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Hydroxide (OH−) adsorption at Ag(111)/alkaline electrolyte interfaces is the initial step
leading to the formation of surface oxide. We investigate how OH− anion adsorption is
influenced by co-adsorption of supporting electrolyte anions (F−). Pure NaF and NaOH
as well as mixed electrolytes ranging from pH= 5.8 to 14 are investigated. The rotational
anisotropy of the second harmonic generation (SHG) signal is measured to distinguish
adsorptive processes from structural changes on the Ag surface. Our results clearly show
a cross-over from F−-dominated to OH−-dominated adsorption, while both species remain
charged upon adsorption. At more positive potentials, but below the reversible potential of
bulk oxide growth, OH is discharged leading to sub-monolayer oxide build-up, whereas
in acidic electrolyte, Ag is dissolved. At intermediate pH, the formation of a structured
OH−/F− co-adsorbed layer is proposed.

1. Introduction
Anion adsorption at metal/electrolyte interfaces is one of the central issues of
fundamental electrochemistry. Specifically adsorbed ions affect the reactivity

* Corresponding author. E-mail: savinova@ph.tum.de



558 M. Danckwertset al.

of metal surfaces; this is of practical importance in electrocatalysis, electrosyn-
thesis and metal dissolution/deposition. Hydroxide adsorption is of particular
interest, since it can lead to the formation of a variety of surface species,
ranging from chemisorbed anions to discharged OHads, Oads and ultimately
metal oxide, depending on the electrode potential and metal chemistry. Each
of the above species may influence the chemistry at the electrode/electrolyte
interface in a different way and can drastically change the rates of interfacial
processes. This has been documented for example for oxygen and hydro-
gen peroxide reduction on gold [1, 2] and has been proposed also for silver
electrodes [3–5].

The present article continues our efforts in the investigation of a Ag(111)
surface in alkaline electrolytes. We use optical second-harmonic generation
(SHG) to obtainin situ information on the electric field distribution at the
electrode/electrolyte interface and the symmetry of the substrate. In our pre-
vious studies, we showed that on Ag(111) in an alkaline electrolyte, ad-
sorbed OH− anions undergo a transition to discharged O species, which ul-
timately leads to formation of surface oxide [6]. Despite the investigations
performed by our and other groups using electrochemical techniques [5, 7–12],
XPS [13–15], STM [16] and SERS [17, 18], some details of the hydroxide ad-
sorption on Ag and the initial stages of surface oxidation are still not fully
understood. In particular, these concern (i) the bonding of hydroxide to the
substrate and the controversial question of charge transfer during hydroxide
adsorption, (ii) the influence of co-adsorbed supporting electrolyte anions on
the hydroxide adsorption and surface oxidation, and (iii) the possible structure
of the adlayer. In this paper we address the question of how OH− adsorption
and oxide formation is influenced by competitive F− adsorption. We use cyclic
voltammetry andin situ second-harmonic generation (SHG) to investigate the
electrochemical and structural characteristics of Ag(111) electrodes in mixed
NaF/NaOH electrolytes at various pH.

2. Experiment and sample preparation

The Ag(111) crystal (99.999%) was obtained from Mateck and was oriented to
better than 0.4◦. Surface finishing was performed by chemical etching in NaCN
+ H2O2 and successive hydrogen flame annealing under a gentle Ar stream
using a procedure similar to one described earlier [6, 19]. The specimen was
transferred to the electrochemical cell in ultrapure water and immersed into the
electrolyte under potential control. Special care was taken that contact of the
crystal with air was minimized.

The cyclic voltammetry as well as SHG measurements were carried out in
a spectroelectrochemical cell made of Kel-F with an optical window at the bot-
tom. This cell setup combines optical measurements with simultaneous CV in
the hanging meniscus configuration, allowing for voltammetric monitoring at
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any point of the experiment. All optical adjustments are made while the sam-
ple is in contact with the electrolyte and under potentiostatic control; this way
the time between preparation of the crystal and its immersion is kept at a min-
imum. Details of the cell setup have been published elsewhere [6, 20]. The cell
allows rotation of the sample around its surface normal to measure the SHG
anisotropy. The cell was equipped with a counter electrode made of a Pt-wire
ring concentric to the working electrode and a Hg/HgO/0.1M NaOH reference
electrode whose potential is 0.165 VNHE. Before each experiment, the cell was
cleaned in NH3/H2O2 (1:1); at the beginning of an experiment, the cell was
purged with Ar.

For the optical measurements, a Nd:YAG laser was used to produce 5 ns
laser pulses at the fundamental wavelength of 1064 nm and with∼150 mJ each
pulse. In all experiments presentedhere, both for the ingoing and the SHG
beam the polarizations were selected to be parallel to the reflection plane (pp
configuration). Behind the cell, the reflected fundamental beam was blocked
by a combined color-glass/interference-filter setup, while the SH radiation was
detected with a photomultiplier tube. A computer was used to control the ex-
periment and process the data. In anisotropy measurements, the SHG intensity
is recorded as a function of rotational angle; from the anisotropy data, the
isotropic and three-fold symmetry coefficients of the surface are obtained [21].

3. Results and discussion
To investigate the influence of varyinghydroxide concentrations on the adsorp-
tion of OH− and subsequent formation of surface oxide, cyclic voltammetry
(CV) and SHG experiments were carried out in mixed NaF/NaOH electrolyte
solutions, where the concentrations were varied such that the ionic strength was
kept constant:(0.1− x) mol/l NaF + x mol/l NaOH, 0≤ x ≤ 0.1. The pH of
the solutions varied from 5.8 to 13.8, where only the most alkaline solution had
an ionic strength of 1 mol/l.

Representative current-voltage characteristics at selected pH are shown
in Fig. 1. The shape of the CV in 0.1 M NaOH is consistent with data re-
ported in the literature [22]. A broad peak can be observed at around−0.5 V
vs. Hg/HgO, labelled as (a) in Fig. 1. The cathodic scan shows the symmetric
counterpart. Based on our previousex situ XPS andin situ SHG results [6, 20]
and in accordance with other researchers [22–24], this peak has been attributed
to the specific adsorption of hydroxide anions:

OH−�OH−
ads. (1)

In the following, region (a) of any of the presented CVs will therefore be de-
noted as “adsorption peak”.

As the potential is cycled further anodic, but still remains below the re-
versible Ag2O formation, between 0 and 0.1 V the current rises a second time.
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Fig. 1. Cyclic voltammograms of Ag(111) in mixed NaF/NaOH electrolytes at various
pH. Solid line: pH= 13, short-dashed line: pH= 11.3, long-dashed line: pH= 8.3, dotted
line: pH= 5.8 (NaF+ HF). Region (a) is characterized by anion adsorption, region (b)
denotes underpotential oxidation.

XPS-examinations of electrodes emersed from the electrolyte in this poten-
tial range showed the appearance of O (BE 528.2±0.2 eV) and Ag+ (BE
367.7 eV), which was attributed to the formation of Ag2O underpotential sur-
face oxide:

2OH−
ads+2Ag → Ag2Osurf+H2O+2e− . (2)

Consequently, the potential region labelled (b) in Fig. 1 is denoted as “oxida-
tion” throughout this paper.

Both processes proved to be sensitive to changes in pH. It can be seen in
Fig. 1 that the adsorption peak (a) exhibits a negative shift with increasing pH,
accompanied by a rise in the current, indicating an increase in the extent of
specific adsorption. For a quantitative investigation, we have defined the onset
of the adsorption current as the potential at which the inflexional tangent on
the current rise intersects the extrapolated base current at potentials negative
to the adsorption. The pH-dependence of this onset is shown in Fig. 2(a). For
the most alkaline electrolytes (pH values between 12 and 14), the onset shifts
by (50±7) mV per pH unit as determined from a line fit to the data, which is
close to 59 mV/pH expected for reaction (1) and is in line with earlier publi-
cations [22]. However, as the pH is decreased below 12, the dependence levels
off. The onset of the adsorption peak is constant in the pH interval from 10 to 6,
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Fig. 2. (a) Onset potential of anion adsorptionvs. electrolyte pH. The onset potential was
determined from the intersection of the inflexional tangent on the current rise with the
linear extrapolation of the current before the adsorption. Solid line: linear fit to the data
between pH= 11.9 and 13.8 indicating a shift of−(50±7) mV/pH. (b) Onset potential of
the oxide formationvs. pH. A line fit to the data between pH= 9.9 and 12.9 (solid line)
yields a shift of−(60±5) mV/pH. The data point at pH=8.3 lacked reproducibility due
to possible local pH changes.

where it occurs atca. −0.61 Vvs. Hg/HgO, corresponding to the point of zero
charge (Epzc) of Ag(111) in NaF electrolyte (−0.69 V vs. SCE [25]). In the
whole pH range studied, prolonged continuous potential cycling did not cause
any change of the position of peak (a), proving that it was not sensitive to local
pH modulations.

From this behavior we infer that the adsorption feature in the CV corres-
ponds mainly to the adsorption of OH− at the high pH limit, whereas it is
dominated by the adsorption of F− from the supporting electrolyte at low pH
values. There has been some controversy as to whether or not fluoride adsorbs
specifically on silver single crystalline faces [26, 27]. In more recent studies,
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Valette [28] and Doubovaet al. [29, 30] provided strong evidence for F− spe-
cific adsorption on Ag(111) using capacitance measurements. Vitanovet al.
also discuss the adsorption of F− as being specific [31]. In any case, fluoride
adsorption is weaker than for any other halide ion, comparable to that of small
soluble organic molecules [30]. Adding very little amounts of OH− consider-
ably increases the adsorption current, since OH− is more strongly adsorbed.
At high pH, the adsorption is fully dominated by hydroxide, as proven by the
shift of approximately 60 mV/pH. Thus, the analysisof the onset potential
yields three adsorption regions: (i) “pure” hydroxide adsorption in the pH in-
terval from 14 toca. 12, (ii) “pure” fluoride adsorption in the pH interval from
ca. 6 to 10 and (iii) the intermediate region, where co-adsorption of both ions
takes place. The conclusion on fluoride-dominated adsorption in a pH range
from 6 to 10 is in line with the observation of Doubovaet al. [30], who found
that capacitance-potential curves for an Ag(111) electrode in NaF/KPF6 elec-
trolyte were identical at pH= 5.5 and pH= 8.3.

There has been some controversy concerning the pH dependence of OH−

adsorption, which is sometimes interpreted as an evidence of ion discharge.
Hence, from a shift of 60 mV/pH of the adsorption peak Jovicet al. [22]
deduce complete charge transfer between OH− ions and the silver surface.
Meanwhile, Savinovaet al. [6] and Danckwertset al. [20], who observe similar
pH dependencies, conclude on the absence of charge transfer between hydrox-
ide ions and the metal. Comprehensive discussions of the thermodynamics of
specific adsorption are given in a number of publications [32]; however, some
brief explanation may be necessary here. Let us consider reaction (1). At equi-
librium, the electrochemical potentials of dissolved and adsorbed OH− ions are
equal:

µ̄Sol
OH− = µ̄Ads

OH− . (3)

Assuming that specifically adsorbed OH− is located at the inner Helmholtz
plane (IHP), its electrochemical potential is given by:

µ̄Ads
OH− = µAds

OH−(θ)+ zFϕ IHP , (4)

whereϕ IHP is the electrostatic potential at the IHP,µAds
OH−(θ) is the coverage de-

pendent chemical potential of adsorbed OH− andz is the charge number of the
anion. From this it is evident that the potential drop between the solution and
the IHP is a function of the activity of OH− in solution:

ϕ IHP −ϕSol = µSol
OH− −µAds

OH−(θ)

zF
+ RT

zF
ln aOH− . (5)

Sinceϕ IHP is related to the electrostatic potential of the metal phase, Eq. (5)
accounts for the pH dependence of the adsorption peak. Obviously, specific ad-
sorption of anions is concentration dependent even if they retain their charge.
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This has indeed been observed experimentally in a number of cases. We refer
here to a recent publication by Kolics and Wieckowski, who observed pro-
nounced shift in the sulfate adsorption peak, along with strong evidence of the
absence of Faradaic charge transfer during this process [33].

The variation of the total charge of specifically adsorbed anionsσ− with
potential can be concluded from the charge density on the metal|σAg| = |σ−|−
|σ+|, whereσ+ is the charge density of co-adsorbed cations in the double
layer. Assuming that neither F− nor OH− is discharged upon adsorption [6],
the charge density on the metal can be obtained from the CV data by integra-
tion. The charge under peak (a) then corresponds to the charge flow through
the external circuit due to electron removal from the Ag electrode upon an-
ion specific adsorption. This assumption will be verified later by comparing
voltammetric and SHG data. The charge has been computed via integration of
the anodic sweeps of the CVs. The current densities in different electrolytes
merge together1 at −0.8 V, thus no anion specific adsorption is expected at
this point. Consequently, the charge on the electrode at this potential is as-
sumed to be equal in all electrolytes used here. The electrode charge at−0.8 V
was calculated by back-integration of the current in 0.1 M NaF starting at
Epzc = −0.61 VHgO yielding a charge of−9.8µC cm−2. All charge curves for
different electrolytes have been obtained by integration from−0.8 V and cor-
rected for this charge.

The total charge densities computed by integration between−0.8 V and
various end potentials are plotted in Fig. 3 as a function of pH. Increasing the
pH clearly leads to a considerable rise in the metal charge. In the pH region
from 6 to 10, the variation is rather small; from 10 to 13, however, it becomes
more pronounced. The dotted line shows the charge as calculated from inte-
gration up to the respective onset of oxidation. The charge grows as the end
potential of the integration is increased, showing that the ion coverage at the Ag
surface continues to rise up to the onset of oxidation. In the lower pH range,
the overall metal charge is predominantly compensated by fluoride. Around
pH= 10, there is a crossover from fluoride-dominated to hydroxide adsorption,
similar to the observation in Fig. 2. Thus, the charge strongly depends on pH
due to hydroxide adsorption in the higher pH range.

The formation of sub-monolayer oxide, observed in the voltammograms as
a steep current rise in region (b), also depends on pH. Fig. 2(b) shows the on-
set potential of surface oxidation as a function of pH. It can be seen that the
oxidation onset shifts by approximately 60±5 mV/pH in the pH interval be-
tween pH= 10 and 13, as obtained from a line fit to the data. This is similar
to the adsorption onset asseen in Fig. 2(a). However, a strong deviation con-
siderably exceeding the experimental error is observed at pH= 14, where the
oxidation onset potential reaches a saturation. This effect confirms our previ-

1 Some differences in the current densities at the negative end of the CVs are due to
traces of oxygen. The CVs were corrected for oxygen reduction prior to integration.
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The integration was started at−0.8 V. The potentials given are the end points of the inte-
gration. Dotted line: the current was integrated up to the respective onset of oxidation at
each distinct pH.

ous assumption that sub-monolayer surface oxide is formed from an adsorbed
OH− intermediate (Eq. (2)) rather than from dissolved hydroxide ions. Indeed,
it is reasonable to expect that the dependence of the OH− coverage on the Ag
surface (θOH) on the bulk solute OH− concentration saturates at the high pH
limit, being linear at lower concentrations (pH 10–13). At pH=8.3, peak (b)
appeared non-reproducible (in contrast tothe adsorption onset), apparently due
to local pH changes; it is given in Fig. 2 in brackets.

Varying the pH to acidic changes the electrode behavior at oxidation poten-
tials completely: as can be seen in Fig. 1 for the curve at pH= 5.8 (dotted line),
the reversible anodic and cathodic maxima in potential region (b) are lost. In-
stead, the CV shows a steep anodic increase on the anodic and an irreversible
peak on the cathodic scan. These features are typical for a Ag dissolution and
deposition process observed in acidic electrolytes. A Pourbaix’ diagram for sil-
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ver suggests that the transition from silver oxidation to silver dissolution takes
place around pH= 6 [34].

The adsorption-onset potential at pH10.9 and 11.3 deviated from the gen-
eral pH dependence. Since the data point at pH 10.9 was intentionally repro-
duced repeatedly, it can be ruled out that the discrepancy be due to experimen-
tal error. This may point to a specific structure formed during co-adsorption
of fluoride and hydroxide anions, which ismore stable than those for fluoride-
or hydroxide-dominated adsorption. Further studies are needed to confirm this
hypothesis.

In the SHG experiments, the anisotropy of the SH intensity is measured;
from this the isotropic and 3-fold contributionsA andD, respectively, are com-
puted. In Fig. 4(a) the isotropic and 3-fold contributions to the SHG signal of
Ag(111) in 0.1 M NaOH (pH= 13) are plotted as a function of electrode poten-
tial, together with the anodic scan of the corresponding cyclic voltammogram.
The isotropic termA grows as the electrode potential increases, showing a well
discernible curvature in the potential region of hydroxide adsorption.

The isotropic termA is generally proportional to the electrostatic fieldEDC

at the interface due to third-order nonlinear effects [21, 35]:

A = A(2) + A(3) EDC, (6)

whereEDC is the normal component of the interfacial field. As this in turn is
proportional to the metal charge divided by the double layer dielectric constant:
EDC ∝ σMe/εDL, the isotropic term can be proportional to the metal charge if
εDL remains constant in a given potential interval. In a previous study we com-
pared the isotropic termA with the charge on the metal electrode, which was
calculated by integration of the current assuming no charge transfer from the
adsorbate (F− and/or OH−) to the metal [20]. In the OH− adsorption region,
A was found to be proportional to the charge. This points to the validity of the
assumption of little or no charge transfer between specifically adsorbed anions
and the metal. Indeed, if we make the opposite assumption of full discharge of
the anions upon adsorption, the charge computed by integration of the positive
sweep of the CV will considerably exceed the charge on the metal. This will
break the proportionality observed in the experiment. Such a case is indeed ob-
served in region (b), where the faradaic process of surface oxide formation sets
in (see Fig. 4 here and Fig. 4 of ref. [20]).

Fig. 4(b) shows the results for Ag(111) in a mixed 0.1 M NaF+ 1 mM
NaOH (pH= 11) electrolyte. It is remarkable that the behavior of theA andD
termsvs. potential is essentially the same in this system as in the pure NaOH
electrolyte, as given in Fig. 4(a), and also pure NaF electrolyte at pH� 8.3 (not
shown). Fig. 4(c) shows the same experiment for Ag(111) in acidic NaF+ HF
electrolyte at pH= 5.8.

In the potential region of anion adsorption (a), the dependence ofA on
the potential is similar in all electrolytes investigated, see upper panels of
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Fig. 4a. SHG isotropic (A) and threefold term (D) (upper panel) and anodic current dens-
ity scan (lower panel) of Ag(111) in 0.1 M NaOH (pH= 12.9). The isotropic term is
normalized to its value at−0.7 V, as it is assumed that near the point of zero charge,
the interfacial fields are comparable in all systems. The 3-fold term is normalized to its
starting value at−1.05 V. The dashed lines indicate the beginning of the underpotential
oxidation region and the potential whereA drops steeply.

Figs. 4(a) to 4(c). In each case, the isotropic termA displays a general increase
as a function of electrode potential. In addition, there is a broad S-shape cur-
vature feature coinciding with the adsorption of anions from the solution, as
seen in the anodic scan of the CV (lower panels). SinceA is proportional to the
interfacial field [21], this shows that the field across the interface develops in
the same manner in pure NaF/HF electrolyte as in pure NaOH electrolyte so-
lution. Hence it can be concluded that the adsorption processes of F− and OH−

at the Ag(111) surface are very similar. This gives further evidence that hydrox-
ide, too, adsorbs without noticeable charge transfer. In this work we have not
observed a minimum in the isotropic term aroundEpzc. This is in line with a re-
cent publication by Schmickleret al. [19]. Indeed these authors have proven
both experimentally and theoretically that the isotropic contribution at Ag(hkl)
electrodes exhibits a minimumbelow Epzc.
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Fig. 4b. SHG isotropic (A) and threefold term (D) (upper panel) and anodic current dens-
ity scan (lower panel) of Ag(111) in 1 mM NaOH+ 0.1 M NaF (pH= 10.9). The isotropic
term is normalized to its value at−0.68 V. The 3-fold term is normalized to its starting
value at−0.94 V. The dashed lines indicate the beginning of the underpotential oxidation
region and the potential whereA drops.

In Figs. 4(a) and (b), as the potential is moved into the region of surface
oxide formation, theA term saturates and the 3-fold termD drops down. As
was argued in [6, 20] on the basis of SHG, XPS and potential step experiments,
the steep drop of the 3-fold termD in the positive-going direction of the po-
tential can be explained by 2D islands of Ag2O silver oxide growing on the
surface. As the islands merge into a full monolayer, 3D oxide growth starts and
causes the isotropic termA to decrease starting from approximately 190 mV
(pH= 13) and 260 mV (pH=11).

In slightly acidic solution (Fig. 4(c), pH= 5.8) however, the situation
is rather different. The anodic end of the current-potential characteristic
(bottom panel) clearly shows the dissolution wave of silver. When the
Ag(111) dissolution starts (at around 300 mV), the 3-fold termD drops.
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Fig. 4c. SHG isotropic (A) and threefold term (D) (upper panel) and anodic current dens-
ity scan (lower panel) of Ag(111) in NaF+ HF electrolyte (pH= 5.8). The isotropic and
threefold terms are normalized to their starting values at−0.7 V.

The Ag/Ag+ pair is characterized by a very high standard exchange cur-
rent density of j00 = 13.4 A cm−2 with a charge-transfer coefficient ofα =
0.65 [36]. Assuming the dissolution reaction establishes the equilibrium con-
centration of Ag+, we estimate fromE0(Ag/Ag+) = 0.799 V +0.059 V×
lg[Ag+] [37] that the Ag+-concentration at 340 mV(HgO) is approximately
[Ag+] = 10−5 mol/l. For this concentration, the exchange current density is
j0 = 7.5×10−3 A cm−2; at one electron per surface atom, this yields an atom
exchange rate of 4.7×1016 atoms cm−2 s−1. The (111) surface of silver con-
tains 1.38×1015 atoms cm−2, hence at 0.34 V, approximately 34 monolayers
of silver are dissolved and deposited each second. For more positive poten-
tials, this rate increases by a factor of 4.5 every 60 mV. This high exchange
rate will clearly lead to a substantial degree of disorder in the topmost surface
layers, which causes the 3-fold symmetry of the surface to be disturbed, hence
the decrease inD. Meanwhile, the isotropic contribution continues rising even
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under dissolution potential, showing the absence of oxide formation. Only at
very high potentials (positive of 440 mV, not shown), there is a slight decrease
in A which points to a lower polarizability as a consequence of prolonged Ag
dissolution.

The similarity in the SHG data between NaF and NaOH electrolytes is
quite remarkable. The experiments show that while the interaction of Ag(111)
with OH− is stronger than with F−, the adsorption mechanism, and thus the
structure of the interfacial layer between Ag(111) and OH− or F− containing
aqueous electrolytes is similar. Neither of the adsorption processes involves
noticeable charge transfer. Only as the potential is increased further, OH− is
discharged and transformed into ionic oxygen interacting strongly with the Ag
surface. This result is at variance with conclusions in the literature [22] sug-
gesting the transfer of one electron per OH− upon adsorption.

Fluoride ions in aqueous solutions are strongly hydrated. According to cal-
culations, F− hydration shells consist of 17.4 water molecules divided into 6.0
water molecules in the primary and 11.4 in the secondary shell [38]. The strong
hydration of fluoride is usually supposed to prevent its specific adsorption.
Doubovaet al. [30] have therefore ascribed the surface activity of F− at Ag
single crystal surfaces to the weakness of the interaction between Ag and H2O
(low hydrophilicity), rather than to specific chemical interactions of F− with
the Ag surface. This may account for a negative free energy of the reaction:

Ag−H2O+F−(sol) → Ag−F− +H2O(sol) , (7)

where F−(sol) and H2O(sol) designate F− and H2O in the solution bulk. In-
deed, UHV studies confirm that water interacts with clean Ag surfaces very
weakly and is desorbed in a single peak as multilayer water at 160 K (see [39]
and refs. therein). Recent molecular dynamics simulations show that as a con-
sequence of the interplay between hydration and adsorption, contact adsorption
of ions is possible even without specific interactions between ions and metal
surfaces [40].

In UHV simulations of the electric double layer at Ag(110), Stuveet al.
have proved that co-adsorbed fluoride exerts a strong stabilizing effect on sur-
face water through hydrogen bonding [41, 42]. It was shown that in the case of
even small amounts of fluoride present on the surface, the thermal desorption
of water exhibits four distinct states desorbing at higher temperatures (190 K to
270 K) compared to water desorbing from a clean surface (162 K). While pure
interfacial water did not show any order in LEED, fluoride induced some or-
dering of the co-adsorbate layer [41]. This indicates that the hydration of F−

leads to a significant lateral structuring of the double layer. Vertical structure,
i.e. ordering of the water molecules in layers which are parallel to the surface
was found by Toneyet al. on Ag(111) in 0.1 M NaF electrolyte using surface
X-ray scattering [43]. The layering effect was found to be potential-dependent,
with the distance from the surface to the first water layer being smaller positive
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of the point of zero charge, which complies with current views of the electrode-
water interface. Theoretical modelling confirms layering of the interfacial wa-
ter [44] and its dependence on the charge density at the metal surface (see
also [45]). However, these studies have so far been unable to account for the un-
expectedly high density of water molecules in the inner layer, which, according
to the X-ray scattering data of Toneyet al. exceeded that in the solution bulk
by nearly a factor of 2 above the point of zero charge. Given Stuve’s observa-
tion that the number of water molecules per hydrated F− is exceptionally large
at very low F− coverages [41], one might assume that the hydration character-
istics of fluoride is responsible for the high water densities in the inner layer.

In the UHV double-layer simulations [41], it is found experimentally that
at low F− coverage, the number of water molecules in the hydration shell of
a single fluoride ion can be as high as 13, indicating the formation of a sec-
ond hydration shell. In connection with the respective intermediate desorption
temperature, the authors conclude that long range interactions lead to corre-
lations between fluoride ions throughtheir hydration shells. Hydrogen bonds
have proved to be the driving mechanism of lateral ordering [41, 42]. Even
though the effect is weaker for OH−, its influence on the double layer structure
is comparable [41]. Hydroxide, being isoelectronic with F−, interacts with co-
adsorbed water at a Ag(110)/UHV interface in a remarkably similar manner in
terms of adsorption sites, hydrogen bonding and desorption temperatures [46].

Based on the information provided by these UHV studies and our experi-
mental observations we propose that the adsorption of both F− and OH− ions
is a consequence of the interplay of (i) weak specific interactions between the
Ag(111) surface and these ions, (ii) the weakness of the interaction of Ag(111)
with H2O and (iii) lateral interactions between the anions and water molecules
through hydrogen bonding. These may reach further than the hydration shell of
each ion, leading to long-range stabilization effects. An ordered overlayer may
be formed, where co-adsorbed fluoride and hydroxide ions interact with each
other through hydrogen bonding to water molecules rather than by chemical
interaction with the Ag substrate. It is interesting to note here that in surface-
enhanced Raman-scattering experiments on silver, Fleischmann and Hill have
found a strong influence of the alkali metal cation on the vibrational spec-
tra [47]. It was concluded that the strongly solvated cations co-adsorbed with
specifically adsorbed anions exert stabilizing effects on the inner double layer.
Clearly, a full model of a structured inner layer would have to include specific-
ally adsorbed anions, water molecules and co-adsorbed cations.

4. Conclusions

In mixed NaF/NaOH electrolytes, the anion adsorption at Ag(111) at different
pH values shows a cross-over from OH−-dominated (very alkaline solutions)
to F−-dominated adsorption (neutral and acidic solutions). At intermediate pH
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values, both ion types are present in theadsorbate layer. Neither fluoride nor
hydroxide is discharged upon adsorption.

The sub-monolayer oxidation occurring below the reversible Ag/Ag2O ox-
idation potential proceeds from adsorbed OH species; the OH− content in the
ionic adlayer saturates at very high bulk OH− concentration (pH=14).

The analysis of the SHG anisotropy shows remarkable similarities between
pure and mixed NaF/NaOH electrolytes. The isotropic termA reveals that ad-
sorption of pure F− and OH− as well as co-adsorption of both ions proceeds
the same way, pointing to both ions being specifically adsorbed. The SHG data
give further evidence that in all cases, the adsorbed ions retain their negative
charge up to potentials where oxidation sets in. In the case of acidic electrolyte,
where no OH− ions are present at the surface, the SHG data show characteris-
tics of Ag dissolution.

From comparison with previous works on the simulation of an electric dou-
ble layer in UHV experiments, we infer that lateral interactions between the
ions, mediated by H-bonding, have an important impact on adlayer formation
during co-adsorption of fluoride and hydroxide.

Acknowledgement

ERS gratefully acknowledges financial support from the MPG. SLH acknowl-
edges the European Commission for financial support (Marie Curie Individual
Fellowship within the 5th Framework Programme, project number MPMF-CT-
2000-00955). We thank Prof. Wolfgang Schmickler for discussions.

References
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