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ABSTRACT

In this work, we study the adsorption behavior of naphthalene derivatives: naphthalene (NPT), naphthale-
nesulfonate (NPTS), hydroxynaphthalenesulfonate (HNPTS) and ethoxylated «-napthalenesulfonic acid
(ENSA, a commonly used additive in the tin electroplating industry), on gold electrodes and their ef-
fect on the tin electrodeposition process, by means of in situ and ex situ surface analysis techniques
(cyclic voltammetry, in situ Surface Enhanced Raman Spectroscopy and ex situ Scanning Electron Mi-
croscopy). From experiments and density functional theory calculations, we conclude the formation of
films of NPT, NPTS, HNPTS and ENSA, where NPT and NPTS lie flat on the gold surface and HNPTS and
ENSA undergo oxidative polymerization. The nature and stability of the films are strongly dependent on
the surface structure, interaction between the molecules, and applied potential. NPTS is observed to form
a denser film than NPT due to attractive interactions between the adsorbed molecules on gold and tin.
Tin electrodeposition is strongly affected by the presence of the NPT, NPTS, HNPTS and ENSA films. Tin
bulk electrodeposition is inhibited in the presence of NPT and NPTS, but slightly promoted in the pres-
ence of HNPTS. Tin deposits grown in the presence of NPT and NTPS have the same morphology, and the
characteristic size of the electrodeposited features is smaller than in their absence. The tin deposit grown
in the presence of HNPTS exhibits markedly different and smaller features. Some amount of sulfur form
is incorporated in the deposit as a result of the reductive desulphonation of NPTS, HNPTS and ENSA on
the gold electrode. The effect of ENSA was compared to the results obtained with NPT, NPTS and HNPTS.
ENSA exhibits a similar behavior to NPT, NPTS and HNPTS during tin deposition process in terms of the
voltammetry of tin deposition, but it severely inhibits the bulk deposition. Naphthalene derivatives and
ENSA have an effect on the tin bulk deposition process, but show no or little effect on the formation
of AuSn (surface) alloys, which is ascribed to the slow nature of Sn UPD on gold and the SnAu alloying
process.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

been the most extensively studied for copper electrodeposition [4-
11], for instance by showing their strong influence on the surface

Most of the plating solutions used in the electrodeposition of
metals and alloys contain at least one inorganic or organic addi-
tive [1]. Additives play an important role in metal plating, such
as reduction of substrate roughness, reduction of the grain size of
the deposit, production of specific micro- and macro-structures, in-
crease of the corrosion resistance, among others. Numerous stud-
ies have been performed in order to understand the role of the
additives during metal deposition [2,3]. The effect of additives has

* Corresponding author.
E-mail address: m.koper@chem.leidenuniv.nl (M.T.M. Koper).

https://doi.org/10.1016/j.electacta.2020.137606

structure of the substrate, the lifting of the reconstruction as a con-
sequence of additive adsorption [4,12], or the creation of surface
vacancy islands [6]. Changes during the nucleation and growth are
also common when organic molecules are added, such as an in-
crease in the number of nuclei [7] and the decrease in the kinetics
of electrodeposition [5].

Tin electrodeposition is a common electroplating process used
in multiple applications: corrosion protection, electronics fabrica-
tion, packaging industry, and many others. During the past 20
years, developments in tin plating have allowed the extension of
its applications to batteries and semiconductor industry [13]. High-
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quality tin coating baths require the addition of different com-
pounds, especially organics, in order to have the desired chemi-
cal and physical properties of the deposit. Aromatic compounds are
broadly used in tin electrodeposition, but the chemical structure of
the common additives is quite diverse and complex, which makes
understanding their exact effect difficult.

Previous work on the effect of aromatic carbonyls [14-16] has
ascribed differences in the grain size and crystalline orientation of
the tin deposits to the strong adsorption of the additives or their
reduction products [15] onto the metal substrate, where additives
block active sites and promote preferential tin growth. Martyak
et al. studied glycol-type additives [17] and ascribed the increase of
the tin (II) reduction overpotential to changes in the kinetics of the
process. Barry et al. studied phenyl-2-butenalimine and formalde-
hyde and ascribed the same effect to changes in the nucleation and
growth mechanism [18]. Studies of much more complex molecules
such as the commonly used ethoxylated «-napthalenesulfonic acid
(ENSA) have shown that it enhances the quality of tin deposits,
which was ascribed to kinetic and mass transport limitations due
to the formation of ENSA aggregates on the electrode [19,20].

In this work we study the effect of naphthalene derivatives:
naphthalene (NPT), naphthalenesulfonate (NPTS), hydroxynaph-
thalenesulfonate (HNPTS) and ethoxylated «-napthalenesulfonic
acid (ENSA), on tin electrodeposition on a gold electrode. Gold
was chosen as a substrate due to its wide double layer window
and weak chemisorbing properties. The electrochemistry of (single-
crystal) gold has been well studied [12]. These properties facilitate
the understanding of molecular adsorption and metal deposition
studies. We use the results obtained with NPT, NPTS and HNPTS
(with simple chemical structures) as a model to obtain insights
into the effect of a much more complex chemical structure, such
as ENSA, a commonly used additive in industrial tin plating. Naph-
thalene derivatives and tin electrodeposition are studied by con-
ventional electrochemical techniques as well as by means of in situ
SERS (surface enhanced Raman spectroscopy), ex-situ SEM (scan-
ning electron microscopy) and density functional theory calcula-
tions.

2. Experimental and computational details
2.1. Experimental details

All glassware was stored overnight in a solution of 1 g L~!
KMnO,4 in 0.5 M H,SO4. Before use, it was rinsed with water
and 30% hydrogen peroxide solution in order to remove perman-
ganate anions and trace impurities. Glassware was boiled in wa-
ter five times before starting the experiments. The water used to
clean glassware and to prepare solutions was demineralized and
ultra-filtrated by a Millipore MilliQ system (18.2 M2 cm). A gold
wire was used as a counter electrode and a reversible hydrogen
electrode (RHE) was used as a reference, but all the potentials
were converted to the normal hydrogen electrode (NHE), by us-
ing the following equation: Egyg = Enyyp — 0.0591pH. The reference
electrode was in contact with the electrolyte via a Luggin cap-
illary. A capacitor of 10 pF was connected to an additional gold
wire in solution and the RHE electrode to filter small currents
produced in the RHE electrode and reduce the noise in measure-
ments at low currents. The working electrode was either a gold
single crystal disk electrode (diameter 7 mm, 1 mm thick), used
in the hanging meniscus configuration, or a polycrystalline gold
disk electrode (5 mm diameter, 4 mm thick) used in the rotating-
disk electrode (RDE) setup under hydrodynamic conditions. Cyclic
voltammetry experiments were performed using a potentiostat
PGSTAT 12 (Metrohm-Autolab). RDE experiments were performed
with an MSR rotating electrode (Pine Research) at a rotation rate
of 1600 rpm. The electrode potential was corrected for Ohmic drop
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during the measurements, by using 85% of the Ohmic resistance
measured by electrochemical impedance spectroscopy.

Single crystal gold electrodes were cleaned before each experi-
ment by flame annealing for about 5 s, and subsequently cooled in
air and quenched in deionized water; the procedure was repeated
10 times. To check the quality of the surface and cleanliness of the
solution (0.1 M H,S04) a cyclic voltammogram was taken at poten-
tials between 0.06 to 1.26 V at 50 mV s~ 1. In the case of the poly-
crystalline gold surface, the electrode was cleaned electrochemi-
cally: first by oxidizing it in 0.1 M sulfuric acid by applying 10 V for
20 s, using a graphite bar as a counter electrode, after which the
gold oxide formed was removed by dipping the working electrode
in a 6 M HCl solution for 30 s. Subsequently, the polycrystalline
gold electrode was mechanically polished by using diamond pow-
der suspension (0.05 pm particle size) during 5 min, rinsed and
transferred to an ultrasound bath with water. Finally, the electrode
was electropolished in a 0.1 M H,SO4 solution by 200 cycles be-
tween 0.06 to 1.81 V at 1 V s~1. Additionally, before every mea-
surement, a cyclic voltammogram of the gold surface was recorded
at potentials between 0.06 to 1.81 V at 50 mV s~!. Scanning elec-
tron micrographs of the bare polycrystalline gold and gold single
crystals surfaces prior to the experiments are presented in the Fig.
S17.

In situ Surface Enhanced Raman Spectroscopy (SERS) mea-
surements were performed with a confocal Raman microscope
(LabRam HR, Horiba Yobin Yvon) with a 50x objective. A He/Ne
laser of 633 nm was used as the excitation source. Reference and
counter electrodes were the RHE and a gold wire, respectively. The
working electrode was a roughened gold disk electrode of 4 mm
diameter. The gold electrode was roughened as follows: The elec-
trode was cleaned via mechanical polishing, electrochemical etch-
ing and electropolishing (see previous paragraph). Once the surface
was clean, it was transferred to a separate cell containing 0.5 M
KCl, and 50 cycles of step potentials were applied: 0.3 V during
15 s and 1.2 V during 5 s. Afterwards, the electrode was rinsed and
transferred to the Raman cell to perform the in-situ spectroscopic
measurements. A spectrum at 1.06 V was taken in the electrolyte
without the presence of NPTS as a baseline.

The morphology of the metal deposits was observed by a scan-
ning electron microscopy SEM. Micrographs were taken using the
model JEOL 820 SEM at 15 kV. Energy Dispersive X-Ray Spec-
troscopy (EDS) measurements were taken at 15 kV, the reported
percentage of tin was calculated from the average of relative ratio
of tin from a line scan measurement of 0.5 pm length, over the tin
features.

All solutions were prepared from chemicals with the highest
purity commercially available: H,SO4 (96% ultrapure, Merck),
SnSO4 (>95%, Sigma Aldrich), naphthalene (>99%, Sigma Aldrich),
2-napthalenesulfonic acid sodium salt (99.6%, Sigma Aldrich),
sodium thiosulfate (>99.99%, Sigma Aldrich), 4-hydroxy-1-
naphthalenesulfonic acid sodium salt (>95%, Santa Cruz Biotech-
nology) and ethoxylated «-napthalenesulfonic acid (73.6%, Pulcra
chemicals). In the case of ENSA the main impurities are sulfuric
acid with 8.7%, and water with 2.4%, other impurities were not
provided by the supplier.

A low Sn?* concentration (0.6 mM), an oxygen-free atmosphere
(permanent argon bubbling), and a pH lower than 2, were chosen
in order to avoid the contribution of polymeric Sn (II) species and
hydrolysis products formed in the bulk of the solution [21-24].

The number of deposited tin monolayers (ML) was calculated
from the charge that flowed during the experiment, taking as ref-
erence the accepted value of the charge of a monolayer on poly-
crystalline gold surface: 390 + 10 pC cm~2 [25]. The total charge of
the deposit is the addition of the cathodic charge calculated from
the area under the linear sweep voltammetry curve, between 0.659
to —0.241 V and the charge calculated from the product between
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the current at —0.241 V and the time that the potential was held
(60 s) at it. The corresponding electrochemical experiments are
shown in Figure S16 in the Supporting Information. We assumed
that the only reaction taking place in this range of potential is tin
electrodeposition.

2.2. Computational details

The lateral interaction energy between naphthalene and naph-
thalenesulfonic acid on Au (111) and Sn (111) was calculated using
density functional theory (DFT). DFT simulations were performed
using the Vienna Ab-initio Simulations Package (VASP) [26-28]. A
plane wave basis set was used with a cutoff energy of 450 eV.
Ion core potentials were modeled using the Projector Augmented
Wave (PAW) approach [29,30] and the PBE exchange-correlation
functional [31,32] was used. Structural optimizations were carried
out until the forces on each atom were below 0.02 eV A-1. Dipole
corrections were applied in the surface normal direction [32]. The
unreconstructed Au(111) surface was modeled in a 4 x 8 unit cell
with a 5 x 3 x 1 Monkhorst-Pack [32] k-space sampling grid. The
surface was comprised of four atomic layers with the bottom two
layers frozen at the experimentally measured lattice constant of
4.08 A [33]. The unreconstructed Sn(111) surface was modeled in
a 3 x 6 unit cell with a5 x 5 x 1 k-space grid, and was com-
prised of 8 atomic layers with the bottom two layers frozen at a
lattice constant of 4.7 A (for a-Sn) [34]. Van der Waals interactions
are approximated using the DFT-D3 method [35,36]. Binding ener-
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gies of naphthalene and naphthalenesulfonic acid are calculated for
adsorption on Au (111) both without and with the van der Waals
correction (all calculations of the lateral interaction energy include
the correction).

To approximate the lateral interaction energy, both naphtha-
lene and naphthalenesulfonic acid were first modeled on Au(111)
in a (4 x 4) structure, as found experimentally by Wan et al.
for naphthalene on Cu(111) [37], in a 4 x 8 unit cell, contain-
ing two naphthalene or naphthalenesulfonic acid molecules. The
change in energy (0 K DFT energy, neglecting entropy and vibra-
tional energy) was then calculated for a similar structure but with
the two molecules in the 4 x 8 unit cell brought closer together.
This interaction was found to be attractive for both naphthalene
and naphthalene sulfonic acid, however, the magnitude was very
small (—0.02 eV) for naphthalene. A configuration where the sul-
fonate groups could hydrogen bond between the two naphthalene
sulfonate molecules was also examined. In this case, one of the
two naphthalene sulfonic acid molecules were rotated, so that the
sulfonate groups were in close proximity. The hydrogen bonded
configuration was found to be more stable. A similar procedure
was used to study the lateral interactions on Sn (111), though an
experimentally measured ad-layer structure on this surface could
not be found in prior literature; a similar structure as that found
on Au (111) was used.

While only a small number of configurations were examined,
the configurations examined for both naphthalene and naphthale-
nesulfonic acid were identical; the interactions were significantly
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Fig. 1. Cyclic voltammograms of a polycrystalline gold disk electrode in 0.1 M H,S0, at different NPT concentrations (a) CV recorded between —0.54 to 1.81 V at 50 mV s~'.
(b) Zoom-in of the double layer region, arrows show the decrease in the capacitive current (c) Zoom-in of the gold oxide formation and reduction region, arrows show the
decrease in the peak currents (d) zoom-in of hydrogen evolution region (HER). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Cyclic voltammograms of a polycrystalline gold disk electrode in 0.1 M H,SO, at different NPTS concentrations (a) CV recorded between —0.54 to 1.81 V at
50 mV s~'. (b) Zoom-in of the double layer region, arrows show the decrease in the capacitive currents (c) Zoom-in of the gold oxide formation and reduction region,
arrows show the decrease in the reduction area and the emergence of oxidative currents at very positive potentials (d) zoom-in of hydrogen evolution region (HER). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

more attractive for the naphthalenesulfonic acid than for the naph-
thalene. This interaction energy does not include the effect of the
presence of solvent near the electrode surface (which could af-
fect, for example, the energy gained on pairing/hydrogen-bonding
neighboring naphthalenesulfonic acid molecules).

3. Results and discussions

Cyclic voltammetry measurements of polycrystalline gold in a
wide potential window (—0.54 to 1.81 V) in the presence of naph-
thalene (NPT) and naphthalenesulfonate (NPTS) at different con-
centrations are shown in Figs. 1 and 2, respectively. The measure-
ments show that neither NPT or NPTS strongly modify the CV pro-
file of the gold surface, in the sense that the onset potential and
current profile for the gold (hydr-)oxide formation is not affected
significantly (Figs. 1a and 2a), and the activity for the hydrogen
evolution reaction (HER) is also not strongly affected. However,
Figs. 1 and 2 show new features in the double layer region be-
tween 0.58-0.62 V, which are dependent on the NPT and NPTS
concentration. Simultaneously, a decrease in the current density
and capacity in the double layer region between 0.2 and 0.5 V are
also observed.

Although Figs. 1 and 2 show only minor effects on the gold
hydr(oxide) formation and reduction at positive potentials and the
HER activity at negative potentials, both NPT and NPTS lead to
changes in the current density in the double layer region, which
may be explained by the formation of a film [38,39]. It is known

that organic molecules can be adsorbed at the metal surface by
organizing spontaneously into monolayers. The formation of such
films typically manifests in a characteristic decrease of the double
layer capacity [5,39].

Fig. 3 shows cyclic voltammetry measurements of polycrys-
talline gold in a wide potential window (—0.54 to 1.81 V) in the
presence of hydroxynaphthalenesulfonate (HNPTS) at different con-
centrations. The cyclic voltammogram exhibits some distinct fea-
tures in comparison to NPT and NPTS. The double layer region
presents at least three different peaks (A - C) that do not appear in
the voltammetry of NPT and NPTS. These peaks exhibit a linear re-
lationship between peak current and the scan rate, indicating that
they involve adsorbed species. Above 1.1 V, there are two anodic
peaks (D and E) that are not related to adsorption processes, as
they do not have a reductive counterpart; instead they seem asso-
ciated to the oxidation of HNPTS, likely involving oxidative poly-
merization of the naphthol, leading to the formation of a polymer
film [40-43]. The presence of this polymer film is confirmed by
the considerably higher capacitance measured in the presence of
HNPTS, suggestive of a thicker film that can store ions. Finally, hy-
drogen evolution is slightly hindered as a consequence of HNPTS
adsorption, at least more than in the presence of NPT and NPTS.

In Fig. 4, we show the cyclic voltammetry of a polycrystalline
gold electrode in the presence of different concentrations of ENSA.
The CVs are qualitatively more similar to the voltammetry in the
presence of HNPTS than to the voltammetry in the presence of NTP
and NTPS: there are new peaks in the voltammetry between 0.6
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Fig. 3. Cyclic voltammograms of a polycrystalline gold disk electrode in 0.1 M H,SO,4 at different HNPTS concentrations (a) CV recorded between —0.54 to 1.81 V at
50 mV s~!. (b) Zoom-in of the double layer region, arrows show the decrease in the capacitive currents and the rise of at least three anodic peaks (c) Zoom-in of the
gold oxide formation and reduction region, arrows show the emergence of two anodic peaks (d) zoom-in of hydrogen evolution region (HER), arrow shows a slight decrease
in the cathodic current. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and 1.0 V (Fig. 4b), which relate to surface adsorbed states, and
there is an oxidation current above 1.1 V which does not have
a reductive counterpart (Fig. 4c). Together with the high double-
layer capacitance (Fig. 4b), this strongly suggests the formation of
a polymer film formed oxidatively. Also, ENSA has a rather strong
inhibitive effect on the hydrogen evolution (Fig. 4d).

Since the nature and stability of electro-adsorbed organic films
are strongly dependent on the crystalline surface structure, exper-
iments on single-crystal Au surfaces were performed. Figs. 5a-d
show the cyclic voltammetry of Au (100) at different concentra-
tions of NPT, NPTS, HNPTS and ENSA, respectively. We show here
only results on Au (100), as the effects on this surface are the
strongest, specifically on the surface reconstruction; results on Au
(111) and Au (110) are shown in the Supporting Information (see
Fig. S1- S3, S5-S7).

The effect of NPT on Au (100) (Fig. 5a) is primarily on the peak
at 0.68 V, ascribed to the lifting of the (hex) reconstruction on
Au(100) [12], which presents a decrease in its intensity, and a shift
towards less positive potentials with an increase of NPT concen-
tration. Since it is well known that on Au(100), the lifting of the
reconstruction is related to anion adsorption [12], it appears that
the presence of naphthalene molecules on the gold surface hin-
ders sulfate adsorption. The presence of NPT on gold leads to a
slightly lower double-layer capacity giving rise to a decrease of the
current density between 0.16 - 0.66 V. The naphthalene adlayer
appears to be more energetically stable on the unreconstructed Au
(100) -(1 x 1) surface, and therefore the reconstruction is lifted at

less positive potentials. The potential window labeled 3 in Fig. 5a
shows a reversible peak at ca. 0.81 V. This peak corresponds to sul-
fate adsorption, as it is absent in perchloric acid (see Fig. S4 in the
Supporting Information). In the absence of NPT, the peak at 0.68 V
corresponds to a sulfate phase transition occurring concomitantly
with lifting of the (hex) reconstruction [44]. The presence of NPT
on the surface hinders the sulfate adsorption, shifting it to more
positive potentials. In the potential window labeled 4, the Au (100)
surface still shows a lower capacitive current density, which indi-
cates the wide adsorption range of naphthalene molecules on the
Au (100) surface. We conclude that naphthalene molecules are ad-
sorbed on the gold surface over a wide potential window, essen-
tially the entire double layer window, blocking sulfate anions from
access to the surface.

The adsorption of NPTS exhibits a somewhat different behavior,
as illustrated in Fig. 5b. Two reversible couples are seen in the po-
tential windows labeled 1 and 3, around 0.11 and 1.04 V, respec-
tively. Most importantly, Fig. 5b does not show the peak around
0.68 V, assigned to the lifting of the reconstruction on the Au (100)
by the anion adsorption [12]. Also, the peak at 0.81 V that is ob-
served in the presence of NPT, is missing in the presence of NPTS.
Compared to the CV in the presence of NPT, this suggests that a
more compact film is formed in the presence of NPTS, blocking the
sulfate adsorption on the Au (100) surface better than NPT.

Fig. 5¢ shows new features compared to the voltammetry with
NPT and NPTS, largely in agreement with what is observed for
polycrystalline gold: oxidative current without reductive counter-
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Fig. 4. Cyclic voltammograms of a polycrystalline gold disk electrode in 0.1 M H,SO, at different ENSA concentrations (a) CV recorded between —0.54 to 1.81 V at 50 mV s~'.
(b) Zoom-in of the double layer region, arrow show the increase of a peak with the increasing ENSA concentration (c) Zoom-in of the gold oxide formation and reduction
region, arrows show the emergence of oxidative currents at positive potentials (d) zoom-in of hydrogen evolution region (HER), arrow shows the strong decrease of HER.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

part, and a higher double-layer capacity. As mentioned, previous
studies have shown polymerization of naphthol as a consequence
of oxidation under acidic conditions [40-43] which we suspect also
happens with HNPTS. Fig. 5d shows the effect of ENSA on the
voltammetry of Au (100), which is again very different from Fig. 5a
and 5b, but qualitatively similar to Fig. 5c: irreversible oxidation at
high potential, and higher double-layer capacity.

Surface Enhanced Raman Spectroscopy (SERS) was used to ob-
tain more information about NPT, NPTS, HNPTS and ENSA adsorp-
tion. Fig. 6 shows that NPT gives rise to a very low intensity band
at ~1374 cm~! between 0.56 to 0.96 V, the band is ascribed to the
characteristic C-C stretching of NPT ring planar oriented on Au.
This observation is in agreement with previous studies of Busby
and Creighton that showed the same band at 1376 cm~!, and as-
cribed it to naphthalene ring mode on a planar orientation on Au
and Ag electrodes [45]. Dahms and Green also showed evidence for
the planar position of naphthalene on the gold surface by means of
the shape of the adsorption isotherm using a C-radio tracer tech-
nique [46], and Wan and Itaya demonstrated by electrochemical
scanning tunneling microscopy (STM) that naphthalene molecules
are flat oriented on the copper surface [47].

Fig. 7 shows the evolution of SER spectrum of NPTS on gold
recorded in a potential window from 0.01 to 1.06 V. Similar to NPT,
the NPTS spectrum exhibits a band at ~1370 cm~! ascribed to C-C
stretching of the NPT ring flat oriented on the Au surface. Inter-
estingly, the SER spectra show that between 0.26 to 0.56 V a sec-
ond band appears at ~1430 cm~! which is ascribed to symmetric

stretching of vs (C-C) [48-51] of the naphthalene ring, coinciding
with the region of the lowest differential capacity in Fig. 2b. Based
on these observations, in combination with the DFT calculations,
we propose that a flat orientation is the most likely adsorption
mode of NPT and NPTS.

Fig. 8a shows the evolution of SER spectrum of HNPTS on gold
between 0.01 to 0.46 V. The spectra at 0.01 and 0.06 V exhibit a
considerable number of bands presumably ascribed to vibrational
modes of the naphthalene ring, sulfonate and hydroxyl groups. We
ascribed bands at 1460, 1502 and ~1560 cm~! to vibrational modes
of the naphthalene ring such as symmetric stretching of vs (C-C)
and in plane bending of B(H-C-C) [48-51]. Bands at 540 cm~! to
scissoring of § (-S0,-) [48], at 1363 cm~! to antisymmetric stretch-
ing vas (-SO,-) [48,49], and 2112 cm~! to stretching of v(OH) from
(C-SO3 ~ H30™) [49] of the sulfonate group. Additionally, the band
at 1300 cm! is ascribed to in plane bending [8(H-0)] [52] of OH
group bound to the naphthalene ring. Between 0.16 and 0.46 V,
the SER spectra exhibit remarkable changes; it roughly coincides
with the adsorption peaks A and B in the voltammogram of Fig. 5¢
(see also Fig. S5c). From 0.46 to 0.86 V (see Fig 8b), the spectra
mainly show two peaks, one at 1394 cm~! ascribed to antisym-
metric stretching v,s (-SO,-) [48,49] of the sulfonate group and
the other one at 1579 cm~! ascribed to symmetric stretching vs
(C-C) [48] and in-plane bending B(H-C-C) [48-51] of the naph-
thalene ring. A slight shift of the peaks to a higher wavenum-
ber is seen as a consequence of the Stark effect. Above 0.96 V,
no strong features are noticeable in the spectra, which also agrees
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Fig. 6. SER spectrum of 0.2 mM of NPT in 0.1 M H,S0,4 on polycrystalline gold at different potentials from 0.56 to 0.96 V, see band at 1374 cm~'; The full spectrum recorded

between 0.01 to 1.06 V is shown in Fig. S8.



D. Aranzales, I. Briliani, L.T. McCrum et al.

Intensity /a.u.

: 1370

N SRR

fom
louale " 4 *: e 0.26 V
My
_Wr
Tty

Electrochimica Acta 368 (2021) 137606

1430 0.56 V

1000

I
1400

Raman shift /cm™

Fig. 7. SER spectrum of 1 mM of NPTS in 0.1 M H,SO,4 on polycrystalline gold at different potentials from 0.01 to 0.56 V, see bands at 1370 and 1430 cm~!; The full spectrum

recorded between 0.01 to 1.06 V is shown in Fig. S9.
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Fig. 8. SER spectra of 1 mM of HNPTS in 0.1 M H,S04 on polycrystalline gold at different potentials: (a) detailed spectra from 0.01 to 0.46 V; (b) detailed spectra from 0.56

to 1.06 V. The full spectra are shown in Fig. S10.

with the abrupt increase in the current due to peaks C, D, E (see
Fig 5c).

The above observations suggest that HNPTS does not lie flat on
the surface, in contrast to NPT and NPTS. Moreover, it is seen that
above 0.96 V it undergoes a complex process that is not sensitive
to the electrode surface, which we tentatively ascribe to oxidative
polymerization of the naphthol group [40-43].

Fig 9a shows the evolution of the ENSA spectra between 0.01 to
0.26 V. We ascribed band at 1363 cm~! to antisymmetric stretch-
ing vas (-SO,-) of the sulfonate group [48,49], the band at 1556
cm~! to the symmetric stretching vs (C-C) [48] and in-plane bend-
ing B(H-C-C) [48-51] of the naphthalene ring and the band at
3150 cm~! to stretching v (O-H) [48] of the hydroxyl group. We
highlight the absence of bands correlated with the ethoxy group
at vs(C-0-C) [48,49], at ~900 cm~!, vs(Aryl-0) [48,49], 1200 -
1300 cm~!. Instead, a band at 2264 cm~! characteristic of C-N
stretching is seen, which presumably comes from contamination.

Fig 9b shows the spectra between 0.36 to 1.06 V: the spectra ex-
hibit a band at 1326 cm~! ascribed to antisymmetric stretching
of sulfonate group v,s (-SO,-) [48, 49] and 3150 cm~! ascribed to
stretching of v (O-H) [48,49]. A strong increase of the background
signal is also observed, implying the formation of a thick film on
the electrode surface.

Evolution of SER spectra also suggests that naphthalene ring of
ENSA does not lie flat on the electrode surface. Furthermore, the
increase in the background upon 0.36 V coincides with the no-
ticeable rise of anodic currents in the cyclic voltammogram, see
Fig. 5d. Similarly to HNPTS, oxidative polymerization of naphthol
under acidic conditions is suggested to be responsible for this
[40-43].

To provide a possible explanation for the difference between
the NPT and NPTS films, density functional theory calculations
were performed to estimate the lateral interaction of NPT and
NPTS molecules (Fig. 10). These calculations show that for NPT the
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Fig. 10. Difference of lateral interaction energy for (a) NPT and (b) NPTS on Au (111).

interaction between the molecules is weak or negligible, their lat-
eral interaction energy is only —0.02 eV, which was calculated by
moving neighboring molecules closer together to neighboring ad-
sorption sites at a constant coverage. On the other hand, for NPTS
molecules the lateral interaction energy is —0.29 eV (the negative
sign indicates attractive interaction, see Figures S12 and S13 of the
supporting information). The difference in lateral interaction en-
ergy is caused by the favorable hydrogen bonding formation be-
tween NPTS adsorbates; as a consequence, a more compact film is
formed between NPTS. This hydrogen bonding could be supported
by studies of Ataka and Osawa showing water molecules bridging
through hydrogen bonding in sulfate adlayers on Au (111) [53].

These DFT calculations neglect the effect of solvent near the
surface and the fraction of protonated sulfonate groups was taken
to be 50%. Given that sulfonate is a strong acid, future calculations
should consider solvation of the adsorbed molecules and hydro-
gen bonded pairs. Density functional theory studies were not per-
formed for HNPTS, taking into account the complexity of its behav-
ior due to the possible polymerization [41].

Similar DFT calculations of NPT and NPTS adsorption on metal-
lic tin («¢-Sn) were performed, see Figs. 11a and 11b, respectively.
A similar behavior in comparison to NPT and NPTS on gold sur-
face is seen. Fig 11a shows that NPT molecules exhibit repul-
sive lateral interaction, and Fig. 11b shows NPTS molecules ex-
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Fig. 11. Difference of lateral interaction energy for (a) NPT and (b) NPTS on Sn (111).

hibit strongly attractive lateral interaction. The observed behavior
is agreement with NPT and NPTS binding to gold and tin surfaces
mainly through Van der Waals interactions, which are expected to
be metal independent. Also, oxidative polymerization is a process
which is generally not very sensitive to the nature of the electrode
material [40-43]. Therefore, we assume that adsorption structures
formed on gold will likely also form on tin. See Figures S13 and
S14.

Summarizing, the above electrochemical, spectroscopic and
computational results show that NPT and NPTS do not strongly al-
ter the gold CV profile in the sense that the onset potential for the
gold (hydr-)oxide formation and HER activity are not affected sig-
nificantly. However, noticeable changes in the double layer region
are present; this region exhibits a decrease in differential capac-
ity, which is characteristic for organic film formation. Studies with
single crystal surfaces suggest both NPT and NPTS remain adsorbed
over a wide potential range, but that NPTS forms a more compact
film than NPT. SER spectroscopy and DFT calculations show that
both naphthalene and naphthalenesulfonate bind flat onto the gold
surface, and the NPTS exhibits lateral attractive interactions due to
hydrogen bonding, which may explain why its film appears to be
more compact. On the other hand, HNPTS and ENSA show very dif-
ferent behavior, suggesting oxidative polymerization and polymer
film formation.

3.1. Tin electrodeposition on polycrystalline gold in the presence of
naphthalene and naphthalenesulfonate

Tin electrodeposition on polycrystalline gold takes place via at
least three different deposition mechanisms (irreversible adsorp-
tion, underpotential deposition, and overpotential deposition). It
has been shown that in the cyclic voltammogram, the deposition
process exhibits five distinct peaks: two cathodic peaks associated
with tin underpotential and overpotential deposition, and three
main anodic peaks, corresponding to the oxidation of the bulk Sn,
of the AuSn intermetallic layer, and of the adsorbed Sn(II) to Sn(IV)
[54,55]. These processes are summarized by the following equa-
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tions:
C1: Sn(Il) 445 + 2€ — Sn(0)ypp (1)
C2 : Sn(Il)y, + 2 — Sn(0)gpp (2)

A3 : Sn(0)opp — Sn(Il),, + 2e

A2 : AuSn — Au + Sn(ll), + 2e

A1 Sn(ll) g, — SA(IV) + 2e (5)

Figs. 12a, 13a and 14a show the cyclic voltammograms at a gold
rotating disk electrode (RDE) in an extended range of potential
(—0.54 to 0.66 V) with and without NPT, NPTS and HNPTS at dif-
ferent concentrations.

It is observed in Fig. 12a that the peak related to stripping of
the bulk deposited tin (A3) decreases considerably in the presence
of NPT, showing that a smaller amount of tin has been deposited.
An increase in the cathodic current at the most negative potentials
is also seen, which has been ascribed to the concurrent reaction
of hydrogen evolution reaction (HER) on the remaining gold sur-
face [55]. This higher HER current also suggests a decrease in the
amount of tin deposited as this will lead to a higher surface area of
gold available for HER, in agreement with the previous observation
of island formation during tin deposition on gold [56,55]. Further-
more, no changes are seen in the stripping of the alloy AuSn (A2,
A2’) and in the Sn(II) oxidation process (A1), neither in the current
densities nor in the potential of the respective processes.

Since all the cyclic voltammetry measurements were performed
at the same scan rate and rotation speed, peak A3 is a good marker
to estimate the amount of tin bulk deposited. From the voltam-
metric information, naphthalene does not seem to affect strongly
most of the reactions involved during the deposition and strip-
ping processes, other than it generally seems to slow down the tin
reduction.
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Fig. 12. (a) Cyclic voltammograms of tin electrodeposition on a polycrystalline gold RDE, 0.1 M H,S0, at different concentrations of NPT, recorded between —0.541 to 0.659 V
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Fig. 13. (a) Cyclic voltammograms of tin electrodeposition on RDE polycrystalline gold, 0.1 M H,S0, at different concentrations of NPTS, recorded between —0.541 to 0.659 V
and 30 mV s~! and 1600 rpm. SEM micrographs of tin electrodeposited on polycrystalline gold, potential was swept from 0.659 to —0.241 V at 30 mV s~! and 1600 rpm,
subsequently potential was held at —0.241 V during 1 min, 0.1 M H,S04, 0.6 mM SnSOy, in the presence of: (b) without NPTS (c) with 200 uM NPTS.

Figs. 12b and 12c show the SEM images of the morphology of
the tin deposit in the absence and presence of naphthalene, re-
spectively. The deposit in the absence of naphthalene exhibits a
low density and large 3D nuclei, with features sizes between 300
- 900 nm. On the other hand, in the presence of naphthalene,
the deposit exhibits a higher number of nuclei and smaller fea-
ture size (<100 nm) that appear coalesced. Moreover, the deposit
seems to be organized in a circular arrangement (see Fig 12c -
doted red line). The number of tin deposited monolayers shows al-
most not differences in the number of equivalent tin layers from
QSH(OIJ.MNPT) =50ML to 95n(0 UMNPT) = 49 ML. These observations
suggests that NPT acts to slow down only the tin bulk electrode-

1

position process, yielding smaller features which are presumably
primarily AuSn alloy particles.

Fig. 13a shows the effect of naphthalenesulfonate on tin elec-
trodeposition process. In accordance with the effect of NPT, NPTS
also gives rise to a decrease in the peak A3, related to the oxida-
tion of bulk deposited tin, and an increase of the HER current on
gold at the most negative potentials. SEM micrographs also show
a decrease of the feature size with NPTS and production of circu-
lar shapes, the tin deposit also exhibits a higher number of nuclei
(Fig. 13c), very similar to NPT. Furthermore, a slight (though per-
haps not very significant) increase in the equivalent number of tin
layerS from 95" (0 uMNPTS) = 50 ML to 95" (200 LM NPTS) = 54 ML and a
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Fig. 14. (a) Cyclic voltammograms of tin electrodeposition on a polycrystalline gold RDE, 0.1 M H,SO, at different concentrations of HNPTS, recorded between —0.541 to
0.659 V and 30 mV s~! and 1600 rpm. SEM micrographs of tin electrodeposited, on polycrystalline gold; potential was swept from 0.659 to —0.241 V at 30 mV s~' and
1600 rpm, subsequently potential was held at —0,241 V during 1 min, 0.1 M H,S04 0.6 mM SnSOy, in the presence of: (b) without HNPTS (c) with 200 pM HNPTS.

more condensed structure of the deposit are observed. Addition-
ally, a shift in the peak A2, attributed to stripping of the Au-Sn
alloys. Voltammograms at different scan rates show that this shift
is not kinetic in nature (see Fig S15 in the Supporting Information).

Fig. 14a shows the cyclic voltammogram of tin electrodeposition
in the presence of HNPTS. Unlike NPT and NPTS, HNPTS exhibits an
increase in both peak A3 and A2, related to the oxidation of bulk
electrodeposited tin and tin-gold alloys, resp.. A small increase of
the number of equivalent tin layers from s, o M unpTs) = 50 ML to
Osn (200 umunpTs) = 55 ML is observed, as well as of the intensities
of the A2 and A3 peaks, suggest that a higher amount of tin bulk
and AuSn alloy have been deposited. SEM micrographs in the ab-
sence and presence of HNPTS also show remarkable differences;
the tin deposit exhibits a higher 3D nuclei density, with a smaller
feature size (about 100 nm). Unlike tin deposits in the presence of
NPT and NPTS, the features do not appear coalesced. The voltam-
mogram also shows an increase in the HER and a shift in the peak
A2, which is again not kinetic in nature.

We ascribe the shift in the potential of peak A2 for NTPS and
HNPTS to the incorporation of some form of sulfur in the AuSn
deposit. The incorporation of sulfur in nickel deposits due to re-
duction of allylsulfonates has been observed previously by Got-
thard and Trivich [57], who proposed it to happen via an early
desulphonation. Later, Kendrick [58] also mentioned the sulfur in-
corporation during nickel electrodeposition caused by reduction
of naphthalene derivatives and proposed two mechanisms: via
mercaptan formation and via an early desulphonation. Brook and
Crossley also showed the presence of sulfur in nickel deposits
and claimed that the process happens via an early desulphona-
tion, with a thiosulfate as intermediate [59]. These reactions are
described by the following equations:

R —SO3H +2e — R — H + 505>~ (6)
25052 + 6H50% + 4e — S,05%~ + 9H,0 (7)
$203%" + 2Ni + 6H30" + 4e — 2NiS + 9H,0 (8)

In the case of nickel electroplating in the presence of naph-
thalenesulfonic acid, Brook and Crossley showed the presence of
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naphthalene via extraction with amyl acetate and subsequent iden-
tification via UV spectroscopy and chromatography. However, the
presence of thiosulfate as an intermediate was not corroborated.

Fig. 15 shows cyclic voltammograms of tin electrodeposition in
the absence and presence of naphthalene and with different con-
centrations of sodium thiosulfate. Voltammograms in the absence
of thiosulfate (black and red) exhibit the behavior of the tin depo-
sition in the absence and presence of naphthalene. When thiosul-
fate is added in the electrolyte, a shift in the A2 peak (ca. 40 mV)
is seen which perfectly agrees with the shift observed in the pres-
ence of NPTS and HNPTS. This observation agrees with the asser-
tion of Brook and Crossley that thiosulfate may act as an inter-
mediate in the sulfur incorporation in the metal deposit, though
we do not claim it to be the intermediate for NPTS, HNPTS and
ENSA. More importantly, it shows that the peak shift observed in
the presence of NPTS and HNPTS is most likely due to some form
of sulfur incorporation in the deposit.

3.2. Tin electrodeposition on polycrystalline gold in the presence of
ethoxylated napthalenesulfonic acid (ENSA - 6)

Fig. 16 shows the cyclic voltammetry of tin electrodeposition in
the absence and presence of ENSA-6. Compared to NPT, NPTS and
HNPTS, in the presence of ENSA show there is a much stronger in-
hibition effect on tin bulk deposition, as evidenced by the decrease
in the peak A3. Fig. 16a also shows a shift in the potential of the
peak A2 ascribed to sulfur incorporation in the AuSn alloy.

The equivalent number of tin layers was calculated for the
deposit shown in the SEM image, showing a decrease from
95,1 (0 uMENSA) = 50ML to 05n (200 UM ENSA) = 29ML. The Scanning
electron micrograph shows almost no tin features on the substrate,
apart perhaps from a few tin features along the substrate defects.
Fig. 17 shows the relative sulfur and tin abundance on the sub-
strate for all the naphthalene-based additives. Tin deposited in the
presence of NPTS, HNPTS and ENSA exhibit sulfur, although the
values are very dispersed and hardly above the noise, so that fur-
ther spectroscopic studies are required to unveil the nature and
quantity of the sulfur compound(s) present in the deposit. More-
over, Fig. 17 also shows that ENSA exhibits the lowest amount of
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Fig. 16. (a) Cyclic voltammograms of tin electrodeposition on RDE polycrystalline gold, 0.1 M H,504, 0.6 mM SnSO, at different concentrations of ENSA, recorded between
—0.541 to 0.659 V at 30 mV s~! and 1600 rpm. SEM micrographs of tin electrodeposited on polycrystalline gold, potential was swept from 0.659 to —0.241 V at 30 mV s~!
and 1600 rpm, subsequently potential was held at —0.241 V during 1 min, (b) without ENSA (c) with 200 utM ENSA.

tin. This agrees with the SEM image which basically shows an es-
sentially featureless AuSn alloy surface. Previous studies of the ef-
fect of ENSA on tin electrodeposition on different substrates have
ascribed the inhibition of the tin deposition to a decrease of the
rate of electron transfer [19], and to Sn(II) mass transport limita-
tions to the substrate surface caused by a compact stable layer of
ENSA molecules on the surface [20]. Our work shows that ENSA
does not remain stable on the Au surface, instead it may undergo
an oxidative polymerization process. Furthermore, for Sn electrode-
position on gold, ENSA mainly seems to have an effect on tin
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bulk deposition process, and it shows little effect on the AuSn
alloying process; except from sulfur incorporation into the alloy
and a slight increase in the charge associated to the dealloying
peak from 5.5 (0 mM ENSA) to 5.7 mC/cm? (0.2 mM ENSA), sim-
ilar values of the charge for AuSn dealloying process were previ-
ously reported by Petersson et al. [54] . Results show that ENSA
strongly inhibits the 3D growth of the tin features, but promotes
the Au-Sn alloying process. Moreover, ENSA exhibits almost no ef-
fect on the early stages of the tin deposition on gold, unlike pre-
vious studies [20] that suggested that ENSA molecules also have a
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strong influence on early stages of the tin deposition on iron elec-
trodes.

Additionally, the above results show that tin deposits grown in
the absence and presence of additives all show a very similar AuSn
alloy stripping peak (apart from sulfur-related shift). This suggests
that the alloying itself is hardly influenced by the presence of ad-
ditives, and therefore more likely related to the very early stages of
tin deposition (such as UPD), and not much related to the growth
of bulk tin features.

Previous in situ STM studies by Mao et al. [56,60] have demon-
strated the complex nature of Sn UPD on Au single crystal elec-
trodes, with the UPD intimately linked to the surface alloying pro-
cess. They showed that underpotential deposition of Sn on Au
presents strikingly different features from usual UPD processes,
such as distorted and size confined clustering, preferential nucle-
ation, anisotropic growth, and the formation of an disordered ad-
layer on Au (111) surfaces [56]. Mao et al. show a strong correlation
between surface alloying and the unusual UPD, in the sense that
Sn forms clusters of about 2 nm size, which remain stable over
time, and depending on the electrode potential and substrate sur-
face structure, Sn diffuses into the gold lattice, as a result of which
SnAu alloying would take place. Tin underpotential deposition and
alloy formation also exhibit a slow kinetics [56].

Given the slow kinetics of the underpotential deposition and
the associated alloy formation, the relatively small effect that
ENSA but also NPT, NPTS and HNPTS exhibit on the alloying pro-
cess seems reasonable. Our measurements suggest that a certain
amount of tin adatoms on the gold surface go through UPD and
subsequent surface alloying without being affected by the presence
of naphthalene derivatives on the surface. The amount of alloying
would only be affected by changes in the gold interdiffusion bar-
rier, which is apparently not affected by the additive. In contrast,
the kinetics of tin overpotential process is fast and as a conse-
quence, Sn OPD deposition is affected by additive adsorption, due
to a kinetic effect.

Conclusions

In this study, we have investigated the effect of naphthalene
derivatives, NPT, NPTS, HNPTS, and ENSA, on the tin electrodepo-
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sition process on a gold electrode. From experiments and density
functional theory calculations, we conclude the formation of films
of NPT, NPTS, HNPTS and ENSA. NPT and NPTS lie flat on the gold
surface. NPTS forms a denser film due to attractive interactions via
hydrogen bonding between the adsorbed molecules, and HNPTS
and ENSA forms surface films as a result of oxidative polymeriza-
tion. Tin electrodeposition is strongly affected by the presence of
the NPT, NPTS, HNPTS, and ENSA films. Tin bulk electrodeposition
is inhibited in the presence of NPT and NPTS, but promoted in the
presence of HNPTS. Tin deposits grown in the presence of NPT and
NTPS seem to have the same morphology, but tin deposit grown
in the presence of HNPTS exhibits markedly smaller features. Sul-
fonated additives lead to some form of sulfur incorporation in the
SnAu alloys as a consequence of reductive desulphonation and sub-
sequent sulfonate reduction; thiosulfate was identified as a possi-
ble intermediate in this reaction.

Ethoxylated napthalenesulfonic acid (ENSA), a commonly used
additive in the tin electroplating industry, exhibits a similar be-
havior to NPT and NPTS during the tin deposition process in terms
of the measured voltammetry: a suppression of the bulk Sn elec-
trodeposition, but essentially no effect on the AuSn alloy forma-
tion, besides sulfur incorporation. Nonetheless, SEM shows that
ENSA severely inhibits the tin bulk deposition to the extent that
the surface shows no notable features in the SEM images. Finally,
the lack of a strong effect of naphthalene derivatives and ENSA on
the SnAu alloying process is ascribed to the slow nature of Sn UPD
on gold and SnAu alloying process.
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