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environment.

The dramatic change in physical and chemical characteristics that substances
experience at reduced length scales (1-100 nm), together with a potential risk of ecotoxicity, are two of the
reasons for the scientific interest in nanoparticles. The current understanding of the behaviour and fate of
nanoparticles in natural waters is limited because of a lack of efficient methods for their characterisation.
Electrochemistry is a promising tool for the determination and characterisation of nanoparticles in the natural

Abstract.

In-situ electrochemical scanning tunnelling microscopy (EC-STM) has been used for the characterisation and

determination of FeS nanoparticles (NPs) at a Au(111) electrode in NaCl solutions oversaturated with FeS. In parallel,
voltammetric measurements in different electrode systems (Hg and Au) have been conducted. Particle deposition was
studied in relation to variations in applied and scanning electrode potentials over a range of 0.1 to —1.5V v. Ag/AgCl.
EC-STM images obtained on the Au(111) electrode revealed the presence of FeS NPs, accompanied by a drastic
transformation in the electrode’s surface topography during scanning from 0.1 to —1.2 V. A majority of FeS NPs (diameter
2-5nm) were detected in the potential range of —0.15 to —0.25V v. Ag/AgCl. The EC-STM results are in very good
agreement with previous voltammetric measurements at Hg and Au electrodes. The combination of in-situ EC-STM and
cyclic voltammetry complementary techniques appears to be a powerful tool for the characterisation of complex

electrochemical systems such as chalcogenide NPs in aqueous solutions.
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Introduction

Among the naturally occurring nanoparticles (NPs), metal
sulfides (MeSs) are a highly important class in natural waters.
Interest in MeS NPs has increased owing to the discovery of
nanomolar levels of sulfide in oxic waters,"' ! and the important
role of MeS NPs in the biogeochemical processes of various
metals where they influence both sulfide and trace metal
mobility, speciation and bioavailability."' ™' In anoxic sulfidic
environments FeS NPs predominate over other MeSs.[*'"]
Recently, we showed that electrochemical methods can be
successfully employed to characterise and determine chalco-
genide NPs in model solutions and in natural waters.!'' " Due
to strong interactions with sulfide species, a Hg electrode
preconcentrates MeS NPs effectively, enabling their detection
at submicromolar concentrations.!'' "¢ 18] Voltammetric
results obtained in a solution containing FeS NPs at Hg and
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Au electrodes have been discussed extensively in our previous
publications.!">""®) It was shown that FeS NPs can generate FeS
layers at a Hg electrode. It is proposed that particle collection at
the Hg or Au surface is analogous to charge-impeded coagula-
tion, and that the collection efficiency is sensitive to cation
charge and concentration in the electrolyte as predicted by the
Schulze-Hardy Rule.'"! If the electrode and particles have
opposite surface charges, particle collection is facilitated by
electrostatic forces and the collection efficiency becomes com-
paratively insensitive to electrolyte composition. However,
from measurements at a Hg electrode it was not clear whether
these NPs formed sulfide layers at the surface or remained
attached as particles. To obtain more information related to the
deposition of FeS NPs and their interaction at selected electrode
surfaces, parallel work on the nanometre-scale characterisation
of FeSNPsata Au(111) electrode surface was further performed
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by use of in-situ electrochemical scanning tunnelling microsco-
py (EC-STM). The focus has been on new insight into the
physical chemistry of the formed layers and NPs attached to
electrode surfaces.

Scanning tunnelling microscopy (STM) and EC-STM have
been widely used to investigate the interaction of a Au(111)
electrode with sulfur and sulfur-containing species.!'” ! The
idea was to apprehend the adsorption of sulfur on Au(111),
which involves different potential-dependent species that are
transformed or stripped at very different rates on and off the Au
(111) surface. We believe that in a system that contains FeS NPs,
the first step is formation of a Au—S adlayer (—0.3 V < potential
(E)<0V v. Ag/AgCl) similar to that obtained in systems that
contain only dissolved sulfur species.!'” %! In the next step we
suspect that adsorption of FeS NPs on the formed Au-S adlayer
proceeds by forming S—S bonds./** The main objective of this
work is to visualise the surface topography of a Au(111)
electrode in the presence of FeS NPs at different scanning
electrode potentials in comparison to a system composed solely
of dissolved sulfur or iron species.

Experimental
Materials

FeS NP suspensions were prepared in NaCl solutions of dif-
ferent concentrations (0.01 and 0.1 M) by mixing equimolar
concentrations of Fe?" and S>~ from stock solutions directly in
the electrochemical cell, mainly following our previous
work.l'®!") Independently, the presence of FeS NPs in a size
range of 25-50 nm was confirmed by dynamic light scattering
(DLS) measurements (Zetasizer Nano ZS, Malvern Instruments
Ltd, Worcestershire, UK). Stock solutions of S~ and Fe* " were
prepared by dissolving Na,S-9H,O or Mohr salt crystals
(FeSO4(NH,4),SO,4 - 6H,0) in N,-deaereted ultrapure water
(Millipore MilliQ, Millipore Corporation, Billerica, MA, USA).
The stock stability for S*~ was controlled by addition of NaOH
(pH 11) whereas H,SO4 was used for Fe*" stock preparation.
Both stock solutions were freshly prepared daily. As a sup-
porting electrolyte, NaCl previously purged with extra clean N,
for 10 min was used. All chemicals: Na,S:-9H,0 (Kemika,
Zagreb, Croatia), FeSO4(NH,4),SO, - 6H,O (Carlo Erba, Milan,
Italy), NaCl (Sigma—Aldrich Quimica S.L., Toluca, Mexico),
NaOH (Sigma—Aldrich Chemie GmbH, Steinheim, Germany)
and H,SO4 (Merck KGaA, Darmstadt, Germany) were reagent
grade and were used without any further purification.

Instrumentation

Electrochemical measurements were performed by a BAS-100B
electrochemical analyser (Bioanalytical Systems, West Lafay-
ette, IN) in combination with a Au(111) working electrode
(Arrandee, Werther, Germany). The gold electrode consisted of
a Au film evaporated on borosilicate glass. Preparation of the Au
(111) working electrode was done by a flame annealing method
as reported in the literature.”’-*®! In all electrochemical
experiments, a Ag/AgCl (3 M KCI) reference electrode and a
platinum rod as auxiliary electrode were used.

EC-STM (Nanoscope III, Digital Instruments, USA) was
used for in-situ visualisation of the Au(111) electrode surface at
different potentials in a NaCl electrolyte solution containing
suspended FeS NPs. The investigated system is very complex
and very easily undergoes oxidation (FeS to Fe* " hydroxide or
oxide species). Therefore it is crucial to have the solutions in all
experiments, electrochemical and EC-STM, always under a
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Fig. 1. Photograph of the electrochemical scanning tunnelling microscope
(EC-STM) accommodated inside a specially designed anoxic box filled with
ultra clean nitrogen.

pure nitrogen atmosphere. Our specially designed anoxic cham-
ber ensures an oxygen free atmosphere and precludes eventual
oxidation without obstruction of the imaging process (Fig. 1).
The STM tip was an electrochemically etched W wire (electro-
corrosion in 0.6 M NaOH). To minimise the background current
the tip was coated with nail polish and maintained at a constant
voltage v. the reference electrode. The bias voltage varied
depending on the applied electrode potential.?*!1 EC-STM
images were recorded in a constant current mode to show
topographic features at room temperature (20 °C). For EC-STM,
a cell made of Teflon with a volume of 1 mL was used. The three
electrode system was composed of the Au(111) electrode
(exposed area 0.33 cm?) as a working electrode and a Pt rod as
a pseudo-reference and auxiliary electrode. All potentials are
reported v. a Ag/AgCl reference electrode.

Results and discussion

Cyclic voltammetric study of a solution containing
FeS NPs at a Au(111) electrode

A cyclic voltammogram included in Fig. 2a shows the electro-
chemical response of an oversaturated suspension containing
1 x 10 °MFe’" and $*~ in 0.01 M NaCl solution at the Au
(111) electrode. The voltammograms contain two reduction and
two oxidation peaks marked as CC;, CC, and AA;, AA,, in
accordance with previously published work on the same sub-
ject.['3321 Dye to a strong interaction between Au and S as well
as the fairly high solubility of FeS,!'®) at potentials more positive
than —0.6 V partial dissociation of FeS produces substantial
amounts of sulfide and iron in the surface layer close to the gold
electrode. During deposition at a starting potential of —0.2 V and
anodic potential excursion, several processes can occur in par-
allel: (1) electro-oxidation of the Au surface by the presence of
sulfide and chloride species and film formation by Au-S
and soluble Au—Cl species; (2) polysulfide and S° layer forma-
tion as shown in the system containing only S*~ jons!'>**! and
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Fig. 2. (a) Cyclic voltammetric (CV) curves for an oversaturated suspension containing 1 x 107> M Fe?" and >~ in 0.01 M NaCl solution at a Au(111)
electrode; Fe*>" and S~ are present in a 1 : | ratio. Deposition potential, £, = —0.2 'V, initial potential, £; = —0.2'V, deposition time, #p = 15 s, scan rate,
v=0.1Vs~'and CV end potential, CVgp = —1.5 V. Electrochemical scanning tunnelling microscopy (EC-STM) images for oversaturated suspension of FeS
taken in the 0.01 M NaCl solution at different Au(111) electrode potentials: (b) 0.0, (c) —0.1, (d) —0.2, (¢) —0.3, (f) —0.5, (g) —0.75 and (h) —1.0 V. Fe* " and
S? are present in a 1 : 1 ratio at concentrations of 1 x 10> M (b, e, g) and 5 x 107> M (c, d, h). Experimental conditions: tunnelling current, /, = 1.5-3 nA,

tip bias, £, = —0.3V, and scan rate, SR = 8-10 Hz.

(3) accumulation of negatively charged FeS NPs. Because the
recorded current in the potential range of —0.2 to 0.2 V and vice
versa appears mainly capacitive, we assume that accumulation
of NPs is the most important process. In the course of the neg-
ative going scan, in the area of the CC, peak, partial reduction of
FeS NPs proceeds with formation of Fe(OH)(,4s) and polysulfide
species from reduction of S° layers.**?**) At more negative
potentials ~—0.8 V, i.e. at the CC, peak, polysulfide is reduced
to sulfide.****! Further reduction involves two parallel pro-
cesses: (1) reduction of Fe** and Fe™ from FeS and Fe(OH) 45
species, accompanied by deposition of Fe’ and (2) sulfide
desorption from the Au(111) electrode.!>**** These assump-
tions are further confirmed by results obtained from the reoxi-
dation cycle, where AA| and AA, peaks are found. The AA; can
be ascribed to oxidation of deposited Fe’ to surface FeS,OH,
compounds,'' ) whereas the AA, peak can be assigned to sulfide
oxidation and deposition of S’ multilayers.”** From the
cyclic voltammogram we can conclude that both partial disso-
ciation and reduction of FeS NPs during the negative going scan
is occurring, in agreement with our previous work.
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It is important to emphasise that the FeS particles were
negatively charged (zeta potential was ~—25mV) and their
adsorption at the Au surface was influenced by the electrode
potential. The best adsorption was found at ~—0.2 V, i.e. close to
the point of zero charge of the Au electrode in the chloride
electrolyte,”®! whereas at negative potentials FeS NPs were
adsorbed much less due to repulsion by the increasingly nega-
tive charge at the electrode surface.

In situ EC-STM study of FeS NPs at the Au(111) electrode

In order to visualise and follow up on changes in the topography
of the Au(111) electrode surface during scanning at different
electrode potentials in the suspension containing FeS NPs,
in-situ and in-real time EC-STM was used. The measurements
were done by slowly scanning the potential from positive (0.1 V)
towards negative values (—1.1 V). During the shifting of the
potential, with increments of 0.1V, the time period was
15-20 min. Such conditions were chosen to obtain stable, high
quality images. Fig. 2b-h show typical EC-STM images



Fig. 3. Electrochemical scanning tunnelling microscopy images of the Au
(111) electroode in pure 0.01 M NaCl electrolyte solution at electrode
potentials of —0.1 V, tunnelling current, /, = 1.5-3 nA, tip bias, £, = —0.3 V,
and scan rate SR =8-10 Hz.

selected from the whole series obtained at different potentials
for a solution containing 1 x 107> or 5x 10> MFe*" and
S?~ in 0.01 M NaCl. Note that all sets of images are the same
size, 30 x 30nm?, and have a very similar z-scale, 1 to 3nm
respectively.

The experiments were started by imaging of the Au(111)
electrode surface in pure electrolyte, revealing clean, large
terraces with sharp step edges that had heights of 0.235nm,
typical fora Au(111) surface (Fig. 3). After obtaining the desired
images of the Au(111) surface in the electrolyte, a FeS suspen-
sion containing NPs was added. The image in Fig. 2b shows the
topography of the Au(111) recorded immediately upon addition
of the FeS. Terraces and sharp edges are still visible; however,
the image becomes fuzzy due to transport of material to the
electrode’s surface. At —0.1V (Fig. 2¢) and —0.2V (Fig. 2d)
EC-STM images revealed a large amount of material deposited
all over the Au(111) terraces in the form of NPs. Interestingly,
the deposited material does not show any type of lateral order or
any type of uniformity in the height of the surface features. Note
that on some terraces NPs show a tendency for heterogeneous
accumulation. This represents 3-D growth with no evidence of
vacancies present on the electrode surface. In contrast, the Au
(111) electrode topography obtained over the same potential
range in a solution that contains only sulfur species is evidently
absent of NPs. A characteristic sulfur adlayer structure that
coexists with bulk sulfur and monoatomic step height vacancy
islands is observed in the presence of sulfur species in this
potential range.!'>°! This observation indicates that there is
mass transport of Au atoms perpendicular to the surface because
of the weakening of Au—Au bonds due to the presence of sulfur,
thereby creating vacancies and inducing surface corrosion,
further increasing sulfur coverage. Due to the huge mass
transport to the electrode surface and absence of vacancies in
the suspension of FeS NPs, in our opinion over this potential
range the adsorption of FeS NPs on the existing Au-S layer
predominantly proceeds by formation of S—S bonds between the
AuS adlayer and FeS NPs, with some parallel formation of
Au-S, S” and S,>~ layers and Au—Cl species.

Ata potential of —0.50 V (Fig. 2f) surface cleaning occurred.
A change in the electrode topography, with less material on the
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electrode surface, was accompanied by the more frequent
appearance of vacancies on the terraces and more visible step
edges on the Au(111) electrode. This process coincided with the
appearance of the CC, peak in Fig. 2a. In comparison with the
images presented in Fig. 2c—e it can clearly be seen that NPs that
were observed at more positive potentials do not existat —0.5 V.
Afterthe CC, peak at —0.75 V (Fig. 2g), the images reveal a very
defined electrode surface with triangular shaped terraces typical
of Au(111) substrates with large facets. However, the observed
terraces possess a large number of vacancies typically charac-
teristic of AuS adlayers.l'”>***] The observed layers are very
regular in height with a defined topography and with certain and
well known lateral order.!'* %! The electrode surface was very
stable, which allowed recording of high quality images. In
contrast, images recorded just before and in the potential range
of the CC, peak (Fig. 2e—f) show less stable adlayer structures.

Images recorded at —1.0 V (Fig. 2h) after the CC, peak show
a completely different electrode surface topography. The domi-
nant features are terraces with irregular step edges, small islands
of different heights and a lack of surface vacancies. The height
of the terraces and islands varies from 0.25 to 0.4nm. It is
obvious that at these negative potentials the electrode surface is
completely reorganised and the large triangular terraces of the
Au(111) are not visible. Based on this observation and literature
data,” %! we believe that at this potential the Au(111) elec-
trode surface is already covered with thin layers of iron.
Formation of Fe” on the Au(111) surface is proceeding by
reduction of Fe(OH),4s and unreacted FeS NPs. This observa-
tion is grounded in the literature, where formation of Fe° in the
shape of monoatomic islands in a solution containing only Fe*"
species is seen.*”) Further excursion to still more negative
potentials was not permitted because of H, evolution and
disturbances in the imaging process.

Inthe range of —0.15to —0.25V, the NP size remains constant
regardless of changes in the electrode potential. The observed
NPs have diameters between 2 and 5nm, which is distinctly
different from the dimensions of a single FeS NP as well as the
size distribution of FeS NPs determined by DLS in chloride
electrolyte solutions. The difference between particle sizes
obtained by DLS and EC-STM is expected because DLS sees
aggregates of FeS NPs in solution and EC-STM can see primary
particle sizes.*”) The determined primary particle size is in good
agreement with the primary particle size proposed for disordered
mackinawite, which has a specific surface area of 350m*g "

g
and a corresponding average primary particle size of ~4 nm.[*!]

Conclusions

Employing EC-STM in combination with classical electro-
chemical methods appears to be a useful and crucial step in the
characterisation of very complex electrochemical systems that
contain FeS NPs. It seems that our approach is especially useful
for solutions with low concentrations of NPs and high electro-
lyte concentrations, which represent conditions close to those of
natural samples. EC-STM at the Au(111) electrode revealed and
confirmed the existence of FeS NPs mainly at positive electrode
potentials (~—0.2 Vv. Ag/AgCl). Due to differences in potential-
dependent speciation, a completely different Au surface
topography was revealed by scanning electrode potentials from
0.1to —1.5. This is consistent with our previous proposals based
on voltammetric measurements at Au and Hg electrodes.['>'®]
In the potential range between —0.15 and —0.25 V the dominant
process is adsorption of FeS NPs in suspension at the electrode
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surface, which can be accompanied by other indicated pro-
cesses. The adsorption proceeds by formation of S—S bonds
between FeS NPs and the Au—S layer. ‘Cleaning’ of the elec-
trode surface due to desorption and partial reduction of FeS NPs
from the electrode surface is revealed by shifting the electrode
potential to more negative values, as indicated by the cyclic
voltammograms and EC-STM images.

It is important to note that the Hg voltammetric and Au(111)
EC-STM analyses were performed with two similar but at the
same time different types of electrodes; however, in the same
electrolyte and under anoxic conditions. The excellent agree-
ment between voltammetric and EC-STM findings with respect
to FeS NP detection and behaviour is partially based on the
nature and quality of the selected working electrode systems,
meaning that the conclusions obtained here are not universal for
every type of electrode material.

The observed NPs have diameters between 2 and 5 nm,
which is distinctly different from the dimensions of a single FeS
as well as the size distribution of FeS NPs determined by DLS in
chloride electrolyte solutions. The influence of different elec-
trolyte solutions on both FeS NP size and concentration as well
as electrochemical behaviour will be studied further.
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