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Abstract In this paper, the behaviour of Au(111), (100),
(110) and (210) electrodes in contact with pH-neutral
aqueous solutions of KCN has been studied as a function
of potential by means of in situ sum frequency generation
(SFG) and difference frequency generation (DFG) spectros-
copies. The contribution of both free and bound electrons
has been included. Spectroelectrochemical results were
complemented with cyclic voltammetric measurements.
The main emphasis in this work has been placed on
systematising and quantifying the interaction between the
vibrational and electronic structures of the electrodic
interfaces studied by the systematic comparison of SFG
and DFG spectra measured under the same electrochemical
conditions for different crystal orientations.
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Introduction

A considerable corpus of spectroelectrochemical data is
available for CN adsorbed onto Au. CN s typically
adsorbed from KCN or NaCN solutions as a function of
applied potential by two approaches: (1) directly in the
spectroelectrochemical cell, (2) in a separate cell; the
adsorbed layer is subsequently transferred into a different
electrolyte where it is studied spectroelectrochemically.
Spectroelectrochemical work on CN'  adsorption onto
polycrystalline Au based on surface enhanced Raman
spectroscopy (SERS) [1, 2] and infrared (IR) [2—5] mainly
pointed towards an understanding of static and potential-
dependent behaviour of the CN stretching band. Potential-
dependent IR and SERS spectra for the Au/CN  system
yield very similar results. The CN stretching band at about
2,100 cm ™' is attributed to linearly adsorbed CN~ and
Au(CN), as a function of applied potential. Insight into the
nature of adsorption sites for the Au/CN  system was also
gained by combined ex situ SERS and tip-enhanced Raman
spectroscopy (TERS) experiments carried out with samples
emersed at controlled potential and tested in air [6]; STM
tip-induced frequency shifts for the CN ™ stretching vibra-
tion are observed and explained with a field distribution
effect developing underneath the tip apex. Differences in
the inhomogeneous broadening obtained in SERS and
TERS lean support to this interpretation. Details on the
CN'  adlayers formed on Au(111) were obtained by in situ
STM and ex situ LEED and AES [7]. Two different
structures for the AuCN adlayer were found by STM:
incommensurate structures of p(1.15xV3R—30°) and
p(1.41x23R—30°) on the positive and negative sides of
the voltammetric peak at ca 0.15 V vs SCE corresponding
to AuCN formation. The transformation between the two
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adlayer structures was shown to be reversible. Ex situ
LEED and AES results confirm the structural interpreta-
tion of in situ STM data.

Recent theoretical works based on quantum chemical
methods [8, 9] discuss the nature of the stretching band
and Raman shift values for various adsorption config-
urations and chemical bonding modes. In [9], it is
concluded from periodic DFT calculations that the mode
observed at ca 2,100 cm ' corresponds to the stretching
vibration of CN adsorbed atop on (100) and (110) sites;
the computed adsorption energy on (111) sites resulted to
be much weaker.

In [10], the potential-dependent DFG spectra of Au
(110), Au(100) and Au(111) electrode, in contact with an
aqueous electrolyte consisting of NaClO,4 0.1 M and KCN
0.025 M have been studied. In [11], SFG experiments
were reported for Au(111) and Au(210) in the same
electrolyte, but with pre-adsorption of CN at =600 mV vs
Ag/AgCl. A comparison of DFG and SFG spectra on a Au
(100) electrode in contact with an aqueous electrolyte
consisting of NaClO4 0.1 M and KCN 0.05 M at a single
potential (E=—800 mV vs Ag/AgCl) has been reported in
[12]. The results of [10, 11] show one potential-dependent
resonance, indicating the presence of one band localised
within the CN stretching spectral range. These results
reveal that some SFG observables are affected by the
orientation of the single-crystal electrode, while some
others are not. While the disappearance of the resonance
upon oxidation of the adsorbed CN layer is completed at
the same potential regardless of the crystal face, the
potential at which the adsorption starts depends on the
electrode surface orientation: CN adsorption starts at
—1300 mV vs SCE on Au(110), —=1,000 mV vs SCE on Au
(100) and =800 mV vs SCE on Au(111). This observation
indicates that electrode—adsorbate interactions are stronger
on the more open (110) surface and decrease as the surface
becomes denser [10]. These results have been confirmed
also by comparing the SFG behaviour of Au(111) and
(210) subjected to a pre-adsorption routine [11]. The
sequence of the potentials corresponding to the inception
of CN adsorption follows the trend in the value of the pzc
for the respective faces: the most positive value is found
for the (111) orientation and the most negative one for the
(110) surface. The authors suggest that information
regarding the mechanism and the energetics of CN
adsorption can be gleaned from the position of the
potential of adsorption onset relative to the pzc of each
surface orientation in CN -free solutions. This behaviour
has been interpreted as due to a weaker adsorbate—
adsorbate repulsion depending on the degree of openness
of each face. The DFG resonance is markedly reduced
around 0 V vs SCE for all three orientations, denoting that
the kinetics and the dynamics of the CN desorption
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processes are faster on Au(111) than on Au(100) and Au
(110). The rate of CN  adsorption, as measured by the
slope of the growing part of the curves, is roughly the
same for all surface orientations, whereas the rate of CN
desorption, as measured by the slope of the decreasing
part of the same curve, is much higher for the (111)
orientation. The DFG resonance peak frequency obeys a
quadratic potential dependence, increasing from
2,090 cm™' at —1,300 mV vs SCE to 2,130 em ' at
0 mV vs SCE. The potential dependence of the DFG
resonance frequency (Stark effect) is the same for all the
surface orientations investigated. This behaviour has been
interpreted as implying that CN ™ is bound tightly to the
gold surface in just one—probably on top—configuration
and experiences primarily the electric field of the surface
atom on which it is adsorbed. The DFG results show the
constancy of the full-width at half-maximum resonance
with either the electrode potential or the surface orienta-
tion at the constant value of 17 cm™'. This behaviour has
been interpreted as due to a homogeneous broadening
mechanism, coherent with the existence of a single
adsorption site for CN~ on Au. The results of the
comparison between SFG and DFG show that the ratio
of the intensity of the non-resonant signal to the resonant
one is reduced by one order of magnitude, switching from
SFG to DFG, making DFG a more convenient probe of the
vibrational properties of the adsorbates on Au. The CN™
adsorption range can be extended to achieve information
relevant to metal-plating conditions in which CN  is
produced at the electrode surface by reduction of the Au
(D- or Au(Ill)-cyanocomplexes by preadsorbing CN™ [11].
The Stark-tuning was measured also at higher cathodic
polarisations and confirmed the values reported in [10].

Dynamic SFG work has been reported on the Au/CN™~
system. The vibrational relaxation of CN™ on polycrystal-
line Au in 0.1 M NaClO4, KCN 0.025 M was studied by
picosecond SFG in [13, 14]. Vibrational decay curves
exhibit a simple exponential behaviour, which was
interpreted with a strongly potential dependence T,
ranging from 10 to 19 ps on Au; longer lifetimes were
found at more positive potentials. The vibrational lifetimes
and their potential dependence were described with an
image-dipole theory, although the role of a charge-transfer
mechanism could not be ruled out. Comparison among
Ag, Au, Cu and Pt electrodes showed that the 7 lifetimes
follow a trend that is dictated by the ionic character of the
metal-adsorbate bond: covalent systems, such as CN /Pt
have shorter lifetimes than systems with more ionic
character, such as CN /Ag, Au, Cu. In addition, a trend
was noted between vibrational lifetime and the onset of
interband transitions.

It has been pointed out in previous research in this group
that the action of free cyanide released by the reduction of
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Au(I) and Au(Ill) cyanocomplex on specific crystal faces
can be a cause of morphological changes and mechanical
instability of the electroplates. The toxic additives like TI",
Cd*" and As®*, which are customarily used in the Au
plating industry, have been found: (1) to act on CN -related
self-inhibition processes and (2) to control the hydrogen
evolution reaction (HER) side, which is liable to have
major impact on the electroplated and, in particular,
electroformed end products. Although a good deal of very
accurate work has been published about the CN /Au
system, more insightful molecular-level and single-crystal
work on the adsorption of CN™ is still needed to enhance
understanding and predictive capacity in the modelling of
metal plating processes and in dealing with hysteretic and
irreproducibility phenomena. This is particularly critical in
advanced technological fields such as the fabrication of
electronic devices where the potential capabilities of
electrodeposition processes need to prove to be under
control and highly reproducible to forge their way into
innovation in the field and compete with physical met-
allisation methods. This is particularly true for next-
generation interconnect metallurgies where silver and
gold alloys are going to play a key role in the pursuit of
extreme miniaturisation where electrochemical Cu proves
inadequate.

In this paper, we focus on the details of the dependence
of SFG and DFG spectra on crystal orientation and
potential, with the aim of elucidating the nature of the
surface CN™ species. Both the resonant and non-resonant
parts of the spectra have been analysed in an attempt to
work out the synergy between CN  adsorption and
variations of the electronic structure of the substrate
resulting from the adsorption process. The ultimate aim
was to collect fundamental information, expected to have a
bearing on the electrodeposition processes from cyanocom-
plex systems. This information can be fed into electro-
crystallisation models able to predict 3D growth and
morphology development. Apart from specific interest for
electroplating, the present work also extends the funda-
mental knowledge of the Au/CN system in that it
considers a complete set of crystal orientations ranging
from low-index to high-index and it compares potential-
dependent DFG and SFG spectroscopies.

Materials and methods

The solution employed was: KCN 25 mM, NaClO,4 0.1 M.
Analytic grade chemicals were dissolved in ultrapure water
of conductivity 18.2 M2 cm obtained with a Millipore
Milli-Q system. Voltammetric experiments with the NaClO4

0.1 M supporting electrolyte were run for comparison. The
working electrodes were single-crystal discs of Au(111),
Au(100), Au(110) and Au(210) from Mateck of 3-mm
diameter and 4-mm thickness cut with a precision better
than 0.2°. The crystals were flame-annealed in a butane
flame and quenched in ultrapure water according to the
procedure recommended in [15]. Results concerning
polycrystalline Au, treated the same way, are also reported
for comparison; a more insightful presentation of the
behaviour of polycrystalline electrodes can be found in
[16].

SFG spectra were recorded in the potential range
-1,200 to 0 mV vs Ag/AgCl spanned in steps of
200 mV. The electrodes were immersed in the CN -
containing solution at open circuit; the potential was
subsequently stepped in the negative direction and back.
To check the presence of irreversible or hysteretic
processes and to make sure that serial correlation among
spectra is absent, a control spectrum was run at
—1,200 mV at the end of the anodic-going potential
staircase. In all cases, the first spectra measured at the
same potential and the last one overlapped remarkably
well, demonstrating the cleanliness and reproducibility of
the experiment.

The SFG setup used here is analogous to the system
described in [17]. Briefly, a flash-pumped YAG laser
produces 15-ps pulses with a 100-MHz repetition rate.
These pulses form 1-us-long trains with a 25-Hz repetition
rate. After amplification, the YAG pulses are used to pump
two non-linear crystals in parallel. The first one (BBO)
receives 30% of the YAG pump to produce a green 532-nm
laser beam through second harmonic generation. The
remaining 70% pumps an AgGaS, crystal in an optical
parametric oscillator which delivers a tunable infrared
wavelength between 2.7 and 6 um. The two laser beams
are then spatially and temporally overlapped at the surface
of the gold electrodes to produce SFG and DFG. Both
beams are p-polarized, with angles of incidence 55 and
65° for the green and infrared beams, respectively. The
energy resolution of the system is 2 cm™'. The electro-
chemical setup allows performing cyclic voltammetry and
SFG/DFG experiments in the same cell. It consists of a
Kel-F body, closed by a CaF, prism and filled with
electrolyte deaerated by Ar bubbling. Inside the cell, the
gold crystal is fixed to a central stub and kept in contact
with a gold wire by aspiration. A three-electrode config-
uration is used, with a platinum wire counter electrode and
an external Ag/AgCl reference (saturated KCl) electrode.
For experimental purposes, the electrode is either gently
pushed against the CaF, prism to carry out SFG/DFG
measurements in a thin layer configuration or raised about
0.5 cm above the prism to perform cyclic voltammetry
(CV) experiments. A scan rate of 100 mV s ' has been
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employed. Values reported after the symbol ‘+’ refer to
one standard deviation. Potentials are reported vs Ag/
AgCl.

Results and discussion
Cyclic voltammetry
NaClO, solution

To assess the surface quality of the single crystals used in
this work, CVs have been recorded in contact with the
NaClO4 0.1 M supporting electrolyte solution in the
potential range employed for spectroelectrochemical work
in the presence of CN (Fig. 1). The potential range
considered spans the double-layer charging region (well
negative of the pzc for Au(111) and Au(100) and close to
the pzc for Au(110) and Au(210) [18-21]) and the onset of
the HER. The voltammetric features reported in Fig. 1 very
closely match those reported in the literature for these Au
(hkl) faces in cognate electrolytes.

In the high cathodic range, the HER gives rise to a
faradaic current, whose intensity ranks as (110)>(100)=
(111)>(210). These results are coherent with literature
results in perchlorate solutions [19, 20]. The c.d. growths
visible at potentials higher than 0 mV on the negative-going
scans are related to double-layer capacitance variations
occurring on approaching the pzc [22] and, in the case of
Au(111), (100) and (110), to surface structural variations
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Fig. 1 Cyclic voltammetry of Au(l11l), (100), (110) and (210)
electrodes in contact with a NaClO4 0.1 M solution ; scan rate
100 mV/s
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related to reconstruction at potentials more cathodic than
the pzc and incipient lifting of the reconstruction on
approaching the pzc from the cathodic side [19, 22]. It is
worth noticing that the Au(210) face, which does not
reconstruct [18, 22, 23], displays a much less pronounced
c.d. growth.

Voltammetric pzc necking can be appreciated for Au
(210) at ca —100 mV (see [18]). The humps centred at ca
—625 mV, well visible and corresponding to negative and
positive current densities, have been proposed in [19] as a
signature of surface and electrolyte cleanliness for Au(111)
electrodes. A similar, although less pronounced, feature is
also visible with Au(210) and Au(100) surfaces at
potentials more cathodic than for Au(l11); the existence
of this feature seems to be related to a lower activity for the
HER and might be related to structural rearrangements
accompanying the proton reduction processes [24, 25].

NaClO /KCN solution

CVs for the four investigated single-crystal electrodes and
for the Au polycrystal in contact with the NaClO4 0.1 M,
KCN 25 mM solution are shown in Fig. 2. These data are in
overall accordance with the results reported for Au(110),
Au(100) and Au(111) and polycrystalline Au electrodes in
the same electrolyte in [10] and references therein
contained and for Au(210) [11]. The literature cathodic-
going scans for single-crystal electrodes display one
cathodic peak (D)—due to CN desorption—whose posi-
tion depends on the crystal orientation. The literature
anodic-going scans exhibit a sequence of anodic features
(A, B, C) whose positions are, again, a function of the

Current density / mA cm~
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Fig. 2 Cyclic voltammetry of Au(l11), (100), (110) and (210)
electrodes in contact with a NaClO,4 0.1 M, KCN 25 mM solution;
scan rate 100 mV/s
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crystal orientation. The anodic peaks have been interpreted
as corresponding to: (A) CN adsorption on Au(hkl), (B)
oxidative adsorption of CN~ on Au, giving rise to the
formation of a surface species of the type Au(I)-CN 45 and
(C) Au oxidation giving rise to the formation of bulk Au
(CN), . For details on mechanistic aspects of the voltam-
metric behaviour of the Au/CN  system, see [11] and
references therein quoted.

In our data, it is worth observing a tiny shoulder (E£) on
the cathodic-going scans in the high anodic range, which
can be related to the Au mass-transport controlled reduction
of Au(I)-CN" species to Au®~CN ", which is well known to
be the reduction intermediate at low overvoltages [26]. The
exact location of the above-discussed features depends on
the specific system. In the case of the single-crystal
electrodes, these positions are determined by the kind of
crystal face. Our results show a first anodic peak (A)
located in the potential range —650 to =700 mV, a second
positive peak (B) found between —100 and —500 mV and a
third one (C) at the highest investigated anodic potentials.
The cathodic peak (D) appears in the range —850 to =950 mV,
again depending on the system.

The approximate peak positions which can be derived
from the voltammograms of Fig. 2 are reported in Table 1.
It is not our intention here to perform a quantitative and
mechanistic analysis of the peak positions, but simply to
rationalise our data in terms of the crystallographic nature
of the electrode surface.

From the results reported in Table 1, the following
conclusion can be drawn:

peak (A): higher cathodic potentials for the adsorption
peak correspond to more open faces. This
behaviour can be explained by the fact that
CN  absorption onto Au° is energetically
favoured at more open faces;

peak (B): higher anodic potentials correspond to more
compact faces. Oxidative adsorption thus
seems easier at more open faces;

peak (D): higher cathodic potentials correspond to more

open faces. This can be interpreted as an
indication of the fact that desorption is easier

from more compact faces. In is worth noticing
that CN~ adsorbed onto poly-Au seems still
more stable with respect to desorption [16],
possibly owing to stabilisation at defect sites.

In summary, one can conclude that the adsorption of
CN  onto progressively more open faces seems to be
increasingly irreversible (i.e. the distance between adsorp-
tion and desorption peaks increases).

In situ SFG and DFG spectroscopies

The potential-dependent electrodic behaviour of CN™ at Au
(111), (100), (110) and (210) electrodes has been studied by
in situ SFG and DFG spectroscopies. In all the spectra
measured, a single resonance appears on the range 2,090—
2,140 cm™' due to CN stretching. Potential-dependent
SFG and DFG spectra for the four crystal orientations
investigated are reported in Figs. 3, 4, 5, 6, 7, 8, 9 and 10.

On the basis of [10, 27-29], these spectra have been
analysed quantitatively with the following model:

2 .
Israprg o |x? | with

2)_(2) (2) _ A(V) .
X( >_Xads+Xmet_ viR—vo (V) il sp6/prG +a+ti-b

where:

(1) x® is the second-order surface susceptibility. It
comprises two contributions to the SFG signal: ;(ﬁ)s
is the resonant part arising from the adsorbates,
whereas ){fﬁe)t is the part due to the metallic substrate;

(2) A is the resonator intensity, a function of potential
and coverage degree with CN 6. The potential
dependence of 4 derives from the potential depen-
dence of the quantities p,(Efp), av, . and U [29]
where: p,(Ey) is the density of states at the Fermi level
E; of the adsorbate orbital involved in the dynamic
coupling phenomenon; «, and a. are the vibrational
and electronic parts of the molecular polarisability of
the molecule undergoing adsorption; U is a term

Table 1 Approximate peak
positions for Au(hkl) voltam-
mograms, NaClO4 0.1 M,

(A) mV vs Ag/AgCl (B) mV vs Ag/AgCl (D) mV vs Ag/AgCl

Au(111) asd=2.3094 atoms/A>
Au(100) asd=2.0 atoms/A>

Au(110) asd=1.4142 atoms/A>
Au(210) asd=0.8165 atoms/A>

KCN 25 mM, atomic surface
densities are reported for each
crystal orientation

—600 0 =725
—620 —-100 =750
=700 —-125 —800
=700 -200 —800
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Fig. 3 Potential-dependent SFG spectra (squares) and results of the
fit with the [x®* model (continuous line) for the Au(111) electrode in
contact with a NaClO4 0.1 M, KCN 25 mM solution

accounting for local field effects on the induced dipole
of the adsorbate;

(3) R is the scanned IR frequency;

(4) vo(V)=vpeetas+by VHe, 7 is the potential-dependent
resonant frequency, Vg is the singleton frequency, a,

© Au(100) ... 7.

SFG signal

- . . A
s _
Pl I TR I SN (NN SR NN R S S |

2050 2075 2100 2125 2150 2175 2200

Wavenumbers / cm”’

Fig. 4 Potential-dependent SFG spectra (squares) and results of the
fit with the |x®* model (continuous line) for the Au(100) electrode in
contact with a NaClO4 0.1 M, KCN 25 mM solution
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Fig. 5 Potential-dependent SFG spectra (squares) and results of the
fit with the |x(2)\2 model (continuous line) for the Au(110) electrode in
contact with a NaClO4 0.1 M, KCN 25 mM solution

)
(6)

and b, account for the potential dependence of p,(Ef),
U, an, o and 0 [11];

I'srg/prG 1s the resonator broadening;

a and b are the model constants, relating to the free-
electron (@) and bound-electron “b” contributions to
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2
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w [
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C o 0 v 0 0 g
2050 2075 2100 2125 2150 2175 2200
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Fig. 6 Potential-dependent SFG spectra (squares) and results of the
fit with the |y®|* model (continuous line) for the Au(210) electrode in
contact with a NaClO4 0.1 M, KCN 25 mM solution
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rr-rr1rrrrrrrrrr1rrr1rr1rrr1rr1rr1rr71°T°”

Au(111) ]

/ ? -1200 mV/]
e

2050 2075 2100 2125 2150 2175 2200

Wavenumbers / cm'’’

Fig. 7 Potential-dependent DFG spectra (squares) and results of the
fit with the |x®|> model (continuous line) for the Au(111) electrode in
contact with a NaClO4 0.1 M, KCN 25 mM solution

non-resonant term; “a

@, 9

is essentially related to the

surface charge density, while “b” is proportional to the
population of bound electronic states with energy 4
(rwvisEr; for details, see [10, 29]).

DFG signal

Fig. 8 Potential-dependent DFG spectra (squares) and results of the
fit with the |x®J*> model (continuous line) for the Au(100) electrode in
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Fig. 9 Potential-dependent DFG spectra (squares) and results of the
fit with the |x®*> model (continuous line) for the Au(110) electrode in
contact with a NaClO4 0.1 M, KCN 25 mM solution

Interference effects can be quantified in terms of the
contrast parameter ¢ proposed in [27]:

x| /[ + x2F]- 2)
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Fig. 10 Potential-dependent DFG spectra (squares) and results of the
fit with the |x®*> model (continuous line) for the Au(210) electrode in
contact with a NaClO4 0.1 M, KCN 25 mM solution
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The fit parameters were identified as a function of
potential with a minimisation procedure based on the
Levemberg—Marquart algorithm. Of course, it is not
straightforward to work out functional dependences from
NLLS, owing to the presence of local minima (see, e.g.
[30]); to cope with this problem, we resorted to using a
continuation method based on using as guess values
the parameter values identified for a physically close
condition.

In the currently implemented version of the SFG/DFG
spectroscopies, the absolute value of Ispg/prg depends on
the settings of the laser and of the optics. These quantities
are fixed during the alignment and optimisation procedure
for the system corresponding typically to a given set of
SFG and DFG experiments. From this fact, it follows that
comparison among crystal orientations and SFG/DFG
experiments must be done with respect to quantities that
are independent of the particular experimental mounting.
It can be straightforwardly verified that these quantities
are: v,, I, ¢g=atan(b/a) and c. Reliable information for
comparison can also be derived by normalising A with
respect to the maximum of a given set of potential-
dependent experiments. One note of caution is worth
making on the procedure used to estimate “5”. Our spectra
exhibit a linear trend of the non-resonant background,
which, in principle, might derive from the wavelength-
dependence of “b”, but is essentially due to subtle setup
transmission-function properties that are not yet fully
understood. An efficient and reliable method to cope with
this problem is to allow for a linecar wavelength depen-
dence for “b” in the NLLS model and, after convergence
has been achieved, to set “b” equal to the values found at
2,000 cm ™', The confidence intervals for this estimate of
“b” were derived from those of the two-parameter linear
model with a statistical transformation defined along the
lines of [31].

The potential dependence of the SFG and DFG spectra
can be interpreted in terms of the discussions proposed in
[10—12]: the chief results can be summarised as follows:

(1) the oxidative desorption potential of CN  is indepen-
dent from the crystal face;

(2) the adsorption potentials are: —1,300, —1,000 and
—800 mV vs SCE for Au(110), (100) and (111),
respectively, denoting that the adsorption energy tends
to increase with face openness and correlates posi-
tively with the pzc;

(3) the desorption rate of CN™ correlates positively with
the slope of resonator strength vs potential curves;
higher slopes were measured for Au(111) than for
(100) and (110);

(4) the Stark shift is parabolic and independent on the
crystal orientations studied, denoting that the bonding
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Fig. 11 Potential-dependent peak positions v, estimated with the
Eq. 1 from SFG and DFG spectra for Au(111), (100), (110) and (210)
single-crystal and polycrystalline Au electrodes in contact with a
NaClO4 0.1 M, KCN 25 mM solution. nset Averages over all the
investigated crystal orientations (squares) +1 standard deviation and
result of a parabolic fit (continuous line)

site is the same, regardless of the atomic packing of
the surface considered;

(5) the resonance broadening is independent from crystal
orientation and potential, suggesting that a homoge-
neous broadening mechanism dominates.

The present paper confirms this view, extends the
availability of experimental data to the (210) orientation
and to the combination of SFG and DFG and proposes
some conclusions regarding the non-resonant part of the
second-order susceptibility.

Peak position of the vibrational resonance v,

Our results concerning the potential dependence of the peak
position of the vibrational resonance v, are summarised in
Fig. 11. Error bars are the results of the evaluation of 95%
confidence intervals and data pooling according to the
procedure illustrated below. Analysis of our raw data
indicates that no quantitative differences are found between
SFG and DFG data. This result is actually expected from
the theory of electrochemical SFG [10]; therefore,
regarding v,, use of SFG and DFG simply improves the
statistical reliability of the data. The corresponding values
for each electrode considered are therefore pooled in
Fig. 11. Inspection of Fig. 11 shows that no measurable
differences in v, emerge among the different crystal
orientations studied. A simple parabolic fit can thus be
carried out pooling all the data using the computed errors
as weights for the linear regression; the results are
reported in the inset of Fig. 11. The following parameter
values were obtained vgeetar=2,133.240.3 cm ', b=
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Fig. 12 Peak half-width I" estimated with the Eq. 1 from potential-
dependent SFG and DFG spectra for Au(111), (100), (110) and (210)
single-crystal and polycrystalline Au electrodes in contact with a
NaClO4 0.1 M, KCN 25 mM solution

21.70£1.15 V=1 ecm™ ', ¢,=-7.784£0.92 V2 cm ', p*=
1.000. These parameter values are consistent with those
derived from SFG spectra from (111) and (210) crystals in
[11]. Our results confirm the view first expressed in [10],
that CN™ adsorbs on Au on a single site regardless of the
crystal orientation. This conclusion extends also to
polycrystalline Au, showing that the presence of grain
boundaries plays no role as far as the kind of adsorption
site is concerned.

Peak half-width of the vibrational resonance I’

No statistically significant differences are found between
SFG and DFG, as expected for single vibrationally resonant

1,11 (111), (100), (110) —a—(111)
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Fig. 13 Potential-dependent normalised resonator strengths Ay
estimated with the Eq. 1 from SFG and DFG spectra for Au(111),
(100), (110) and (210) single-crystal and polycrystalline Au electrodes

in contact with a NaClO4 0.1 M, KCN 25 mM solution

spectroscopy. We did not find statistically meaningful
variations of I"as a function of potential either. This result
is correlated with the single adsorption site scenario
envisaged in “Peak position of the vibrational resonance v,”.
For purposes of data presentation, we have pooled all the
potential-dependent SFG and DFG data obtained for each
type of electrode to estimate a single expected value and
corresponding error. These quantities are represented in
Fig. 12, which suggests that the surface atomic packing and
the presence of grain boundaries have no apparent impact
on the resonance broadening mechanism.

Normalised resonator strength Ay

The potential-dependent values of 4y are reported for the
electrodes studied in Fig. 13. No statistically significant
differences were found between the parameters evaluated
by SFG and DFG; data derived from the tow spectroscopies
are therefore pooled in Fig. 13. The comment made in
“Peak half-width of the vibrational resonance I'” about
visible resonance hold also in this case. The normalised
resonator strength tends to decrease with increasing
potential, owing to anodic desorption of CN, coherently
with our CV results, and the data reported in [10, 11]. From
the slope of these curves, conclusions regarding desorption
rates were derived in [10]. In this case, we analysed this set
of data in terms of Frumkin isotherm [32]. Under the
assumption that the adsorption energy Epg is the same for
all orientations (see the single-site scheme discussed in
“Peak position of the vibrational resonance v,”) and the
PZC in the absence of CN  adsorption are known, the
lateral interaction energy Ep; can be estimated. By
straightforward algebra, it can be shown that at the flex of
the 60—V isotherm:

a2 G)

B _ , [@F]"¢
RT

where C stands for the bulk concentration of CN , &=
Vo—Epzc, and ¥, is the potential at which the flex of the
experimental 4y vs potential curves. Epzc values can be
obtained from [33] for (111), (100) and (110) and from [18]
for (210) and from [34] for polycrystalline Au. As literature
values for Espg are not available, to the best of authors’
knowledge, we resorted to estimating the sequence of @
values and which correlates positively with that of £y | ones.
We found the following sequence of @: (111) —972+
105 mV, (100) —975£165 mV, (110) —901+104 mV, (210)
—510+£185 mV, poly-Au —1243+59 mV.

A stability hierarchy seems to emerge from our data:
poly-Au<(111)=(110)=(110)<(210). The (210) orientation,
with the lowest atomic packing among the single-crystal
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N
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surfaces considered, exhibits the smallest lateral repulsion,
while the polycrystalline electrode shows the highest one
for some subtle reasons, possibly related to the presence of
grain boundaries.

Difference between the phases of the non-resonant term
of SFG and DFG spectra Agng

As commented above, ¢ is a descriptor of the non-resonant
contribution to the second-order susceptibility that is
independent on the setup details (see “In situ SFG and
DFG spectroscopies™). Its definition for SFG and DFG is
discussed in detail in [27] pp 58, 70 and [10]. For the
present purpose, we shall concentrate on the following
aspects, enabling us to derive information regarding the
electronic structure of the probed interface. If far from the
interband transition of the substrate metal, ¢spG=@prg,
otherwise Ag¢#0. From the experimental values of ¢
reported on [27] (pp 50s, 55s and 59s), we computed the
following representative A¢ values: Au +43°, Ag —28° and
Pt 0°.

In Fig. 14, we report our potential-dependent results for
the five electrodes studied. Similar growing trends are
found for all the electrodes; lower slopes correspond to the
more open (210) face and to the defective poly-Au one.
The potential dependence of Agyg correlates to that of the
surface DOS Dg, in this way: Adnr(Va)>Aonr(VB)
implies 0Dg(Va)/0w>0Dg(Vg)/0w. An insightful under-
standing of this point requires electronic structure modelling
of the interface beyond the possibilities of this investigation,
which nevertheless points means to stress the fact that the
effects of adsorption, crystal orientation and potential on the
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Fig. 15 Potential-dependent contrast parameter ¢ estimated from SFG
and DFG measurements with Au(111), (100), (110) and (210) single-
crystal and polycrystalline Au electrodes in contact with a NaClO,
0.1 M, KCN 25 mM solution. Data points obtained as averages over
all the investigated crystal orientations

electronic structure of the electrochemical interface can be
reliably derived from a suitable combination of SFG and DFG
spectroscopies.

Contrast parameter ¢

The contrast parameter has been evaluated at resonance /.
Very minor differences are found among the different electro-
des studies, while a clear potential dependence emerges as
well as differences between SFG and DFG. Pooled data for
the five electrodes are reported in Fig. 15. As in the absence of
visible resonances |xr> (o) =xr"F C(vo)|=|Xr(Vo)], While in
general [ynr> Cl£har" Y, it follows that our data imply:
e )2 R (o) £ e >, corresponding to the fact that
cP9=1, while ¢>"°<1. Of course, full understanding of this
quantity requires the knowledge of the interactions between
the electronic structure of the metallic electrode as affected by
the adsorbate and the applied potential and the surface
coverage with the adsorbate. This is beyond the scope of the
present paper, but we maintain that access to statistically
significant estimates of such observables is a precious tool for
the understanding of the electrochemical interface.

Conclusions

Our in situ DFG and SFG data on the electrochemical
adsorption of CN on Au(111), (100), (110) and (210)
electrodes confirm previous results obtained by DFG on Au
(111), (100) and (110) and by both SFG and DFG on Au
(100) and extend the study of this system to Au(210)



J Solid State Electrochem (2008) 12:303-313

313

and complete the comparison between SFG and DFG
spectroscopies.

The experimental spectra were analysed quantitatively to
extract parameters that can give information on the
vibrational and electronic structure of the interface.

The analysis of the vibrational resonant frequency and of
the resonance width indicate that a single adsorption site for
CN is found on Au electrodes of different crystal
orientations. The potential dependence of the resonator
intensity yields information on the lateral interaction energy
of adsorbed CN . Our results indicate that the lateral
interaction energy correlates negatively with surface atomic
density.

By comparing the phase of the non-resonant part of the
spectra measured by SFG and DFG, one can obtain
information on the slope of the surface electronic DOS in
the vicinity of the energy of the visible beam under the
current electrochemical conditions. The information derived
from the non-resonant component of the second-order
susceptibility, as well as from the contrast parameter,
provide unambiguous evidence of the fact that CN
adsorption onto Au single crystals gives rise to a rich
potential-dependent scenario of modifications of the elec-
tronic structure of the interface.
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