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Due to their generally very weak interaction with metal surfa-
ces, the influence of cations on the properties of the electro-
chemical double layer and on the processes occurring at the
electrode–electrolyte interface has traditionally received little
attention. However, cations can become attached to the elec-
trode surface through non-covalent interactions (such as hy-
drogen bonds, ionic bonds, van der Waals forces and hydro-
phobic interactions, which do not involve the sharing of pairs
of electrons[1, 2]) with chemisorbed species, affecting the struc-
ture and the properties of the interface and, hence, influencing
the processes occurring at the electrochemical double layer, as
has been shown for some important electrocatalytic processes,
such as the methanol oxidation reaction (MOR)[3] and the
oxygen reduction reaction (ORR).[3, 4] The effect of alkaline
metal cations (M+) on some electrocatalytic reactions in alka-
line solution has been recently studied by Strmcnik et al. ,[3]

who demonstrated that non-covalent interactions between M+

(H2O)x and OHad may affect the surface reactivity, due to the
formation of OHad�M+(H2O)x clusters which effectively block
oxygen adsorption. The effect of alkaline metal cations on the
cyclic voltammogram (CV) of Pt(111) electrodes in sulfuric acid
solutions has also been studied by the Alicante group.[5, 6]

Cyanide adsorbs spontaneously and irreversibly on Pt(111)
through its carbon atom, with the nitrogen atom facing the so-
lution,[7–9] forming an ordered (2

p
3 � 2
p

3)R308 structure[9–11]

(see the Supporting Information, Figure S1). As a consequence,
trigonal adsorption and reaction sites are lacking on cyanide-
modified Pt(111) electrodes while, at the same time, the uncov-
ered Pt atoms in the troughs separating the hexagonal CN
rings remain unaffected.[12–14] Thanks to this peculiar property,
we have successfully used cyanide-modified Pt(111) electrodes
as model surfaces to investigate the role of atomic ensembles
in electrocatalysis[14–16] and to develop new concepts for the ra-
tional design of cathode catalysts for the ORR in phosphoric
acid fuel cells (or in any environments containing strongly ad-
sorbing tetrahedral anions, like the proton exchange mem-

brane fuel cells, PEMFCs).[4] Herein we present a combined the-
oretical and experimental study of non-covalent interactions
between alkaline metal cations and cyanide-modified Pt(111)
electrodes, aimed at deepening our understanding of the fac-
tors governing non-covalent interactions in surface electro-
chemistry and at highlighting their often neglected impor-
tance.

The CV of cyanide-modified Pt(111) electrodes in acidic solu-
tions (HClO4, H2SO4 and H3PO4) has been studied previous-
ly.[4, 12, 13] It has been shown that the cyanide adlayer on Pt(111)
is remarkably stable, no change being observed in the CVs of
the cyanide-covered electrode upon repetitive cycling between
0.05 and 1.10 V versus the reversible hydrogen electrode (RHE).
A very interesting aspect is the 0.20 V positive shift of the
onset of hydrogen adsorption [corresponding to a ca.
19 kJ mol�1 more negative DG0(Hupd, q=0)] , as compared with
unmodified Pt(111) electrodes,[4, 14] this probably being the only
example of a positive shift of the onset potential for Hupd for-
mation. This behavior has been attributed to the formation of
(CNad)x-H clusters due to non-covalent (electrostatic) interac-
tions between the negative end of the CNad dipole and the op-
positely charged H+ .[4] CNad acts as an inert site blocker (third
body effect)[4, 12–16] and, hence, will not affect the energetics of
the Pt�Hupd bond. The analysis of the density of states (DOS)
for the topmost Pt atoms (Figure 1), shows that the DOS of the
Pt atoms directly bonded to the CNad is shifted to lower ener-
gies, this being consistent with a strong bonding (the binding
energy was calculated to be �3.19 eV per CN). On the other

Figure 1. a) DOS for the Pt atoms of a clean (111) surface. b) DOS for the
topmost Pt atoms of the cyanide-modified (111) surface, (c) Pt atoms not
bonded to a CN, and (a-) Pt atoms bonded to a CN molecule. Energies
are referred to the corresponding Fermi level energy.
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hand, the DOS of the atoms which are not bonded to the ad-
sorbed CN molecules remains nearly identical to the DOS of
the Pt atoms of the clean (111) surface, supporting the notion
that CNad acts as an inert site blocker. Accordingly, the positive
shift in the onset potential for hydrogen adsorption on Pt indi-
cates that forming (CNad)x-H clusters is more favoured than
forming a Pt-Hupd bond.

The electronic density and the electrostatic potential for a
negatively charged particle averaged in the plane parallel to
the surface were also calculated (see the Supporting Informa-
tion, Figure S2). The difference in electrostatic potential be-
tween the CN-covered surface and the clean Pt(111) surface is
2.86 V, with the former being more negative than the latter.
This implies that the work function of the modified surface is
8.77 eV [i.e. 2.86 eV higher than that of Pt(111), 5.93 eV[17]] , and
explains the avidity of the modified surface for positively
charged particles, such as the cations present in solution (see
below).

Any cation in solution can be expected to interact with the
negative end of the CNad dipole on the surface of a cyanide-
modified Pt(111) electrode, binding some of the CNads groups,
that will not be available for the formation of (CNad)x-H clusters,
and provoking a change in the shape and/or position of the
hydrogen-adsorption region in the CV of cyanide-modified
Pt(111) electrodes. Such an effect is illustrated in Figures S3–S6
of the Supporting Information, which show the variations ob-
served in the cyclic voltammogram of a cyanide-modified
Pt(111) electrode as the concentration of Li+ , Na+ , K+ or Cs+

increases.
In Figure 2 we have plotted the potential at which a given

coverage by (CNad)x-H clusters has been achieved (i.e. , at which
a given adsorption charge has crossed the interface) as a func-

tion of the logarithm of the cation concentration for Li+ , Na+ ,
K+ , and Cs+ . Please note that while for the cases of Li+ , Na+

and K+ we have plotted the variation of the potential of the
peak occurring at 0.48 V in the absence of cations (correspond-
ing to a charge of ca. 20 mC cm�2), in the case of Cs+ this peak
is not clearly defined (see Supporting Information, Figure S6),
and the peak at 0.32 V (corresponding to a charge of ca.
50 mC cm�2) was chosen instead. As can be seen in Figure 2, at
low concentrations the peak potential remains constant in all
the cases, and equal to that in M+-free 0.1 m H2SO4. Above a
cation-dependent threshold concentration, the Hupd peak po-
tential starts to deviate from the value in the absence of the
cation and finally, at high enough concentrations, the peak po-
tential decreases linearly with the logarithm of the cation con-
centration. This Nernstian-like behavior suggests that the cat-
ions are retained on the surface as (CNad)x-M

+ clusters in equi-
librium with M+ in the solution. As far as we know, this is the
first example of a linear dependence of the equilibrium poten-
tial of an electrochemical reaction on the logarithm of the con-
centration of a species not involved in the reaction and which
does not interact with the electroactive species, highlighting
that non-covalent interactions can dramatically affect the
double layer properties.

This behavior can be easily modeled, assuming that the for-
mation of the (CNad)x�H clusters can be represented by Equa-
tion (1):

Hþ þ xCNad þ ze$ ðCNadÞx Hð1�zÞ ð1Þ

and that the formation of the (CNad)xM
+ clusters can be de-

scribed by the Langmuir isotherm. Then, the potential at
which a given coverage of (CNad)x-H

(1�z) clusters is attained will
be given by Equation (2):

E ¼ E0 þ RT
zF

ln cHþð1� qMþðCNÞxÞ

¼ E0 þ RT
zF

ln cHþ �
RT
zF

lnð1þ KMþcMþ Þ
ð2Þ

where E0 is the potential at which a given coverage of (CNad)x�
H clusters is attained in the absence of cations at pH 0, KM + is
the equilibrium constant for the formation of the (CNad)x�M+

clusters, z is the number of electrons crossing the interface per
every (CNad)xH cluster formed, and cM + is the cation concentra-
tion in the solution [for a detailed deduction of Eq. (2), see the
Supporting Information] . The model predicts that if KM +CM +

! 1 (equivalently, qM + (CN)x ! 1), the peak potential is independ-
ent of the cation concentration. According to Equation (2), the
threshold concentration above which the peak potential starts
to decrease below that observed in the absence of cations will
be the lower the higher the value of KM + , that is, it will be a
measure of the affinity of the cation for the CNad groups. When
cM + is high enough, KM +CM + @ 1 (equivalently qM + (CN)x�1), and
the potential decreases linearly with logcM + with slope
2.3026RT/zF. As can be seen in Figure 2, the fit of the experi-
mental data to this model is excellent.

Figure 2. Semi-logarithmic plot of the dependence on the cation concentra-
tion of the peak potential for hydrogen adsorption on cyanide-modified
Pt(111) electrodes in 0.1 m H2SO4 or HClO4, as obtained from cyclic voltam-
mograms at 50 mV s�1. Black squares: Li+ ; red circles: Na+ ; green up trian-
gles: K+ ; blue down triangles: Cs+ . The lines correspond to the fit of the ex-
perimental data to Equation (2). Inset: Cyclic voltammograms in the Hupd

region in 0.1 m H2SO4 containing Na+ in different concentrations (red: 0.05 m

Na+ ; green: 0.1 m Na+ ; blue: 0.5 m Na+ ; cyan: 1 m Na+).
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Table 1 shows the values of KM + and z for these four alkali
metal cations, as obtained from the corresponding fits to
Equation (2). Based on the values of KM + , the following affinity
series, Li+ ! Cs+ = Na+<K+ , can be constructed. A similar
series (Li+ ! H+<Cs+ = Na+<K+ ! Mg2+ ! Ca2 +<Ba2+ ! La3 +

) was deduced by Rosasco et al. ,[18] who also demonstrated,
using ex situ Auger spectra, that cation exchange proceeds
without loss or rearrangement of the CN adlayer. Furthermore,
the results in Table 1 indicate that less than one electron
crosses the interface per (CNad)xH formed in the presence of
Li+ , Na+ , K+ and Cs+ , although the values for z are only ap-
proximate for Li+ , because there are very few experimental
points in the region of linear decrease of the peak potential
with increasing cation concentration.

The formation of the (CNad)x�M+ clusters must be due to
non-covalent electrostatic interactions of the charge-dipole or
charge-induced dipole type between the negative end of the
CNad dipole and the oppositely charged M+ . These interactions
would be expected to be stronger the smaller the cation
radius, but on the contrary, KM + is seen to increase strongly
from Li+ to K+ and to decrease again for Cs+ . This observation
cannot be explained only by the decrease in the hydration
energy with increasing cation radius (see Table 1), and sug-
gests that additional stability of the (CNad)xM

+ cluster is provid-
ed by an optimal fit of the cation into a cavity formed by the
CN groups, as in some [2]-cryptate inclusion complexes
formed by macrobicyclic ligands and alkali metals.[19] The size
of the cavity formed by the CN groups must be close to the
atomic diameter of Pt (2.77 �), and K+ must therefore fit par-
ticularly well inside it (atomic diameter: 2.66 �, see Table 1). Al-
though Cs+ has a lower hydration energy than K+ , it is too big
to fit in the cavity, and therefore its KM + is smaller. A similar de-
pendence of the stability constant of [2]-cryptates complexes,
with a maximum for K+ , was found when cryptand [2.2.2]
(cavity diameter of 2.8 �) was used as ligand.[19] This suggests
that the interaction between the cation and the surface-anch-
ored CN groups is not exclusively electrostatic.

The alkaline metal cations adsorbed on the CNad groups
could be visualized in situ using high-resolution electrochemi-
cal scanning tunneling microscopy (EC-STM), but only in solu-
tions containing the cation in concentrations lying on the
linear region of Figure 2. This was to be expected, since al-
though the (CNad)xM

+ clusters are in equilibrium with the
cation in solution, in this concentration region qM + (CN)x�1, and

the STM tip will always see a cation occupying a given site. At
concentrations below the linear region in Figure 2, the cations
change positions too fast for the scan rate typically used in
constant-current STM experiments. Figure 3 shows STM images

of a cyanide-modified Pt(111) electrode in acidic solutions con-
taining K+ (Figure 3 A) and Na+ (Figure 3 B). The honeycomb
structure shown in Figure 3 could only be observed for K+ and
Na+ concentrations above 0.05 and 0.5 m, respectively. The
same structure has been observed previously in the presence
of Cu2 + at concentrations as low as 1 mm,[20] suggesting that in
that case, the observed honeycomb structure was also due to
the formation of (CNad)x�Cun + clusters. The low copper con-
centration sufficient for observing the honeycomb structure in-
dicates a high affinity for the CNad groups of the copper
cation.

As previously reported for copper, the honeycomb struc-
tures formed by potassium (Figure 3 A) and sodium (Figure 3 B)
extend over the whole electrode surface. The observation of
six tunneling maxima forming a honeycomb structure indicates
that six M+ , located at the hexagon corners, surround every
CNad hexagonal ring, forming (CNad)3�M+ clusters. Location of
the metal cation centred on the side of a hexagonal CNad ring,
interacting with four CNad groups and forming (CNad)4�M+

clusters, would yield a kagome structure, which is not experi-
mentally observed. (Ball models of the honeycomb and the
kagome structures can be found in the Supporting Informa-
tion.)

The adsorption of Na+ and K+ onto the CN adlayer was also
investigated by means of DFT calculations. In a first approxima-
tion, the adsorption energies of the cations on the different
adsorption sites were calculated. For these calculations a low
coverage approximation was used, that is, only one cation per
unit cell was included. Three distinct on-top adsorption sites
were examined: a site surrounded by three CN molecules,
giving rise to (CNad)3�M+ , a site surrounded by four CN mole-
cules, labeled as (CNad)4�M+ , and the center of the CN rings, to
which we will refer to as (CNad)6�M+ . Table S1 of the Support-
ing Information summarizes the calculated binding energies,
some relevant geometric parameters, and the Mulliken charge

Table 1. Equilibrium constants for the formation of the (CNad)x�M+ clus-
ters (KM +) and number of electrons crossing the interface per every
(CNad)xH cluster formed (z), as obtained from the fit of the experimental
data in Figure 2 to the model described by Equation (2). The last two col-
umns show the Gibbs energy of hydration (DG0) and the ionic diameter
of the cations.

KM [M�1] z DG0 [eV][19] Ionic diameter [�][19]

Li+ 0.24�0.07 0.28�0.07 �5.3 1.56
Na+ 34�6 0.61�0.04 �4.3 1.96
K+ 120�50 0.54�0.08 �3.5 2.66
Cs+ 31�11 0.8�0.1 �2.9 3.30

Figure 3. STM images of the honeycomb cation structure surrounding the
CN rings (IT = 2 nA). A) 3 � 3 nm2 image of a cyanide-modified Pt(111) elec-
trode in 0.1 m HClO4 + 0.05 m KClO4 at 0.60 V; UT = 0.45 V (tip negative). B)
9.5 � 9.5 nm2 image of a cyanide-modified Pt(111) electrode in 0.1 m

HClO4 + 0.5 m NaClO4 at 0.55 V; UT = 0.3 V (tip negative).
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analysis for these structures. The adsorption energies of each
of the atoms on a 3 � 3 clean Pt(111) slab were also considered
for comparison purposes, and the relevant results are also re-
ported in Table S1 of the Supporting Information.

The binding energy of an atom on Pt(111) is notably in-
creased by the presence of the CN adlayer. This is mostly due
to the higher energy gain incurred by the electron withdrawn
from the neutral atom upon its falling to the Fermi level of the
metal, which is 2.86 eV lower for cyanide-modified Pt(111) than
for Pt(111), and could be anticipated from the analysis of the
electrostatic potential (see Supporting Information, Figure S2).
According to the binding energies in Table S1 of the Support-
ing Information, the adsorption on the (CNad)3 site is slightly
less favored than that on the (CNad)4 site, in contradiction with
the experimental observation. For this reason, the honeycomb
and kagome structures were constructed and optimized (see
Supporting Information, Figures S7 and S8). Table 2 summariz-

es the calculated binding energies, some relevant geometric
parameters, and the Mulliken charge analysis for these struc-
tures. For potassium, the calculated binding energies per
cation are �5.62 and �5.42 eV for the optimized honeycomb
and kagome structures, respectively. In the case of sodium, the
adsorption energies per cation are �5.59 and �5.31 eV for the
honeycomb and kagome geometries, respectively. The 0.2–
0.3 eV gain in binding energy of the honeycomb structure re-
sults, at least in part, from avoiding M+�M+ repulsions.

In summary, we have used cyanide-modified Pt(111) electro-
des to illustrate the importance of noncovalent interactions in
governing the interaction between the cations present in the
supporting electrolyte and the electrode surface, dramatically
affecting the properties and structure of the electrochemical
double layer. The insight drawn from the experimental and
theoretical results presented here has allowed us to under-
stand previously reported results regarding the positive shift
by 0.20 V in the onset of hydrogen adsorption on cyanide-
modified Pt(111) electrodes and regarding copper adsorption
on cyanide-modified Pt(111) electrodes and suggests that non-

covalent interactions with surface-anchored species can be
used to obtain extended surface nanostructuring following a
predefined motif. Remarkably, non-covalent interactions can
induce a Nernstian-like dependence of the equilibrium poten-
tial on the concentration of a species not involved in the elec-
trochemical reaction and which does not interact with the
electroactive species. Finally, we have been able to visualize
the cations retained on the electrode surface by non-covalent
interactions using high-resolution in situ EC-STM, and hints re-
garding the stability of the structure observed as compared to
other possible structures have been obtained from theoretical
calculations. The model developed here to describe the inter-
action of alkali-metal cations with surface anchored CN groups
might be of general applicability to explain previously ob-
served cation effects on the properties of the electrochemical
double layer.[5, 6, 21]

Experimental Section

Experimental details have been reported previously[13–16, 20] and can
be found in the Supporting Information. All the potentials in the
text are referred to the RHE. DFT-based calculations were carried
out using the SIESTA software.[22] More details regarding the theo-
retical methods employed can be found in the Supporting Infor-
mation.
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