
HAL Id: hal-02111053
https://hal.science/hal-02111053

Submitted on 14 May 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Enhanced Stability of a Carbon Monoxide Monolayer
Adsorbed on Platinum under Electrochemical Control
Probed by Sum-Frequency Generation Spectroscopy

Christophe Humbert, Bertrand Busson, Abderrahmane Tadjeddine

To cite this version:
Christophe Humbert, Bertrand Busson, Abderrahmane Tadjeddine. Enhanced Stability of a Car-
bon Monoxide Monolayer Adsorbed on Platinum under Electrochemical Control Probed by Sum-
Frequency Generation Spectroscopy. Journal of Physical Chemistry C, 2016, 120 (29), pp.16211-16220.
�10.1021/acs.jpcc.6b01015�. �hal-02111053�

https://hal.science/hal-02111053
https://hal.archives-ouvertes.fr


 

 

Enhanced Stability of a Carbon Monoxide Monolayer Adsorbed on 
Platinum under Electrochemical Control probed by Sum-Frequency 
Generation Spectroscopy 

Christophe Humbert, Bertrand Busson, Abderrahmane Tadjeddine* 

Laboratoire de Chimie Physique, CNRS, Univ. Paris-Sud, Université Paris-Saclay, Bâtiment 201 Porte 2, 91405 Orsay, 
France 
  

ABSTRACT: We establish a new procedure to study the steady state adsorption of carbon monoxide (CO) at the surface 
of platinum under electrochemical control over a wide potential range in aqueous acidic solution. Using highly concen-
trated solutions of CO in perchloric acid medium enables the formation of a tightly packed and very stable CO monolayer 
at the surface of the metal, which allows cyclic voltammetry in the [-1200;+1500mV] potential range (vs Ag/AgCl). We use 
Sum-Frequency Generation (SFG) spectroscopy to show the unusual stability of the monolayer: going towards negative 
potentials, hydrogen evolution is first blocked then strongly quenched; towards positive potentials, CO oxidation is pre-
vented as a consequence of its dense packing as a “frozen” monolayer. Diluting CO concentration by a factor of ten is 
enough to recover most of the usual properties of the CO/Pt(110) interface, still maintaining the high stability of the CO 
adlayer. Such a protocol can be applied to any problem for which CO poisoning mechanism has to be scrutinized or as a 
model of very stable electrochemical interfaces for fundamental studies. 

Introduction 
The CO on platinum system has been intensively studied 
as a model surface reaction in gas phase as well as in the 
electrochemical environment. One key issue is the poi-
soning effect of CO, as an intermediate adsorbed species 
of organics oxidation. This phenomenon acts as a limiting 
factor for the performance of fuel cells1,2 based on alcohol 
reactants3 in acidic aqueous solutions. Whatever the envi-
ronment where they occur (gas, liquid), the monitoring 
and fundamental understanding of these molecular reac-
tions at the surface of the catalyst require the use of sensi-
tive and selective analytical and spectroscopic tools.4-13 

Nonlinear Sum-Frequency Generation spectroscopy 
(SFG)14-22 is a powerful in situ probe of the surface cover-
age and adsorption geometry in a reactor23-28, as well as in 
a spectro-electrochemical cell. In the latter case, the elec-
tric potential applied across the surface controls the 
chemical reaction and the structure of the electrode-
electrolyte interface29. SFG is an absolute investigation 
tool since it does not require the measurement of a blank 
spectrum30. In addition, the interferences between the 
vibrationally resonant and non resonant contributions, 
specific to the technique, lead to additional local infor-
mation, like the absolute molecular orientation31, the sign 
of the vibrational dynamic dipole moment25 or, as will be 
shown below, the determination of the potential of zero 
charge (PZC) of the system32,33. In a model alcohol fuel 
cell, CO poisoning hampers catalytic efficiency inside a 
specific potential range, which depends on the concentra-
tion of alcohol reactants and the pH composition of the 

electrolyte. In addition, the CO surface coverage (Θ) also 
depends on the potential because of the presence of com-
plex reaction intermediates, which makes spectroscopic 
data interpretation less straightforward34. Understanding 
the mechanism and stability of CO poisoning requires a 
fine analysis of the CO/Pt system as a function of plati-
num crystallinity and surface coverage over a wide poten-
tial range. It is common to perform electrochemical 
measurements in an aqueous solution (e.g. with 
perchloric acid HClO4), previously saturated with high 
purity grade gaseous CO. In these conditions, only CO 
molecules interact with the electrode’s surface provided 
that one works out of the electrolyte reduction and oxida-
tion ranges. To explain a dependency of the vibrational 
spectra on Θ, one has to take into account the dipole-
dipole interaction, whose delocalized character increases 
with Θ.35 The situation is complicated at low CO coverage 
by the co-adsorption of water and hydrogen. Moreover, 
the vibrational frequencies of adsorbed species depend on 
the static electric field, via the Stark effect.34,36,37 It be-
comes even more complicated when both Θ and the in-
terface electric field change simultaneously, which is 
often the case, especially at low CO coverage, where they 
both depend on the applied potential. Finally, the acces-
sible potential range in an aqueous solution spans only 
about 0.8V, between hydrogen evolution at lower poten-
tials and CO oxidation at higher ones38. 
 
To overcome this limitation, we and other teams have 
worked in CO saturated nonaqueous (e.g. acetonitrile) 
oxygen-free solutions38,39,40, hence extending the working 
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potential range from 0.8V to about 2.7V. The Weaver 
group could consequently measure the variation of the 
Stark slope over a wide potential range as a function of 
the solvent and the nature of the counter ions38,39, ex-
plaining the observed values by the varying thickness of 
the effective double layer. In a previous work,40 we have 
investigated the effect of the electric field across the in-
terface on the vibrational and electronic properties of a 
CO adlayer on a Pt(110) electrode (for which only atop CO 
exists, with a high coverage) in such a nonaqueous elec-
trolyte, using a combination of IR and SFG in situ tech-
niques. The dependence of the CO vibrational properties 
on both Θ and the static electric field allowed us to show 
that dipole-dipole coupling among CO molecules in the 
adlayer should be taken into account to explain the influ-
ence of the electric field, and that the observed evolution 
of the interfacial properties as a function of the potential 
were due to changes in the electronic and vibrational 
polarizabilities of the CO molecule. 
 
In the present work, we show that it is possible to extend 
the potential range of a stable CO/Pt(110) interface in an 
aqueous medium. To reach that goal, we take advantage 
of a very concentrated and stable CO-saturated acidic 
solution as the electrolyte in a thin electrolyte layer con-
figuration. We investigate the peculiar properties of this 
interface by IR-Visible SFG spectroscopy, showing its 
originality in terms of Stark shift of the CO internal 
stretch and very high molecular packing, as well as 
quenching of both the hydrogen evolution and CO oxida-
tion processes. A tenfold dilution of this mother solution 
leads to recover most of the usual electrochemical and 
vibrational properties of a CO on Pt(110) interface in con-
tact with an acidic CO saturated solution. 

EXPERIMENTAL 

Preparation of the CO solution and Platinum elec-
trode: In order to build our model catalyst interface, a 
CO-saturated solution is obtained by trapping pure CO 
gas (Messer, 99.997%) in HClO4 aqueous solution (Sigma-
Aldrich, 0.1M) for at least 30 minutes (5 bubbles/second) 
in a sealed cleaned glass container. Using a sealed con-
tainer allows to work with a solution in contact with a 
high pressure CO atmosphere, leading to the dissolution 
of more CO molecules into the liquid. The whole experi-
mental process (saturation of the solution, dilution, filling 
of the electrochemical cell and recording of SFG spectra) 
was done without any contact with ambient atmosphere, 
in sealed containers. In particular, the electrochemical 
cell was kept full of solution with no contact with ambi-
ent air. In these conditions, the high CO concentration in 
the resulting solution remains stable for 48 hours. A se-
cond solution, obtained after dilution of the original con-
centration by a factor of ten in HClO4 (0.1M) buffer, will 
be referred to as the CO (C/10) solution. The CO concen-
tration is however still higher than in reference 40. A high 
purity grade platinum electrode, Pt(110) from Goodfellow 
(1 cm diameter for 1 mm thickness), is firstly mechanically 
polished until optical finishing with diamond paste. It is 
then dipped in a piranha bath for 10 minutes to remove 

the polishing residues from the surface and abundantly 
rinsed with Millipore water (18MΩ.cm). Afterwards, the 
electrode is flame-annealed (red-orange optical emission 
in a dark room) for 10 minutes at ambient air in order to 
favor the (110)-facetted reconstruction of the surface25 and 
activate it for the adsorption of a CO monolayer. After 
cooling for a couple of minutes in the same conditions, a 
drop of CO-saturated or CO(C/10) HClO4 solution pro-
tects the Pt surface prior to its immersion in the spectro-
electrochemical cell. The cell is filled with the aforemen-
tioned CO-saturated or CO(C/10) HClO4 aqueous electro-
lytic solutions depending on the degree of CO saturation. 
The electrode is gently pressed against a calcium fluoride 
(CaF2) prism closing the spectro-electrochemical cell and 
ensuring that the incident IR beam used in the SFG pro-
cess reaches the probed surface with minimal absorption. 
The working potential is set to +10mV, then decreased to 
-200mV vs. Ag/AgCl reference electrode plunged into a 
saturated KCl solution (3M) to maintain a stable CO 
monolayer as a starting point. At this potential, hydrogen 
adsorption-desorption competing processes are expected 
to occur without denaturing the surface structure of the 
electrode. All the potentials in the following refer to this 
reference electrode. Current density curves are recorded 
as a function of the applied potential in the thin electro-
lyte configuration by a scanning potentiostat (EG&G In-
struments) in cyclic voltammetry conditions. 

Sum-Frequency Generation spectroscopy: The 
spectro-electrochemical cell used for the experiment is 
detailed in a previous publication.41 The SFG photons are 
produced after mixing the infrared (4.7-5.2 µm) and visi-
ble (532 nm) laser beams at the same point of the probed 
interface with incidence angles of 65° and 55° with respect 
to the surface normal, respectively. The experimental 
setup used is described elsewhere.42 It is based on a 
Nd:YVO4 pulsed (6.8 ps) laser source at 1064 nm coupled 
to an acousto-optic modulator in order to temporally 
shape the laser beam (62.5 MHz micropulse repetition 
rate in a 2 µs train with a 25 Hz macropulse repetition 
rate). After amplification, one part of the beam pumps 
the infrared optical parametric oscillator built around an 
AgGaS2 crystal (4.5-8 µm, 2 cm-1 bandwidth FWHM) while 
the other part is used to pump a visible optical parametric 
oscillator built around a BBO crystal (420-720 nm, 6 cm-1 
bandwidth) after frequency up-conversion at 355 nm of 
the 1064 nm fundamental beam through SHG and THG 
stages in BBO and LBO crystals, respectively. All beams 
are p-polarized (SFG, Visible, Infrared) during the exper-
iments. The SFG data are normalized by a reference SFG 
signal generated in the bulk of a ZnS crystal in order to 
compensate for atmospheric water absorption bands in 
the probed IR spectral range. A typical SFG spectrum, for 
which the infrared wavenumber is scanned between 1920 
and 2130cm-1, requires between 18 and 20 minutes to rec-
ord. For a series of SFG spectra, the potential is scanned 
down from the starting point towards negative potentials, 
then up again until the end potential in the positive re-
gion. 

RESULTS AND DISCUSSION 
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Cyclic voltammetry (Figure 1) allows to establish the po-
tential range of interest for the CO adsorption on the 
metal between hydrogen evolution at low potential (V<0) 
and CO oxidation at high potential (V>0). The usual fea-
tures are observed (Figure 1c) for the CO (C/10) solution: 
1) a small oxidation peak in the range [-250;-50mV, with a 
maximum value at -100mV] corresponding to the desorp-
tion of adsorbed hydrogen; 2) the onset of CO oxidation 
and 3) the hydrogen evolution current increase below -
250mV in the reduction wave. The raise of the CO oxida-
tion current happens at higher potentials than usually 
observed for CO saturated40,43 and alcohol solutions30,33. 
The actual values depend on the potential scan rate44, 
electrode preparation procedure43, hence platinum sur-
face reconstruction, and solute concentration45 with the 
following trends: for unreconstructed (1x1) surfaces, the 
CO (resp. alcohol) oxidation peaks at 650-690mV30,40,43 
whereas, for (1x2) reconstructed platinum, a pre-oxidation 
peak is located at 530-550mV before the main wave 
around 740mV33,43. In the present case, the cooling proce-
dure in air favors the unreconstructed (1x1) surface40. In 
the present CO (C/10) case, no oxidation signal appears 
before 650mV, and the main peak of CO oxidation is 
shifted above +1000mV. This is a sign that the kinetics of 
bulk CO oxidation is slowed down by the high concentra-
tion of CO molecules inside the solution. Analogous 
voltammograms are obtained in the thin and thick layer 
configurations, hinting at the fact that the processes do 
not depend on diffusion in the solution. 

For the CO-saturated solution, the situation is more spec-
tacular. In Figure 1a, we observe no sign of either CO 
oxidation or hydrogen evolution in a potential range as 
wide as [-1200;+1500mV]. The first signs of CO oxidation 
appear around +1600mV (Figure 1b, upper curve). After 
one cycle above this potential, the expected hydrogen 
desorption (1) and CO oxidation (2) signals appear as 
small current densities. The CO oxidation peak is located 
in the same potential region (~+1000mV) as for the (C/10) 
solution. When cycling up to [-2000;+2000mV], the elec-
trode itself starts to oxidize (3), then during the reduction 
wave a double peaked current (4) is the sign of the reduc-
tion of the platinum oxide. Hydrogen evolution is still 
shifted to very low potentials (5), a sign that the surface is 
still blocked by adsorbed species. 

 

Figure 1. Typical voltammograms of the Pt(110) electrode in 
(a,b) CO-saturated and (c) CO (C/10) solutions (resp. 50mVs-

1 and 10mVs-1). In (a) and (b), the potential range has been 
sequentially extended from [-1000;+1300mV] to [-
2000;+2000mV]. The three voltammograms in (b) have been 
offset for clarity. 

At this stage, we favor the interpretation of the cyclic 
voltammetric curves in the following way: the CO-
saturated solution being very concentrated, the layer of 
adsorbed CO becomes very dense and compact. In addi-
tion, a constant renewal of CO molecules from the solu-
tion allows the monolayer to remain stable even in ex-
treme conditions. For the highest surface density in CO, 
and according to the Langmuir-Hinshelwood mechanism 
for CO oxidation, there are so few possibilities for oxidiz-
ing species to co-adsorb on the surface that CO oxidation 
does not occur before very high potentials are reached. 
Some oxidation processes happen anyway on surface 
defects or at the less packed boundary of CO islands, but 
they are of limited extent and efficiently counter-
balanced by readsorption. In the same way, the monolay-
er passivates the platinum surface in the reduction re-
gion, thus preventing the normal hydrogen evolution 
phenomenon to occur. When the concentration is re-
duced by a factor of 10, the same process happens on the 
surface upon CO adsorption. However, CO starts being 



 

 

 

4 

oxidized slowly above 650mV, probably because molecu-
lar renewal is not as fast as in the highest concentration 
case, and the number of oxidation sites is higher than in 
the previous case. The presence of the hydrogen evolu-
tion at a normal potential suggests that enough adsorbed 
CO has been removed from the surface, so that it be-
comes accessible for the usual chemical processes. 

Cyclic voltammetry clearly evidences strong differences 
between the two solutions, but it provides only a partial 
view of the processes occurring at the interface as a func-
tion of the potential. For slow processes, they may require 
more time to fully take place than allowed by the poten-
tial sweep. This is even more true when working in the 
thin layer configuration, for which the measured currents 
are smaller in this case because of the limited electrical 
path for the charges flowing from the electrode surface to 
the counter-electrode. In addition, mass transport and 
diffusion is limited by the small electrolyte thickness. 
This has been nicely evidenced in a previous study46, 
where average times of around 150 seconds where neces-
sary in order to oxidize the CO layer at the surface of 
Pt(111), even at rather high potentials. Such kinetic limits 
where used to account for the peculiar results obtained in 
a previous stripping voltammetry study47, and confirmed 
later on by additional data on the shift of the CO strip-
ping peak towards high potentials as a function of volt-
ammetry scan rates48. We note here that the stripping 
measurements are of a different nature, as they allow the 
full process to evolve until its completion at each poten-
tial step. In order to compare the voltammetry behavior 
and the steady-state processes, we performed series of 
SFG spectra on the Pt(110) surface in contact with the two 
solutions above. As explained in the Experimental sec-
tion, it takes much more than 150s to record a SFG spec-
trum, so each potential step is enough for the complete 
processes to occur. As a consequence, SFG imposes more 
constraints on the values for the CO stability range on the 
platinum surface. 

 

Figure 2. IR-Vis SFG spectra of the CO-saturated layer de-
posited on Pt(110) for applied potentials ranging from -
500mV to 1000mV [vs. Ag/AgCl/KCl (3M)]. Lines are fits to 
the data. Same SFG intensity scale for all spectra. 

In Figure 2, we present a series of SFG spectra in the CO 
stretch region recorded in the same conditions as the 
voltammograms of Figure 1, for the CO-saturated solu-
tion. The dominant spectroscopic feature is the presence 
of the well-known CO internal stretching vibration mode 
located between 2060 and 2080 cm-1 as a marker of the 
chemical adsorption of CO molecules on atop site of the 
Pt(110) terraces. The peak position undergoes an upward 
shift with increasing potential as a result of the Stark 
effect. No sign of a peak due to CO adsorbed on surface 
defects can be seen at lower frequency30. The CO peak 
disappears at +1000mV, indicating that the CO layer has 
been fully oxidized at this potential. This seems to con-
tradict the voltammograms of Figure 1a. However, as 
already discussed above, the kinetics involved is rather 
different here. The long exposure time during one SFG 
spectrum allows the very slow CO oxidation process to 
occur completely. This means that the oxidation onset 
occurs between +600 and +1000mV. In another series of 
spectra recorded in the same conditions but for fewer 
potentials, we have seen that the amplitude of the CO 
peak starts decreasing at +700mV. Nevertheless, using the 
results of Figure 1a and 1b, the CO adlayer remains stable 
up to +1500mV provided that the exposure is limited to a 
short time. This could lead to the possibility to perform 
fast spectroscopic measurements in the [+700;+1500mV] 
potential range with a high stability of the CO layer. No 
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features related to the adsorption/desorption of hydrogen 
are detected either, indicating a full blocking of the elec-
trode’s surface at such high CO concentration in the neg-
ative potential region. This is rather new indeed, as the 
published data on spectroscopic studies of this kind of 
interfaces in acidic electrolyte usually don’t proceed be-
low -200mV vs Ag/AgCl, where the competition between 
adsorbed CO and hydrogen evolution favors the latter 
(the situation is different for basic49 or neutral pH13 solu-
tions). Using the same arguments as for the positive po-
tential region, we believe that a stable CO layer could be 
studied by fast spectroscopy tools down to -1300mV. A 
very high concentration of CO solution therefore results 
in a dramatic quench of the hydrogen evolution and a 
more stable interface at positive potentials. 

 

Figure 3. IR-Vis SFG spectra of the CO layer deposited from 
CO(C/10) solution on Pt(110) for applied potentials ranging 
from -800mV to -50mV (a) and -50mV to 1V (b) [vs. 
Ag/AgCl/KCl (3M)]. Lines are fits to the data. Same SFG 
intensity scale for all spectra. Zoom of the Pt-H mode for V=-
200 mV with a sketch of the corresponding interface. 

Figure 3 displays the analogous series of SFG spectra for 
the CO (C/10) solution. The same main CO peak in atop 
geometry is seen over the whole potential range, even if 
its amplitude seems to decrease from +400mV upwards, 
and -500mV downwards. The FWHM of the CO vibration 
peak looks bigger than on Figure 2, and increases at the 
lowest potentials. In this set of data, we observe a small 
additional peak at 1955cm-1 around -200mV, attributed to 
the Pt-H stretch (as evidenced in other experiments for 
similar catalysts50), which correlates to the hydrogen 
adsorption/desorption peak in the voltammogram of 
Figure 1c. The SFG cross section of the Pt-H vibration 
being lower than that of CO as a consequence of its weak 
infrared dipole moment, the relative amplitudes of both 

peaks don’t compare directly to their relative content on 
the surface. However, the amount of adsorbed hydrogen 
remains low as will be shown below from the quenching 
of hydrogen evolution as a consequence of the dense CO 
coverage. As above, even if the presence of measurable 
CO signals up to +900mV is not new33, the stability of the 
CO layer down to -800mV is rather unusual in acidic 
media. 

In order to analyze quantitatively the spectra of Figure 2, 
relevant parameters are extracted after fitting along the 
equation of the SFG intensity:25 

 (1) 

where and . 

  and  stand for the effective nonlinear second 
order susceptibilities of the interface, platinum electrode 
and CO molecules, respectively. These are complex values 
where the CO internal stretching vibration mode is de-
scribed by a lorentzian oscillator of amplitude aCO, fre-
quency  and damping constant . 

For the spectra of Figure 2, considering that the natural 
evolution of the phase shift  between the Pt substrate 
and CO adsorbate contributions after the fitting process 
always leads to a number very close to 180°, we have cho-
sen to fix it to this value whatever the applied potential. It 
is the same as that established for an incomplete mono-
layer of CO adsorbed on Pt(110) in a reactor25, and means 
that the platinum contribution is a negative real number. 
In order to fit the data set of Figure 3, we take into ac-
count the presence of the second vibration mode: 

 (2) 

where the supplementary contribution to the SFG signal 
 is related to the presence of the 

Pt-H stretching vibration mode. From these fits of the 
SFG data, one deduces that Pt-H is present in the [-250 
mV; -50 mV] potential range only, and located at 1955 cm-

1 (  = 15 cm-1). 

 

Figure 4. CO frequency shift at the CO/Pt(110) interface for 
the CO-saturated solution with respect to the applied poten-
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tial. The line is a fit to the data showing the Stark shift slope 
(15 cm-1 V-1). 

Figure 5. CO frequency shift at the CO/Pt(110) interface for 
the CO (C/10) solution with respect to the applied potential. 
The green lines are linear fits for zones II and III. 

The resonance frequency, together with its associated 
Stark shift, is shown for both systems on Figures 4 and 5. 
For the CO-saturated case, it remains linear as a function 
of the potential over more than 1V, with a slope of 15cm-

1V-1. For the less saturated solution, the situation is more 
complex. From the variation of the Stark shift, we identify 
four potential ranges: I) [-800; -450mV]; II) [-450; -
50mV]; III) [-50; +600mV]; IV) [+600; +1000mV]. The 
green lines are fits to the data showing the two different 
Stark shift slopes in zones II (31 cm-1 V-1) and III (15 cm-1 V-

1). No significant Stark shift is observed in zones I and IV 
where frequencies are set to 2046±2cm-1 and 2069±1cm-1, 
respectively. This behavior can be accounted for by the 
competitive processes: hydrogen evolution in Zone I35 and 
CO oxidation in Zone IV. Comparing the values of the CO 
vibration frequency shows a 10cm-1 difference in the posi-
tive potential region between the two solutions, although 
the Stark shift slope is the same. The highest value (CO-
saturated, ~2070-2080cm-1) is compatible with the litera-
ture for Pt(110) in aqueous solution38,46 for the surfaces 
which have not experienced hydrogen adsorption. The 
lower values (CO (C/10), ~2060-2070cm-1) are compatible 
with a (1x2) reconstruction33. However it is very unlikely 
that such a reconstructed surface may hold with our 
preparation method. Although we cannot dismiss the 
possibility of slightly different platinum surface structures 
(for example as a consequence of hydrogen co-adsorption 
in the negative potential range) as the cause of frequency 
shifts, we favor an explanation in terms of dipole-dipole 
coupling inside the CO layer: a more densely packed layer 
gives rise to a stronger coupling and therefore induces a 
shift of the resonance frequency towards higher values35. 
As an illustration, we may evaluate a frequency shift in-
duced by a variation of the average tilt angle of adsorbed 
CO molecules. The resonance frequency may be approx-
imated by40: 

 

where ΩCO, αv, αe and Ũ are the singleton frequency, vi-
brational polarizability, electronic polarizability and ge-
ometric constant describing the dipole-dipole interaction, 
respectively. The latter depends on the tilt angle (the 
straighter the molecules, the bigger the coupling). Using 
for the first three parameters above the following values40: 
2016cm-1, 0.31Å3, 2.5 Å3, and the calculated evolution of Ũ 
as a function of the tilt angle from the same reference, a 
change of 15° for the CO molecule orientation (e.g. from 
16.5 to 31.5°) is sufficient to induce a 7cm-1 decrease in the 
resonance frequency. 

For both interfaces, the Stark shift remains essentially 
linear (except for zones I and IV of Figure 5). This ob-
served linearity proves that there is no change in the 
dipole-dipole coupling within potential zones II and III, 
or for all the potential range in Figure 4. The local struc-
ture around a CO molecule does not change in each zone. 
The values of the Stark shift slopes require some com-
ment. In zone II, we measure the classical slope for such 
an interface (around 30cm-1V-1)33,46, except that it happens 
in part in a potential range [-400;-200mV] usually inac-
cessible in an acidic medium, for which hydrogen evolu-
tion may occur. The reason for this is given below. The 
peculiar Stark shift value of 15 cm-1V-1 observed on both 
interfaces for broad potential ranges is in line with the 
value obtained in the literature when bulky cations are 
present.38 This suggests that the CO adlayer is so densely 
packed that it prevents ions to access the electrode sur-
face. The outer Helmholtz plan is thus shifted farther 
from the electrode, spreading the potential drop over a 
thicker double layer and reducing the effective electric 
field inside the CO layer. This is consistent with the ex-
tended chemical poisoning effect of the dense CO layer 
towards positive potentials, which also prevents oxidizing 
species to co-adsorb and remove the surface CO mole-
cules. When the CO layer does not cover completely the 
surface (in zone II for the CO(C/10) solution), the usual 
behavior is retained and the Stark shift goes back to a 
conventional value around 30 cm-1V-1. This almost perfect 
blocking property of the CO layer (even in the hydrogen 
evolution region for the saturated CO case) has to be 
related to the absence of surface defects. It is easily un-
derstood that such an unusual behavior would not be 
possible if CO could adsorb on defects, leading to local 
sites of less dense packing where its oxidation would be 
favoured.30 
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Figure 6. Evolution of the stationary current density at the 
CO/Pt(110) interface for the CO (C/10) solution with respect 
to the applied potential. The line is a guide to the eye. 

One may wonder why the boundaries of the four zones 
appear at the values shown in Figure 5. In particular, the 
value around -500mV for the first transition is not ac-
counted for. The explanation lies in Figure 6, which dis-
plays the steady-state interface current, as recorded in 
parallel for each SFG spectrum in the CO (C/10) case. 
Such a current mainly records the events implying bulk 
moieties rather than surface-only phenomena. Hydrogen 
evolution is the only clear marker recorded, and it disap-
pears around -450mV, at the boundary between zones I 
and II. At this potential, it appears that the presence of 
CO quenches the major part of the reduction process, still 
the potential is too low for the presence of stable ad-
sorbed hydrogen. Above -250mV, the normal threshold 
for hydrogen evolution is reached, enabling co-adsorption 
of hydrogen and CO at the surface. The mixed layer reor-
ganizes in zone II as hydrogen tends to desorb and CO 
packs more and more densely. We stress on the fact that 
the SFG series has been recorded in a sequence different 
from the voltammogram (Figure 1c). For the latter, hy-
drogen evolution appears below -200mV because the 
round trip towards +1000mV has induced partial CO 
oxidation, leaving accessible spots for H2 evolution. Dur-
ing the SFG spectra, the potential was directly set to 
negative values then stepped up, leading to a limited 
hydrogen adsorption. 

 

Figure 7. Damping constant (a) and vibration area (b) of the 
CO internal stretching vibration mode at the CO/Pt(110) 
interface (CO-saturated layer) with respect to the applied 
potential. The lines are guides to the eye. 

Other parameters relevant for the SFG data analysis are 
displayed in Figures 7 and 8. Together with Figure 4, 
Figure 7 illustrates the great stability of the interface for 
the CO saturated solution. In Figure 7a,  evolves from 
4.9 to 3.6 cm-1. Such a very low value of  (we have nev-
er experienced such a low value for CO on platinum with 
our SFG setup in the past) indicates a high ordering and 
homogeneity of CO adsorbed layer due to the high mo-
lecular coverage. In addition, increasing the applied po-
tential induces a slow and regular decrease of the 
linewidth. This phenomenon may have several origins, all 
related to the compression and additional order inside 
the CO adlayer. As the dipole-dipole interaction remains 
stable with the increase of the potential, it may be due to 
a low kinetics of CO ordering, to a reduction of the inho-
mogeneous contribution to  or to an increase of the 
motional narrowing. The width and shape of the reso-
nance are a complex combination of homogeneous com-
ponents, inhomogeneous contributions, dipole-dipole 
coupling and additional sources of pure dephasing51. At 
this stage, it is rather difficult to conclude on this point, 
and we refer the reader to an interesting discussion about 
the linewidth of CO on Pt in a previous study34. As stated 
in this reference, additional dedicated experiments are 
needed to fully account for the evolution of the 
linewidths. We point out that the CO-saturated/Pt(110) 
system investigated here is a very good candidate for a 
fine analysis of linewidth evolution, as this parameter is 
mainly the only one changing its value over more than 
one volt. As an illustration, the CO vibration area (ACO = 

), a marker of the number of CO molecules pre-
sent on the surface, does not vary significantly over a 
wide potential range as observed in Figure 7b. 
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Figure 8. Evolution of the argument  (a), modulus (b) and 
real part (c) of the non-resonant susceptibility of plati-
num and damping constant  (d) of the CO internal 
stretching vibration mode at the CO/Pt(110) interface (CO 
(C/10) solution) with respect to the applied potential. The 
lines in (a),(b),(d) are guides to the eye. A linear fit in (c) 
defines the PZC at V=650mV [vs. Ag/AgCl/KCl (3M)], see 
text for details. 

It is interesting to note however that the linewidth for the 
CO (C/10) solution (Figure 8d) is roughly twice that for 
the saturated solution, and closer to usual the values 
measured by SFG on such systems. In zone II, this is likely 
due to an ordering process as a function of the potential, 
as  decreases continuously over that range, in which 
there is still a competition between hydrogen and CO. As 
the hydrogen content decreases, CO organizes better, 
accounting for the decreasing linewidth. In zone III, the 
linewidth remains essentially constant, as well as the 
dipole coupling, as noted above. However, the 10cm-1 
difference for the resonance frequency and the double 
value for  indicate that the local CO structures differ 
from the CO-saturated case. In accordance with the ex-
planation given above for the peculiar value of the Stark 
shift slope in the same potential regions, we favor the 
hypothesis of a static (not dynamic) difference, i.e. the 
geometry of the Pt-CO system must differ. Again, we may 
put forward a quantitatively different dipole-dipole cou-
pling strength, for example due to a change in the tilt 
angle, to explain the narrowing. Alternate explanations 
include a change in the balance between motional nar-
rowing and inhomogeneous broadening. 

At the boundary between zones II and III, hydrogen com-
pletely disappears, leading to a full blocking of the surface 
by the adsorbed CO, and a change in the slope of the 
Stark shift. In order to understand the value of the 
boundary between zone III and IV, we analyze further the 
fitting parameters in order to determine the potential of 

zero charge (PZC). The PZC is defined as the potential 
where the surface charge (thus the interfacial electric 
field) changes sign. We discuss here the potential of zero 
total charge, and not of zero free charge52. It is known 
that the PZC corresponds to the onset of CO oxidation in 
aqueous solution, as it favors the co-adsorption of oxidiz-
ing species on the interface.38 

For the experimental determination of the PZC from the 
SFG data, we follow the procedure established in32, and 
previously applied to the methanol/Pt(110)33 and cyanide 
on silver32 interfaces. The platinum term  in the SFG 
spectra arises from the optical nonlinear response of the 
platinum electrons. It is therefore the sum of free electron 
and interband bound electron contributions. It has been 
shown32 that the former is a real number, whereas the 
latter is essentially imaginary. We may thus write: 

 

In addition, SHG experiments on silver electrodes (for 
which the free electron response largely dominates) show 
that the second harmonic intensity follows a quadratic 
dependence with a minimum value at the PZC53,54. This is 
attributed to the fact that, in this potential range, the 
second order susceptibility mainly originates from a third 
order term proportional to the static electric field across 
the interface, in other words to the surface charge or, 
equivalently, to the difference between the applied poten-
tial and the PZC (for which the total charge vanishes)55: 

 

The situation is a bit more complicated in SFG because 
these quantities are not measured directly but must ra-
ther be evaluated after spectral fitting. However, the con-
sequence for the platinum contribution at the PZC is 
threefold: its real part vanishes, its modulus is minimal 
and its phase φ equals ±90°. Figure 8c shows the linearity 
of the real part of  in the range [-50mV;+1000mV]. 
From the three criteria above (Figure 8a,b,c), we obtain a 
PZC around +650mV. As a consequence, the CO peaks in 
the SFG spectra at +600 and +700mV have a symmetric 
shape. Apart from the method presented here, there are 
not many ways to estimate the PZC: some are electro-
chemical52, others combine electrochemistry with infra-
red spectroscopic measurements38,39. From the literature, 
estimates of the PZC for CO/Pt system range from 
+450mV for Pt(110)-(1x2)33 to +850mV vs Ag/AgCl for 
Pt(110) and polycrystalline Pt, and +1050mV for Pt(111)38,39. 
However, the accuracy of the convergence method used 
therein remains low. SFG appears hence as a valuable in 
situ technique to measure the PZC of complex electro-
chemical interfaces. The +650mV potential corresponds 
indeed to the start of the CO oxidation wave on the 
voltammogram (in Figure 1c) for this interface. This, to-
gether with the clear decrease of the amplitude of the CO 
stretch in SFG spectra above +600mV (Figure 3), confirms 
that the PZC is the onset of CO oxidation as triggered by 
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the coadsorption of oxidizing species33. The linear fit of 
the real part of  (Figure 8c) also validates the poten-
tial of -50mV as the border between zones II and III, pri-
marily determined from the change in the Stark shift. A 
similar analysis should be possible in principle also for 
the CO-saturated solution. It should even be simpler as 
we have seen that the platinum contribution to the SFG 
spectra has no imaginary part, i.e. it is a negative real 
number. With increasing potentials, it should experience 
a fast sign change towards a positive real number at the 
PZC, making it rather easy to locate33. However, the 
measured absolute values of the non-resonant contribu-
tion for the CO-saturated series are small, leading to a 
rather large uncertainty on their actual value. This, to-
gether with the limited amount of available spectra at 
high potentials and the complete disappearance of the 
CO peak at +1000mV, has prevented us from measuring 
the PZC in this case. 

Merging all the elements above, we may account for the 
peculiar behavior of  the new kind of CO on Pt(110) inter-
face investigated here. For the CO (C/10) solution, ad-
sorbed CO behaves at first glance in a rather usual way as 
compared to the literature. In the potential range where 
adsorbed hydrogen and CO may co-exist [-250;-50mV], a 
classical Stark shift of 30cm-1V-1 is measured. The CO layer 
organizes with increasing potential as hydrogen desorbs 
from the surface. However, there are still some difference 
with the expected behavior of such a system. Firstly, hy-
drogen evolution is suppressed down to -400mV. This 
shows that the high CO content in the solution induces a 
CO compact layer, though open to exchanges with the 
solution and in particular to some hydrogen co-
adsorption. The classical image of compact CO islands, at 
the boundary of which CO and hydrogen compete for the 
occupation of the adsorption sites, applies here. They 
grow with the potential until they occupy the whole sur-
face, in agreement with the decrease of the CO linewidth. 
This behavior only holds for interfaces prepared in the 
CO stability potential range (before the PZC at +650mV). 
If the potential is increased above this threshold, the CO 
layer starts oxidizing, leaving out free sites and enabling 
usual hydrogen evolution when scanning the potential 
back below -250mV (Figure 1). Secondly, in the positive 
potential range (i.e. after removal of hydrogen and 
spreading of the CO islands over the whole surface), a 
new kind of CO adlayer is formed, characterized by the 
peculiar (for a system in acidic aqueous solution with 
small size anions) Stark shift value of 15cm-1V-1, and hold-
ing at least up to the PZC. This parameter is the one 
which best characterizes the full blocking of the platinum 
surface by the CO adlayer, as it evidences an outright 
electric field screening away from the platinum surface. 

The CO-saturated solution case illustrates this phenome-
non more obviously. According to the stable value of the 
Stark shift slope, together with the very small CO 
linewidth and the constant values of the other parame-
ters, the interface is fully blocked in the [-500;+600mV] 
range. Following the cyclic voltammetry data, we believe 

that this range may easily be extended over a much larger 
potential range, at least for short times at the minute 
timescale. In the positive potential range, we suggest that 
the CO adlayer, above the PZC, remains in a metastable 
state: it should thermodynamically oxidize but its com-
pactness prevents the adsorption of the necessary oxidiz-
ing species, leading to its stability for very high positive 
potentials. Of course, any disturbance of the layer leads, 
in this potential region, to a fast oxidation and a rapid 
disappearance of the CO adsorbed molecules. This is 
what we observe in the series of SFG spectra (Figure 2) in 
this case. We would like to check this hypothesis in the 
future in order to find the conditions to maintain the 
metastable CO layer above +1000mV vs Ag/AgCl for long-
er times. An analogous analysis applies to the negative 
potential range, where any electrochemical process in-
volving hydrogen is suppressed at least down to -500mV, 
and, according to the cyclic voltammetry, much further 
down in a metastable state. We stress here on the fact 
that the key point is not to observe an adsorbed CO signal 
on the platinum surface over a broad potential range33, 
but that the adsorbed CO layer is perfectly stable and 
almost frozen over the range [-500;+600mV], at least. 

CONCLUSION 
We have shown that it is possible to widen the electro-
chemical window for a stable CO adlayer on Pt(110) in 
acidic aqueous electrolyte by increasing and decreasing 
the thresholds of the CO electro-oxidation and hydrogen 
evolution potentials, respectively. This was made possible 
by the dissolution of high amounts of gaseous CO in a 
perchloric aqueous solution. The comparison between 
cyclic voltammetry and steady-state data show that, for 
transient times in the minute time scale, the CO layer 
may remain stable in a [-1200;+1500mV] potential range. 
In the steady state regime, a “frozen” CO layer, character-
ized by a linear Stark shift with an unconventional slope 
of 15cm-1V-1, could be maintained in the [-500;+600mV]. 
We believe that such a layer could remain metastable in 
wider potential ranges. Decreasing the CO concentration 
by a factor of ten allows to recover most of the usual 
properties of this widely studied system. Still in this case, 
hydrogen evolution remains quenched for 200mV below 
its usual threshold, and the same frozen layer, character-
ized by its Stark shift slope, is obtained. A PZC of +650mV 
is measured by a careful analysis of the SFG spectra, con-
firming that this potential corresponds to the onset of 
oxidation processes at the surface. 

The rather straightforward chemistry involved in the 
preparation of the CO saturated electrolyte makes it pos-
sible to use it in various environments, provided that it 
experiences no contact with air. The present results sug-
gest that similar behavior of the CO/metal interface 
should transfer to other transition metals, provided that 
the appropriate methods specific to each metal are used 
throughout the surface preparation and electrochemical 
experiments. The stability of the CO adlayer on metal 
makes it a good candidate for fundamental studies of a 
model interface over a wide potential range, in aqueous 
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solutions rather than the usual nonaqueous electrolytes, 
in the “frozen” layer regime. Provided that this regime is 
sufficiently metastable, this would allow steady state 
measurements far outside the conventional stability re-
gion in aqueous solutions. In addition, using fast acquisi-
tion methods (e.g. multiplex SFG spectroscopy56) would 
lead to the same result even without the need of 
metastability. Some applications may cover the disentan-
glement of the various contributions to the molecular 
linewidths and their evolutions with the potential57,58. It 
also offers the possibility to investigate the charge trans-
fer between the adsorbed CO layers and the metal. As 
evidenced in ultra high vacuum conditions,59 two-color 
SFG spectroscopy is a well-suited analytical probe to evi-
dence charge transfer states. Under electrochemical con-
trol, their evolution as a function of the potential still 
remains to be experimentally observed and modeled. 
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