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We report the size-dependent adsorption of thallium on silver
nanoparticles (AgNPs) in the region of underpotential deposition;
the phenomenon is observed for large nanoparticles, and bulk
silver, but absent for nanoparticles below 50 nm diameter.

The use of nanoparticles in electrochemistry provides a number
of advantages over their corresponding bulk materials.
Probably the most subtle difference is enhanced mass transport
due to the convergent rather than linear nature of diffusion.!
This in turn can facilitate the study of faster electrode processes.
More obviously, nanoparticles provide higher active surface
area leading to improved selectivity and signal-to-noise ratio
which can be highly advantageous in some electro-analytical
applications,” whilst the reduction in size can lead to changed
surface and electronic properties. Crystal faces exposed at the
nanoscale, and not seen at the macroscale, may lead to
improved current responses and catalytic properties; the
converse might also be true. Nanoparticles have therefore
found extensive use in catalytic’ and sensing* applications.
However, to date little is known on the adsorption behaviour
of nanoparticles in the electrochemical environment although
the adsorption on macro- and nano-gold supported on carbon
nanotubes has been shown to change qualitatively with no
adsorption seen on small nanoparticles.’

Underpotential deposition (UPD) is the deposition of a
monolayer, or sub-monolayer, of a metal onto a different
substrate metal electrode at potentials more positive than the
equilibrium (Nernst) potential for bulk deposition of this
metal. It is possible to deposit a wide variety of metals onto
an electrode substrate by UPD. Most relevant to this study is
UPD of thallium on macro-sized silver electrodes,® which has
been extensively reported in the literature. However, the UPD
of metals such as lead, bismuth, cadmium, copper, nickel and
zinc” has also been reported in the literature on silver substrates.
Studies have also examined the UPD behaviour of two
co-depositing species such as Tl and Pb.® Thallium UPD has
also been reported on gold, platinum and copper electrodes. '
The potential difference between UPD and bulk deposition
can be related to the different work functions associated with
substrate material and deposit. This can in turn result in
partial charging of the adatoms. Since the work function of
nanoparticles may be size related this offers a further mechanism
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by which changed electrochemical behaviour may arise at the
nanoscale.’

A number of thallium deposition studies have been
performed on macro-sized silver single crystal electrodes, each
of which displays its own distinct features. The reduction of
TI" to an adsorbed layer of Tl metal is represented in eqn (1).

TI*(aq) + e 2 Tl(metal) €))

The structure of a surface is seen to control the ease with which
thallium can be deposited: Ag(111) > Ag(100) > Ag(110) >
polycrystalline Ag.'® This evidence clearly indicates that the
adsorption of Tl is highly sensitive to the detailed surface
structure of a silver electrode.

Little detailed research can be found in the literature
relating to the UPD adsorption of metal atoms such as
thallium, on nanoparticulate materials,>!' or indeed of the
adsorption of molecules in general on nanoparticles. This
letter will compare the deposition of thallium on silver macro-
disk electrodes and silver nanoparticles (AgNPs), examining
the influence of both nanoparticle size and electrode coverage
on the bulk and underpotential deposition of thallium
on AgNPs.

The study of UPD is important as it commonly results in the
deposition of a monolayer or sub-monolayer of material.
Such layers can be highly significant in the mechanisms of
electrocatalytic processes. Accordingly the investigation of
adsorption effects on nanoparticulate matter is important for
the development of these materials for both synthetic and
analytical applications.

We have chosen to examine the underpotential and bulk
deposition of thallium on AgNPs of varying sizes.'> AgNPs
were synthesized by a well documented'*'® seed mediated
citrate reduction process. This method allows us to synthesise
AgNPs with the following diameters: 2040 nm, 50-70 nm and
80120 nm.'> The as-synthesized colloidal AgNPs suspension
was subsequently evaporated on the surface of a basal plane
pyrolytic graphite (BPPG) electrode.

Thallium deposition was carried out in a solution of KNO;
(1.5 M) + TINO; (10 mM) at 50 mV s~ '. Fig. 1 displays the
underpotential deposition [E, = —0.545 V (vs. SCE)] and
stripping [E, = —0.440 V (vs. SCE)] of Tl on a silver
macrodisk (diameter = 0.7 mm) under the same conditions
described above. Tl deposition was also examined on a bare
BPPG (diameter = 5 mm) electrode and showed no UPD and
a bulk deposition taking place at E, = —0.822 V and
corresponding stripping peak at £, = —0.637 V.
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Fig. 1 Thallium deposition on a silver macrodisk electrode.
Experimental conditions: KNOj (1.5 M) + TINO; vs. SCE. Scan rate:
50 mV s~ '. (Solid line: 10 mM TINOs; dashed line: 0 mM TINO3.)

When we compare this with a BPPG electrode modified with
AgNPs (2040 nm) we can see that the bulk deposition peak
shifts positively from that of a BPPG bulk deposition to
that of silver bulk deposition, as shown in Fig. 2 (inset).
Furthermore, when we closely examine the region of UPD it
is clear that on the small AgNPs (2040 nm), no appreciable
UPD or stripping of thallium takes place, while we still
observe a bulk deposition wave at E, = —0.777 V (vs. SCE)
and the corresponding dissolution at £, = —0.633 V (vs. SCE)
as shown in Fig. 2. The same effect is recorded for a range of
surface coverages of AgNPs on the BPPG electrode, between
0.5 and 3%. Surface coverage was altered by varying the
volume of colloidal suspension dried on the electrode surface
i.e. by increasing the volume the NP density is increased.
Following the deposition and stripping of TIl, the amount of
silver on the surface was quantified by linear sweep stripping
voltammetry (LSV) in NaClO4 (0.1 M) as shown in Fig. 3.
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Fig. 2 Thallium deposition on AgNP-BPPG (20-40 nm) electrode.
Experimental conditions: KNOj (1.5 M) + TINO; vs. SCE. Scan rate:
50 mV s~'. (Solid line: AgNP-BPPG (20-40 nm) electrode; dashed
line: bare BPPG.)
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Fig. 3 Stripping voltammetry recorded for increasing surface

coverage of AgNPs (2040 nm, 0.5 and 3.0%). Experimental
conditions: NaClO,4 (0.1 M) vs. SCE. Scan rate: 20 mV s~

When the same experiment was repeated using larger
AgNPs (80-120 nm) (Fig. 4) a similar effect was observed
with respect to the shift in position of the bulk deposition
peak. However, unlike the small AgNPs (2040 nm), the
larger AgNPs (80—120 nm) exhibited distinct deposition and
stripping peaks in the thallium UPD region, corresponding to
those reported on bulk silver. As no UPD is observed for
bare BPPG we can attribute this to the presence of AgNPs
(80120 nm). In this case increased AgNP density on the
electrode surface corresponds to an increase in the thallium
deposition and stripping peak heights (Fig. 4), due to the
greater surface area available for thallium adsorption.

The results reported here indicate clearly that silver
nanoparticles show qualitatively different adsorption behaviour
from below a size threshold of ca. 50 nm with Tl adsorption
absent below, but observed above this value. It is evident that
metal nanoparticles can show qualitatively different adsorption
behaviour from bulk materials and that this may cause marked
changes in electrochemical reactivity such as size-dependent
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Fig. 4 Thallium deposition on AgNP-BPPG (80-120 nm) electrode.
Experimental conditions: KNOj (1.5 M) + TINO; vs. SCE. Scan rate:
50 mV s~'. (Solid line: AgNP-BPPG (80-120 nm) electrode; dashed
line: bare BPPG.)
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changes in electrode mechanism: with clear implication for the
investigation of electrocatalysis. The observed behaviour
likely arises from size-dependent morphology or electronic
(work function) properties.’

Experimental section

TINO; (99.999%, Sigma-Aldrich), KNO; (99%, Aldrich) and
NaClOy4 (98-102%, Johnson Matthey) were used as received
without further purification. All solutions were prepared
using Millipore pure water with resistivity not less than
18.2 MQ cm ! at 25 °C (Vivendi Water Systems, UK).

All electrochemical experiments were performed using a
pAutolab type III potentiostat and desktop PC. A three-
electrode set up was used consisting of a working electrode,
carbon rod counter electrode and saturated calomel (SCE)
reference electrode (Radiometer Analytical). Carbon rods and
BPPG were supplied by Le Carbone, Sussex, UK.

The AgNPs were synthesized by a seed mediated citrate
reduction of AgNOj; adapted from a procedure by Pyatenko
et al.,'* and detailed in our previous publications.'® Thallium
deposition was performed in KNOj; (1.5 M) + TINO;
(10 mM) at 50 mV s~! by scanning negatively from —0.2 V
to —1.0 V and reversing the scan direction.

AgNPs were stripped from the BPPG electrode by LSV in
NaClO, (0.1 M), scanning from 0 V to 0.9 V at 20 mV s~ .
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