find four clusters and plots
the group mean values for the charges versus group mean values for the currents, a straight line results with
the slope (g/imx ratio) equal to 7.56 (fig. 7,c). This quantity is smaller for a bulk PbS film (g/i.x = 5.31) pos-
sibly because Q-PbS gives a rather symmetric peak Al. Kinetics of oxidation is quite similar to that estab-
lished for a bulk PbS film. Specifically, if one attempts to linearize i-E profile in a manner given above, the
resulting line is generally not straight. The Tafel slopes for the data demonstrating a reasonably linear behav-
iour are within 100-115 mV/decade.

The explanation of unusual reproducibility of peak currents, that we propose, consists in layer-by-
layer dissolution of Q-PbS. Apparently, a certain integer number of layers reacts during the potential sweep.
It is not possible to count the number of layers precisely based on the peak charge as the true area of Q-PbS
coating and packing density of nanocrystals in the layers are unknown. To the first approximation, one can
estimate that thickness of the PbS layer corresponding to the first charge group (average 43 pC) is about
0.65 nm, which is close to the lattice constant of galena 5.936 A [55], assuming that Q-PbS layer has the
same area as the true electrode area.

" Hierarchical clustering of data (20 values) was performed by means Mathematica and Silhouette statistics was em-
ployed for the significance test.

" The peak charges undergo greater dispersion since they are more sensitive to baseline subtraction than peak currents.
In the case of Q-PbS, baseline for peak Al cannot be taken as a straight line thus making peak treatment less accurate.
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The cathodic shift of oxidation peak A1l can be explained by the change in the formal potential of re-
action (2), E°\’, in alkaline media since equilibrium concentration [Pb**] decreases due to the formation of
HPbO,. In the case of Q-PbS, OA plays a role of a ligand, additionally decreasing [Pb**] and thereby mov-
ing E°,’ further in the cathodic region. Unfortunately, the data on the solubility product of lead oleate are not
available in literature to date, thus it is not possible to provide quantitative basis for this supposition. The
given explanation implies that the size of nanocrystals does not affect their redox properties. More experi-
mental evidences will follow later in the text in support of this idea.

The effect of the developed purification procedure can be appreciated from voltammograms of the
sample QD-100 that underwent basic purification with methanol and chloroform (fig. 8,a), further treatment
in acetone (fig. 8,b) and further treatment in the sodium hydroxide solution (fig. 8,c). The reduction of noise
and qualitative improvement of voltammetric response can be seen on the i-E profiles of the samples of
higher purity. Since in purification OA is removed, as discussed in the ‘IR spectroscopy’ section, one can
infer that excessive OA imposes insulating properties on the QD layers.

Fig. 8. The effect of purification procedure on the voltammetric response of the QD samples. (a) Sample
OD-100B obtained with only basic purification procedure; (b) QD-100AC — after additional acetone treat-
ment; (c) QD-100SH — after additional treatment in NaOH. The numbers indicate potential cycle sequence
number for a given deposition. The inset shows anodic currents in the region -0.4 — 0.3 V for sample
OD-100SH
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Fig. 8 also demonstrates that peak potential, E,,, for peak Al, depends on the environment, i.e.,
amount of capping OA. For the sample purified in acetone, E,,x ~ -0.08 V whereas for the sample treated in
NaOH, it is ca. 0.02 V. The PbS nanocrystals were not significantly affected by this treatment since the PL
maximum did not change (see curves b in fig. 1). Another confirmation of the environment effect on the
peak potential was obtained through an experiment with samples QD-60B, which yielded two anodic peaks
E..x =-0.22 and -0.02 V; after the treatment in acetone, a single peak appeared at ~0.02 V; an enhanced
treatment in NaOH (0.5 M NaOH and 100°C) yielded a sample (QD60-SH+, see its IR spectrum in fig. 2)
with a very pronounced peak Al with E,,, = 0.05 V, which is very close to E, , typically observed for bulk
PbS (data not presented). It is worth noting that PL spectrum for QD60-SH+ differs significantly from that of
QD-60B and QD60-AC: the PL maximum (1250 nm) is red shifted by 200 nm and the peak is very broad,
which is indicative of partial merging of nanocrystals. Yet the quantum confinement effect was still there. Al
said above signifies that the quantum confinement effect and, therefore, energy structure of PbS are not ma-
nifested in these experiments. As mentioned in the Introduction, the medium in which measurements are car-
ried out critically affects the voltammetric response. Therefore we do not generalize this conclusion and ad-
mit that the use of a different medium might yield more informative voltammograms of Q-PbS.

The QD samples studied by us show certain irreproducibility between each other. On the one hand,
the sample QD-120AC has a pronounced oxidation peak Al with its unusual properties discussed earlier. On
the other hand, the samples QD-100AC and QD-60AC show a very moderate peak Al or the absence of that.
Removing much of OA from QD-60AC gives an intensive peak Al which, although decreased gradually
during potential cycling as expected for QDs, does not result in a temporal increase of the peak current. Ap-
parently, the amount of OA has a very subtle effect on the electrochemical response of the QDs investigated
besides the shift of £, and the experimental protocols presented herein do not always result in reproducible
amounts of capping OA in Q-PbS.

The presence of OA and ODE does not distort the interpretation of QD voltammograms. Indeed, in
auxiliary experiments, OA or ODE were deposited onto the working electrode and the potential was swept
likewise in the QD experiments. No peak currents but only rising anodic and cathodic currents commencing
at £> 0.0 and < -0.8 V were registered, respectively.

In the final part of the paper, we present experimental data for QD-100SH. This sample as well as
QD-60SH demonstrates stable electrochemical response without notable oxidation Al and with intensive
(apparently irreversible) oxidation and reduction processes, A2 and C3, at the extremes of potential window

(fig. 9).

Fig. 9. Cyclic voltammograms of sample QD-100SH. Numbers show the cycle number. The bars are all
50 uA. Scan direction: OCP — -0.9 — 0.75 — OCP

As mentioned before, we associate process C3 with PbS reduction. The nature of process A2 remains
mostly unknown. Both processes are formed after prolonged potential cycling in the interval -0.9 — 0.75 V.
Specifically, after 7 consecutive cycles, the working electrode with the QDs was taken out of the cell,
washed with water, acetone, dried in Ar stream and inserted in the cell again. The following cycles 8—10 and
15-17 are shown in the same figure. As is evident, virtually identical i-E profiles are produced at cycles
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15-17. Further experiments revealed that washing and drying the working electrode is not important in ob-
taining a stable response; suffice to leave the electrode in the solution for some time and then resume poten-
tial cycling. Apparently some soluble reaction products are gradually removed from the electrode surface
during the time of rest.

The stability of voltammograms allowed us to extract quantitative information from peak currents,
imax, as well as peak potentials, E,.x, for a single deposition. Firstly, i,.x values show an irregular trend to
increase at faster scan rates, if potential is cycled in the range -0.9 — 0.75 V. However, i,,,x demonstrates lin-
ear dependency on the scan rate, s, if potential cycling is confined within the range -0.3 — 0.85 V (see
fig. 10,a and b). A reversible depolarization of absorbed species results in such a dependency and the poten-
tiodynamic curve represents a symmetrical bell-shape profile, as is generally known [56, 57]. Obviously, the
reaction in question is not reversible. It can be shown that irreversible and quasi-reversible depolarization of
adsorbed species gives the same result. The theory of these electrochemical reactions complying with the
Butler-Volmer kinetics was first presented by Hubbard [58]. Besides the peak currents given by formula
(12), the shift of the peak potential with the scan rate given by formula (13)" also brings important informa-
tion and can be used to verify the compliance of the irreversible model, Red - ne — Ox, with the data.

. (1-a)n,F
i =-————nF|Red| s
mx = o 1F [Red], (12)
. 2.303RT | (1-o)n,Fs
E_=E"+ 0
(1I—a)n F [ k,RT } (13)

where a is the transfer coefficient from the Butler-Volmer equation, 7, is the number of electrons transferred
in an elementary step, n is the number of electrons transferred in an overall reaction, F is the Faraday con-
stant, k, is the oxidation reaction rate coefficient independent on the potential, [Red], is the initial amount of
reductant (mole) adsorbed on the electrode surface, s is the scan rate (V/s), R is universal gas constant.

Fig. 10. Cyclic voltammograms of sample QD-100SH at scan rates 25, 50, 100, 200 and 300 mV/s with the
potential sweep -0.3 — (0.75-0.9) — -0.3 V. The inset demonstrates the linearization of peak A2 for scan
rates 25, 100 and 300 mV/s. The arrows point the change in voltammograms with increasing scan rate (a).
Peak current as a function of the scan rate (b) and peak potential as a function of logarithm of the scan rate
(c) based on the data shown in (a)

“Formula (13) also deduced by the authors differs from the one given in [58] by the ratio V/A omitted under logarithm
function since Hubbard considered thin layer cells electrochemistry.
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(1-a)n,F

RT ’
and the interception presents a linear relationship between E°’ and In[k] thereby the two quantities cannot be
determined from this experiment. Our data yield a straight line in the coordinates (fig. 10,c) and the Tafel
constant of 16.18 or 142 mV/decade and (1-a)ny, = 0.42. On the other hand, the Tafel slope might be esti-
mated from (12). Indeed, plotting i, vs s gives a straight line with the slope of 0.610 (fig. 10,b). However,
the slope includes the product nF[Red], which is the peak charge, ga,. Unfortunately, peak A2 cannot be re-
liably separated from the other signal following it and, therefore, the peak charge is unavailable. Inversely,
ga> can be estimated from that slope if the Tafel constant is known; simple calculation gives ga, = 102 pC.
This value agrees with the expected one for the irreversible model. The charge values of peak A2 before E.,«
are reproducible at various scan rates and vary between 58 and 61 puC. Since i-E profile of an irreversible
reaction is asymmetric, with most of the charge passed before the peak potential, ga, must be << 120 pC,
which is in agreement with the anticipated peak shape. This value is used further to obtain the Tafel constant
from linearization of the potentiodynamic curves A2. Indeed, the plot of lg[i/yg.s] vs E yields a fairly good
linear dependency (the inset in fig. 10,a) but the slopes (the Tafel constants) diminish with the scan rate (see
table 3). This contradicts a little the result just mentioned. Namely, the Tafel constant found according to
(13) has a certain value and one would expect the same value from the linearization. The mean value for the
slopes obtained from the linearization amounts to 134 mV/decade, which is rather close to the value found
from (13). Apparently, formula (13) yields an averaged Tafel constant that, in fact, varies in the experiments
performed at different scan rates. We are convinced that process A2 is more complex than a one-stage irre-
versible oxidation reaction and the regularities found experimentally are covered by this model only in part.
Besides, the process can be complicated by diffusion especially at earlier stages.

According to (13), the plot of E,.x vs lg[s] contains the reciprocal of the Tafel constant,

Table 3. The data on the linearization of peak A2 for QD-100SH for different scan rates

scan rate, mV/s intercept slope slope, mV/decade R’
25 -22.08 9.71 103 0.9952
50 -20.75 8.49 118 0.9749
100 -19.15 7.23 138 0.9892
200 -18.55 6.65 150 0.9849
300 -17.84 6.28 159 0.9858

Fig. 11. Potential step experiment: from E; = OCP (~0.0 V) to E; = 0.65 V (a). The plots of the data from
(a) in dimensionless coordinates (—), constructed according to instantaneous (----) and progressive (———)
growth models in the case of 2D (b) and 3D (c) deposits
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Chronoamperometry experiments revealed the formation of a new phase in the A2 region. The po-
tential was stepped from OCP (~0.0 V) to 0.65 V, giving a characteristic curve, i(¢), with a maximum
(fig. 11,a). It is not possible to determine which type of nucleation operates in this case. The dimentionless
plot of i/i,,, Vs t/t,. for the experimental data, given in fig. 11,b and c, is not adequate at higher times with
any of the four models of progressive (2D, 3D) or instantaneous (2D, 3D) nucleation [59-61]. Probably, a
passive film grows on the QD surface and bulk PbS thin films beyond a monolayer coverage (2D) but block-
ing the surface prevents further 3D growth.

An attempt to investigate an oxidation process of galena at far anodic potentials (apparently A2) at
pH = 12 was also made in [52]. The nature of chemical reactions involved remained unclear. The authors
only suggested that passivating film that had formed at earlier stages of galena oxidation dissolved and an-
other one formed.

As is obvious, the electrochemistry of PbS is very complex and probably only spectroscopic and
chemical analyses of PbS electrode surface during or after a potential sweep may shed light on the chemistry
of the reactions involved.

CONCLUSIONS

1. The synthesized Q-PbS showed PL maxima in the range 800—1300 nm, indicating a quantum con-
finement effect; the radius of nanocrystals was estimated to vary between 4-8 nm.

2. By means of IR spectroscopy, the OA molecules were found to face the nanocrystal surface with
their carboxyl groups, forming a surface compound — lead oleate. Refluxing Q-PbS in acetone or heating it
with NaOH, being a purification procedure, resulted in a partial removal of OA from the synthesized prod-
uct. The purification improved voltammetric response of Q-PbS.

3. Cyclic voltammograms of Q-PbS deposited onto a working electrode essentially followed that of
bulk PbS thin films obtained by chemical bath deposition. The slight cathodic shift of the oxidation peak is
accounted for by the change in the formal potential of the oxidation reaction. The oxidation and reduction of
Q-PbS are governed solely by the thermodynamics of the respective redox reactions, and electronic structure
of those QDs is not manifested, as follows from the experimental data. A simple explanation of PbS reduc-
tion and oxidation is formulated from the viewpoint of electrochemistry of semiconductors.

4. The peculiarities of Q-PbS electrochemistry consisted in a) the ability of Q-PbS to participate in
multiple redox cycles whereas bulk PbS films dissolved fast upon oxidation, b) the layer-by-layer oxidative
dissolution that was manifested as reproducibility of peak currents and charges between various experiments,
and ¢) stabilizing voltammetric response after multiple redox cycles. The presence of capping OA layers
which prevent the redox products from escaping in the solution bulk is suggested to account for these effects.

5. Kinetics of two oxidation peaks Al and A2 was investigated by the linearization of potentiody-
namic curves, suggested in the present study. Kinetics of process Al for bulk PbS films is consistent with the
dissolution of a binary ionic semiconductor; the transfer coefficient was determined ap,” = 0.52. Process Al
for the QDs turned out to be more complex: the linearization was not as effective as it was for bulk PbS. The
oxidation occurs slightly faster. The chemical nature of process A2 remained unclear. Our data only sug-
gested the involvement of adsorbed species and the growth of a new phase.
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APPENDIX

Normally the Tafel constants are not extracted from potentiodynamic curves due to the involvement
of diffusion of redox species. Here we show that the Tafel constants can be obtained from a single potentio-
dynamic curve if 1) the redox species are pre-adsorbed onto an electrode surface, 2) they do not continue to
adsorb from or diffuse away into the solution during the sweep of potential, 3) the electron transfer reaction
is irreversible, 4) no chemical reactions precede the electron transfer and 5) the redox reaction follows the
Butler-Volmer kinetics. Then one can write the Butler-Volmer equation [62] for the oxidation reaction
Red - ne — Ox with the constant of backward reaction, k, = 0, as follows:

i =kynF [Red]exp{%(E—E‘)’)}. (A1)
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If we denote relative amount of the reductant as
[Red]/[Red]; = Ve (A2)
where [Red]y is the initial amount of Red, then yr.q can be found from experimental data as follows:
Vrea =1-[0x]/[Ox]_=1-q/4,, (A3)
where [Ox]., is the final amount of the oxidant, g is the peak charge at any instant and g,,, is the charge under

the whole peak corresponding to the redox reaction considered. Using and the total charge expressed as
¢:0: = nF[Red], can be re-written

i (l—OL)nF ,
_=k0qm,exp[T(E—EO ):| (A4)

Red

i
Plotting ln{y } vs potential E results in a straight line with the slope being a Tafel constant and the inter-
Red

ception as given below:

1 (1 - OL) nF
slope = ~———
p RT (A5)
interception = In[,q,, | —slope E” (A6)

If one knows E”’ then k, can be determined from a single experiment. The approach presented holds
if the redox process follows the Tafel-like kinetics as is the case of the dissolution of an ionic semiconductor,
according to (AS5) and (A6); but the slope and the intercept have a different interpretation.
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B pabote metonamu nukiandeckoi Boabramerpuu (L[B) n XpoHOaMIiepoMeTpuy UCCIIeayeTCs SIEKTPOXUMHUYe-
ckuif OTKIMK KBaHTOBBIX Touek (KT) PbS, nokpriTeix cioem onenHoBo# kuciaotel (OK) 1 ocaskIeHHBIX HA MIATUHOBBII
anexTpo, B BogHoMm 0,1 M NaOH. KT rakxe Obun 0xapakTepu30BaHbI P OMOLIH MH(pakpacHO! U (OTOIIOMHHEC-
LIEHTHOU criekTpockonuu. MHTepnpeTauus NaHHBIX HUKIn4Yeckor BonbTameTpuu KT mpoBoauTCs Ha OCHOBE CpaBHU-
TEIBHOTO aHAJIHM3a PE3yIbTaTOB BOJIBTAMETPHH TOHKUX IUICHOK MacCHBHOTO PbS, MoIydeHHBIX METOIOM XUMHUECKOTO
OCaXK/IEHUS W3 pacTBopa. bruto ycTaHoBieHo, uTo 00a MaTepHana AlOT OYCHb CXOXKHE BOJIHTaMOTPAMMBI, OJHAKO,
okucnenne KT, kak mpaBmiio, HauMHAETCA TPH OoJiee OTPULIATENBHBIX ITOTCHIIHAIAX, YeM Y MAaCCHBHOTO MaTepHaia.
10 06BACHACTCS BIHSHAEM MOKpbIBaromux cioes OK, B kotopbix Mosekynsl OK pearnpyior ¢ Pb**, 06pasys TpyaHo-
PacTBOPHUMBIN OJleaT CBMHIIA, CMEIast, TaKUM 00pa3oM, (hopMabHBIN PeIOKC-ITOTEHINA B KaTOAHYI0 001acTs. Mero-
161, o3Bourstrontie yaanuts 9acTh OK n3 KT, mpuBomsT K aHOTHOMY CMEIISHHIO IMTOTEHIHANa OKUCICHUS B 00JacTh,
XapaKkTepHYIO ISl MacCUBHOr0 marepuana. OOCyXIaeTcsi BO3MOKHOCTh OIpPEENICHHUS aOCOMIOTHBIX MMOJIOKCHUHA JTHA
30HBI IPOBOAMMOCTH U MOTOJIKA BajeHTHOH 30HbI B KT meromom LIB; ogHako, B3auMocBs3b BonbTamMmmerpuu KT u nx
ANIEKTPOHHON CTPYKTYpPBI 3KCIEPUMEHTaNbHO He oOHapykeHa. KT PbS cmocoOHBI BIIepaTh MHOXKECTBO IUKIOB
OKHUCJICHHUS-BOCCTAHOBJICHUS B TO BpEMSI KAK MACCUBHBIA MaTepHall Jerko pacTBOPSETCS MPU IEPBOM OKUCIEHUU. DTOT
a¢ ekt 00bsacHseTes HanmyreM cinoeB OK, koTopsie pensTcTBYIOT nuddy3un pacTBOPUMBIX MPOJYKTOB OKHUCICHUS B
pactBop. Hexotopeie o6pasiel KT PbS nemoHcTpupoBamu 0coOyr0 CTaOMIBHOCTh K OKHCICHUIO, XapaKTEPHOMY JUIS
PbS n naunnaromemycs mpu -0,2 B mo Ag/AgCl (nac.), n cTaOMIBHBIA CUTHAJT OKHCIICHUS W BOCCTAHOBIICHHS TIpU 00-
nee Beicokux (0,55 B) u 6onee auskux (-0,8 B) moreHinanax, COOTBETCTBEHHO.
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