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Abstract

The use of in situ infrared (IR} vibeationnl spectroscopy on the elucidation at & molecular level of
electrochemically induced phenomena, Le., fn s IR spectroclectrochemistry, has been mpidly
developing in the last two decades, since a pioneer work of Bewick & al , by using modulation and
synchronous detection of the signal in external reflectonce [R spectroscopy.

In xitu IR spectroclectrochemistry has been proved to be a pawerfill tool for investipation of the
electrodejsolution interface, namely by providing informotion on the structural, bonding -and
dynamical properties of adsorhate species on electrode surfaces, on the behmviour of supporting
electrolyte and solvent molecules ol the electrochemical interface nnd also on reaction mechanisms
and kinetics ol electrocatulyiic reactions:

An overview of some theoretical aspects of IR reflectance spectroscopy is: presented and
experimental details of some fn sin techniques are desenbed, namely EMIRS (Electrochemically
Modulsted Infrared Reflectance Spectroscopy), SNIFTIRS (Subtractively Normalised Interfacial
Fourier Transform Infrared Reflectance Spectroscopy) and SPAIRS (Single Potential Aliesation
Infrared Reflectance Spectroscopy). A few selected spplicstions of these technigues 1o
electroculnlvsis are also presented.

1. Introduction

The use of i situ IR speetroscopy for studying elecirode processes was first introduced in the
dixties; using internal reflectance techniques [1]. in an effort to provide a better eluzidation of the
electrodelsalution interface a1 o molecular level. This Attenusted Total Reflection (ATR) method
minimises solvent ahsorbance but sensitivity iz limited and the choice of electrode materisl is
restricted because there ore few materials that are bath electronically conductive and transparent to
IR redistion. Further improvements hove made the ATR method usefil for many investigations on
thin metal films.

The strong ohsorption of 1R mdiation by solvents wes long considénsd to be an instperihle
obstacle 1o fn sin IR spectroscopy ot electrode surfices in the external reflection mode. However, at
the beginning of the eighties, Bewick «f al. [2] demonstraied that the use of sophisticated modulated
spectroscopie lechniques could lead o the in sitw detection of adsorbates formed al an
electradelagueous solution interfoee, even ot g submonolayer level. Since that, (here hog been o
considerable development of different dn site IR reflectanee echniques, each of them having their
own peculiorities and fimits |3]. Mew fields of application have been investigated and decisive
progresses hove been made mostly in terms of inereased senditivities and reduced spectral
acquisition times. External ceflectance [R spectroelectrochemical methods are penerally more
popular than ATR methods becouse they are more versale and they can be performed either on
smpoth polyerystalline bulk metals or single crystal electrode surfaces,
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dedicated fo Bernard Beden who by hin scientilic sod humsn gualilies kny grewily contribaied to the developmeni of in site
spectrosbeetrachenilry,

Portugalise Elsctrochimica Acte, 15 (1887 &1-111



In situ IR spectroclectrochemical methods have been extremely useful for o variety of surface
sludies but they can be applied 1o investigations of solution species as well a5 1o species on
electrode surfaces. Many tvpes of electrode substmtes have been wsed in IR spectroelecirochemical
experiments, including well defined sinple crysials, semiconduetoss, chemically madified electrode
surfaces, thin metal films, oxide layers, and numerows polyervstalline bulk metals.

In the following sections an overview of some theorstical aspects of IR reflectance spectroscopy
und of some now carrent (bul not vel “routine™ in siy TR spectroscopic techniques and their
appropriate fields of applicstion — with & special emphasise on electrocstalysis — will be outlined.
Some examples will be given sither taken from our work or from the fiterature.

1. Abzorption-Reflection Spectroscopy

In this section some basic principles of absorption-reflection spectroscopy and of some ir sl
spectroclectrochemical techniques will be deseribed. For further details the reader is invited 10
consider, among others, references [3 — §].

2.1, Basic considemtions

There e two important points to keep in mind when considering reflectance spectroscopy:

{f) The first one is that, at variance with conventional transmission spectrostopy, one hos o
consider two limit cases where the reflecting surfuce s either free, or covered by 2 layer of
adsorbing species {FJ'“. 11, Thus, instesd of the commaonly known Lambert-Beer's lww 1=lexpl—ow),
where I, and | are the intensitics of the light before and after crozging o lnyer x of an ahsorhing
medium (whose absorption coctficient is @), it is the relative change of reflectivity ARR which i
considered,
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Figure |. Transmission () and reflectance (b) modes on a bare surface or on a surface covered by an
adzorbing layer-{c),
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Actually, if &y isthe reflectivity of the bare surface, £ the reflectivity of the covered surface, [ and '
the intensities of the emerging beam after reflection in the two preceding cases, and owing to the
foel thait normally #<K,, then it comes ;

AR _R—FRe _I-1 I 1
P B - 4 LT

Therefore the varistion of absorbance, AA, can he wrilten as :
AA= log L/l - log 1o/ = - log (1 = AR/

o, finally, a8 AR=<Ry~ R,

AR
A= —
&

For experimental convenlence it s the relutive change of reflectivity, AR/, which ts measured, and
not AA. This is the reason why the technique was called absorption-reflection spectroscopy,

(#i) The second point to bear in mind concems the effect of the optical polarisation of the beam.

Lt s consider the polarizsation plane perpendicular to the elecirode surfisce, commonly referred
a8 "p” polarisation al variance with “" polarisation for the planes parallel 1o the surface, When an
aleciromagnetic wave crosses o solulion (of refrective index ny and extinction cocfficient &) &nd
refiects upon o metallic surfece (of optical constants ny. &), there is no phase shift of the p-
component of the electric field vector, £, provided that the incidence angle ¢ is high enough (Fig.
2}, More precisely, if gy is the refraction engle associated with g throagh the so-called [escaries’
{or Snelius’) law, nsing) = nasings . @) has to be high cnough for the equation @) + g7 = ©/2 0 be
satisfied.
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Figure 2. Reflection of an electromagnetic wave (£, 8) upon o metal surface.



Interestingly, i E;, and E,, are the incident and the reflected p-components of the electric: field
vector, respectively, then they eo-add ot the point of reflection, so thal the magnitude of B, the
resulting veclor, is grester (up 1o nearly twice) thon that ol E. In conteast, E, and Ey always
subtract, whatever the incidence angle is so that the resulting vector Ex is always small. This is
illustrated in Fig. 3 where Ep is decomposed in lwo components, Eg,. perpendicular 1o the plone of
reflection, and E,., parallel to the plane of reflection,

Figure 3. Resulting vector By m the reflection
plane of 2 melul surface,

Al high angies of incidence Fpy can be nenrly doubled wheress E.- remaine abways very small,
like E, (Fig. 4).
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the near infrared,

The main consequence of this is the so-called “syurfpce selection rule™: antly the species which
hive & pon zere dipole momert perpendicular o the surface for mearly so) will fave the abifity to
absarh the radiation. In more simple words, i means that molecules adsorbed flat on the surface
will have very litthe chance 1o be detected by vibrtional reflectance spectroscopy,  This additional
“rule™ is not a true selection rule because no quantum numbers are invelved but it allows to deduce
the orentation of molecules adsorbed at the surface electmode. Another consequence of these

— 85 -

leatures is that the moximum sheorption of the infrered beam will occur for p-polarised lighl. This

Justifies that p-polarisers ire wsonlly wsed in reflectance apectroscony.

2.2, Reflection madces
Twa modes can be considered. They lead to difTerent designs af celly.

{7} In the imtemal reflection mode (Fig. 5b) the beam arrives through an |R transparent substrate
(Che, 5i, ...) ond which serves ns window, On top of it a thin laver of the metnl of interest (PL Auw,
Fe, Cd, ...) hus 1o be deposited for serving as working electrode, One or several reflections cun be
made according 10 the shape of the substrate and o the anple of incidence of the beam. Eneroy
shsarption by the solvent s therctore gvoided bt the technique iz restricted to the study of
evaporated films whose catnlytic behaviour may be very different from that of smooth metals or
single cevsiala.

(i) In the external reflection mode (Fig, Sa) there 1% oo restriction on electrode thickness and
therefore any surfice can be investigated (smooth, rough, polyerystalline or single ervetal, modified
by adatoms. ..). The beam crosses the ransparent infrared window and & very thin (a few microns)
electrolyte laver, before being reflected by the electrode surface and crossing back again the solution
i the window,

solution

adsorbed layer
deposited film

{/ substrate
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Figure 5. External {a) and mternal {b) reflection mades.

A limited number of materials are available for the window, CalFy, 5i and ZnSe being those mast
freguently used. The Matness of the window and of the working electrode. which together determine
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thee minimum thickness of the soluion layer, and the incident angle of the infrared beam are very
critical parameters, Depending on the refractive indices of window materials and solutions, angles
of incidence of 657 for CaFy, or 707 for S are acceptable compromises between the high incidence
angles necegsary (o maximise the resulting electric field vector st the interfice, By (Lo, paraliel o
the incidence plane), and the low incidence angles necessary (o avold oo much loss of energy by
reflection on the outer surfisee of the flat window. Az for the solution laver, an averapge thickness of
& few micrometers (with agueous solutions) allews o maeintain the electrochemical control of the
fnterfoce without oo much infrared radiation being adserbed. However, when the electroactive
species is consumed by the reaction during spectral secumulation, severe mass transfer limitations
can occur in dhe thin layer of electrolyte. This does not happen when the sdsorption equilibrium is
realized hefore spectral aceumulation and provided that the potential limits of the madulation signal
are well chosen within the sdzorption potentizl domain.

Fundamentally the two reflection modes should be equivalent. In practice, however, the
restrictions due to muterials and the nature of adsorbing material make them different, not only for
the design of speciroelectrnchemical cells, but also for the bype of resulis,

The first coll used in externul reflection IR spectroelectrochemizry has seen a number of
refincments and improvements. Fig. b shows the design ot an external reflectance IR cell |
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Figure 6. Configuration of an
external reflectance cell for [R
spectroelzetrochemistry.

2.3. Types of spectrometers

The first in sitn IR experiments in the absorption-reflection methed wsed grating speeirometers
requiring the modulation of the electrode potential during the measurement of the spectrum. Prisms
or grating monochromators allew the observation of 4 narow [reguency domain during the
spectrum recording which is determinied by the width of the exit slit. Thos, grating spectromeicrs
have serious limitations in the energy throughput, particularly st high resolution, when very narrow
slits are required, Further improvements to maximisation of energy throughput and of detectability
were pehieved and varisnis were developed by moduloting the stte of polarisation of light (s-p
modulation) while keeping the electrode st constant potential,

The most important improvements were achieved by the use of Fourier Trunsform Infrared
(FTIR} instruments. The high rate of collection of spectra in this case makes unnecestary the
modulation of potential. thus giving the possibility of collecting spectra duning the application of

any degired potentinl program. A FTIR specirometer is based on the use of an Interference pallemn
resulting from the passage of polvehromatic radistion from on IR source through a Michelson
interferometer. Afler passing through the interferometer, the beam reaches the sample and its
intarference pattern change because of the sbsorption of radiation by the sample. The signal is then
detected by a phase-sensitive. detector (PSD) and fnally decoded by means of & Fourier transform
caleulation, The result of this operation s an ordinary single beam spectrum.

The number of groups using FTIR speetroscopy is growing continoouwsly owing o the
development of instrumentation. to hgh throughput of radiation and o its “multiplex advantage”,
since the detector is viewing all the frequencies all the time during the measurement. enhancing the
signal-to-noise ratio (5], .

A schematic diagram for ie situ [R speciroelecirochemical experiments is shown in Fig, 7.
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Figure 7, Schémate divprem of the instrumentation for IR spectroeleeirochemistry.

2.4, Signal enhancement

A luege contribution 1o the suceess of IR reflectance spectroscopy ot the electrodejelectrolyie
interface results from the coupling of speciroseopic and electrochemical techniques. Furthermore,
due to the strong absorplion of the solvent and the subsequent weakness ol the emerging beam, it s
indispensable to use extremely powerful additionail techniques to extrmct the sipnals correspond ing
1o surface species from that ansing trom bulk species, Therefore, in addition o the spectrometer
itself’ snd conlrolling computer, equipment is required firstly to momitor the electrochemical
processes oecurring st the metalsolution lnterfeee {eg,, a polentiostul snd & wavelorm gencrator)
and secondly 1o enhance the weak signal-to-noise ratio, inberent 1 this type of experiments, prior 1w
its storage and processing

Usually, the signals in phase with o reference modulation are detecied with o phase-sensitive
detector &nd'or an averaging system, followed by suitable signal processing {spectral acoumulation
and averaging or speetral subtraction) with microcompuler programs.

2.5 Main in gify i LENCe Spee i fechnigues

The variants of IR reflectance spectroscopy differ on the type of specirometer employed, on the
reflection mode and, principully, on the technique used for signal enhancernent. without which nio
signils due W adsorhed species can be extmeted. The main IR reflectunce techniques are listed in
Table 1, together with references (o carly works. Basic principles of these techniques are described
in-references [3. 4], Experimentul detsils are given in the original refersnces listed in the Table,



- HE = - B9 —

Referenices

Bewick [2, 5]
Kussell er ai, [%]

Kummatsu [10]
Meugebaver eral [11]

2.5 1. Techniques coupled with dispersive instriments
(N EMIRS

This powerful tcchmigue makes use of o conventional pratng spectrometer. [t 15 based on the
interaction of a p-polarised IR bewm with o metallic surface which potential is modulated between
two limits (the lower potentinl, B, ot which the reflectivity is £, , and the upper potential, By at
which the reflectivity is ®.), with a square pulse of 50 10 500 mV amplitude and & frequency of a
few herte, By synchronous analysis of the resultunt signals, fe, the modulated reflectivity, it s
possible to reject the non-modulated information (due to absorption by species in the electrolytic
solution} and to amplify the -ugm! to-noise miio of the nbsorption bands due 10 vibration of
adsorhed species. The de nutput of the phase-sensitive delector, AR( v), 1 a wovenwmber v, s then
stared, averaged it necessary, and divided by the electrode reflectivity £( 1) in order w obtain the

Ciolden et al [13]
Ozanam wnd Chaealviel [16]

Pons er af. [12]

Corrigan et al, [13]
Cormgan ef al. [14]
Daschbach er al, [17]

LPSIRS

Mame af technigues®
EMIRE
MIRFTIRS

External
Eatemal
Imtermnal

External

Reflection made

Single Polentinl Aheration Infrared Refleciznee Spectroscopy
Fourles Tramsfom Electro-Modulaed |nfrared Spectrmcopy

PM-FTIRRAS Polarizatlon Modulated Foutier Transform Infrared Reflactance Spectroscopy

§
i
qE spectrum in its final dimensionless form (AR/R, 'i.'}.
e E = WVarious theoretical forms are (o be expected for the EMIRS signal depending on whether species
E 5 = E which absorb the radistion do so only o one or st two potentisl limits (Fig, 8
EE e =
£ = 3 :
z & & E =L &
wo = .
£ E :
= g i
.| & =B o H
g e |
]
1
i
2 5 g DAL
E = o
I = E = B o E
* i & &
=

1%} Gilowssary

Tahle | - Characteristics of the main infrared reflocmnce technigues

Signal enhancement technique
Fixed wavelength and repetitive potential

gweeps

Mpdulation of incident hght polansation

Modulation of elecirode potential
Multiple reflections and difference

between accumulnted serizs of

interfertgrams

Figure §. Examples of possible shapes of EMIRS bands.

| Infrareil Spectroscopy

According to the various limiting cases, the EMIRS signal may appear as a single band, with
cither a positive sign (from species present in excess af potentinl £ or o negative sign {lrom species

Multiple reflections and electromodulated

Difference between sequenced series of
nterferogram

interferoprams
Muodulation of incident light polarisation

Point-by-point interferogram

Type of spectrometer
[Nispersive

present in excess al potential Fy). a Mpolar band (with positive and negative lobes, from species
sdsorbed at the two potentisl limits) resulting from bands which shift with potential {Fig. 9), or even
not @t all if at constsnt coverage of the adsorbed species, the change of potentisl does oot
sufficiently affect the foree constant of the bond. The way the species is adsorbed on the surface
(e, fim or perpendicular) iz also 8 dominant factor governing whether absorption of the mdistion
oocurs, Shifts in band maximum with potential af constant coverape are very common for adsorbed

iially Mol

Subiractively Mormalised Interfacial Infrored Reflectance Spectroscopy
._-u

Infrured Reflection-Absorption Spectroscopy
Lingar Patential Sweep Infrared Refleciance

Electroch

Fourier
transform

MIRFTIRS Mubtiple Internal Reflection Fowrler Transform Infrared Spectroscopy

IRRAS
LPSIRS
SNIFTIRS

EMIRS
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specics and they provide valuable information on the noture of adsorbate-substrte bonding ond
hence also additional data on adsorbate orientation.

ty

Favenunber Wavanuazsr

Figure 9. Origin of & bipolar band.

The high sensitivity of EMIRS, as well its ability to reject sipnals from bulk speciea hes long
heen demonstrated and hos provided veluskle stroctursl information en many types of adsorbates,
From this peint of view it is & unique tool for investigation on the feld of eléctrocatdlysis, still
competing with the more recenl and more sophisticated technigues derived from the ose of FTIR
spectroscopy. While these techmgues are all foster and easier 1o use than EMIRS, they do not
discriminate =0 casily between surface and solution species.

However, despite its advamiages, EMIRS suffers from some inconveniences, The more important
one is that the electiods potential iz not fxed ot a given value, becouse of potential moduiation, so
that many electrochemical processes may ocour in the potentisl range of modulation, leading (o
highly complex EMIRS spectra. The second one is that the modulation techmgue combined with the
si-cilled Stark effect (shift of frequency with potential) leads in most cases (o signals having a
psendo-derivative shape, which makes it difficult to extract quantitative information. On the other
hand the accurate location of band centres, information which s essential for the qualbiatve
identification of adsorbates. is often problematic because of the different shapes that the bands can
exhihit, This point is especially critical when characteristic vibrations are known from transmission
studies 1o adsorb at very close frequencies (Le, the C=0 vibretions of vadous funcrional groups),
although the signals are obviowsly detected. The third one is that owing to the use of & spectrometer
wilh & conventional monochromator, the energy throughpul i relatively low and the scanning time
relatively long. Hecause of vanous drifts (either from speciral or electrochemical arigins), spectral
pecumulations cannot be extended to more than & few tens of scans and averaging technigques cannot
be used 5o extensively as with FTIR techniques. Thus: EMIRS dignals often remain noisy, which
mikes their characterisation more difficult, particularly when they have a non-symmetrical or &
complex line shape,

To solve these points the integration of EMIRS bands [18] is extremely helpful since it makes
their characterisation much easier (better determination of its band centres). Furthenmaore, the great
advantage of poise reduction. which orginates from the integration technigue, makes. the spectra
much more convineing. especially when M-shaped bands oceur in “nolsy™ spectral regions. The
techmigque is particularly useful for differentinting the case where o given species has two close
ehsorption bends, or compoenents, from that when two dilTerent species have bands i close
frequencies and signs which can be opposile (one specles being produced, the other being
consumed ). Qualitative determinetions are preptly helped by this technique but quantitative
determinations rensain difficult as with normal EMIRS specira,
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(i) Orher rechmaues

With the same basie modular equipment, it is possible Lo set up othér types of technigues. One is
IRRAS in which the radiation is modulated between porsllel and perpendicularly polansed
components with & high frequency photoelastic modulator. In this method the signal is obwined ss o
true IR band. This technique has a pood sensitivily and is very usefill 1o confirm EMIRS resulis by
quentitative measurements and to obtzin conformational informaticn with respect o the orentation
of adsorhates, but for several experimental reasons It is somewhat hard to nse,

Another one s LPSIRS, which allows the investigation, sl fixed wavelengths, of the spacies
produced ot different electrodi potentials during the voltemmetric sweep. In this method, repetitive
experiments at very close wavelenpths allaw to build tei-dimensional diagrams [ARE. E v]. fe. the
so-called “reflectograms™, which centain the dependence of the spectrm on the potential. However,
the techmgue suffers from the very fong spectral accumulation fimés necessary for improving the
signal-to-noise ratio and hes 1o be restricted o [nvestipations over very namow ranges of
wavenumbers as well as o very stable electrochemical systems.

.52, Techniques coupled with Fourier Transform spectrometers
(1) SNIFTIRS

This lu.*.hniq'u: consists in alternatively  collecting  successive sertes of four o eight
interferagrams at each of the two patential limits E, and E, where the reflectivities are £, and £,..
respectively, These potentiols are chosen secording to the electrochemical behaviour of the system
onder study., After Fourier transformation [AR'K, ], spectra arc obtained by a subscquent
subtraction of The co-sdded series and retioning to & (token as & or 8, }. The step between E. and £,
is repeated unil the desired signal-to-neise mtio is obtained Tan average of 100 scans is generally
sufficient to cxtract signals of 107 absorbance unlt omplitude). The successive stornge of
interferoprams wt E; and E, allows drifts, whatever their electrical or chéemical origin, o be
minimised. Thus, long-duration experiments are possible, up W several hours, Typizally, 50
interferograms are stored in a few minutes ot cach potentinl limit.

The SNIFTIRS technique has proved to be quite suitsble for the in sitn detection of either
electrogenerated intermediates in the double layer or species adsorbed 8t the electrode surface,

Subsmances formed at @ given potential give rise to o diminution of the reflected intensity as
compared with that ot the reference potential. As a conscguence, the relative reflection band
presents & mindmum {negative geing band), On the contrary, the reflected intensity for substances
consumed at @ given potential present § maximum {positive going band),

By comparing spectrs recorded separmlely with p- and s-polarised lghts it s possible 1w
distinpizish the surface species from the solution species. At high incidence angles, the solution
species, due o their random orientation, absorb the light in the two polansation states. In contrast,
the surface species, due 1o the application of the “surface sclection rule”, absorh the p-polarised
light {prowvided that the dipole moment aseillstes in the normal fo the surface) but not the s-polarised
light which is inaetive by concellation of the s-polarised electric field vectors upon reflection,

Drue to computer fcilities and o the incredible advances in FTIRS, SNIFTTRS i5 relatively easier
to wse than EMIRS and has become o npeerly rouline technigee for investipations at the
electrodel=olution interface. However, it must be said that the technique still suffers from the
difficulty to seporate the contribution of solullon species. whose consumption (when don-
compensated betause of mass transport limitations) leads o so strong “negntive peaks™ in the
spectra’ that the weaker absorption bands of surface species can be masked. Such o difficulty is
avoided with EMIRS. where polential modulation eliminstes the non-modulated information
associated with solution specics,
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(i) SPAIRS

This technique is a variant of SNIFTIRS, which uses sublractions hetween series of spectr
accumulated ol the same potentinl, but ui various limes, in order W follow the time dependence of
species genermted ot the electrode surface or accumulated in its vicinity in eleclmcauﬂyﬁlu reagiions,
Generally the reflectivities are obtained during very slow voltammetric scans (1 mV 57), each 100
mV and spectre ure coleulated a5 (B — RypdBie with the reference spectrum heing taken at the
adsorption potential. The SPAIRS spectra usuglly show down-gomg bands and _up-auing I:raslsds
which have o be interpreted in terms of reactive intermediates, poisoning species and reaction
products elther ndsorbed af the electrode surface or desorbed into the solution.

Both SPAIRS snd SNIFTIRS techniques allow to detect adsorbed species and reaction products
near the electrode surface. However SPAIRS is mare suilable for detecting resction products near
the electrade surface, and SNIFTIRS is more suitble for detecting adsorbed specles.

{iti) Other techniques

PM-FTIRRAS is a variant of SNIFTIRS that uwses FTIR spectroscopy with light polurisation. A
double modulation technigue is emploved. using a photwmodulator working at high frequency (78
kHz) and & polariser. both inserted in the optical path. This technique has 4 very high sensitivity,
due to the use of high modulation frequencies, which allows reduction of the spectral secumulation
tirmes. At the same sipnal-lo-noise ratio, (ypical sceumulation times ane notubly shorer than in
SNITIRS, but to the expense of simplicity.

MIRFTIRS uses a multiple imternal reflection cell and it 5 only u subtraction between
seeumulated series of spectes taken at various suecessive potentiols {using one of them, usually the
first, &s @ reforence), being less sensitive to submonolayers than SNIFTIRS. MIRFTIRS is
particularly suitable for following the growth of superficial loyers either onides or orpanie polymers
on electrode surfices. snd also for the identification of products accumulated in the vicinity of the
electrode surface since for these two applications less sensitivity is required. As in PM-FTIRRAS,
the main difficulty remains on the separation of the contributions of surfuce species from the solvent
contribution. FTEMIRS seems 1o solve the problem of the zolulion bands by combining the
sdvantages of interferometry with those of potential modulation, since the interferogram itself is
eleetromodulated.

These techniques have been proven 1o be useful for studies involving |

a The identification and reactions of adsorbed and non-adsorbed electrochermnical reaction
intermediates, both neutral and fonic.

» The surface bonding, intermolecular interaction, and dynamics of adsorbates and the effects
of electrical fizlds on these properties,

& Monitoring the potential-dependent concentrations of molecular and fonic species, both
adsorbed and in the electrie double layer,

Studies of this kind heve been made at many types of electrodes; including well-defined single
erysials, chemically modified surfaces, semiconductor slectrodes, and o number of polyverystalline
metal electrodes.

About one and holf decades ufter its beginning we can state that in sifu TR spectroscopy in the
mid infrared region (~600 — 400 cm™) is approsching its maturity as attested by the sbility 1o
establish the nature of adsorbed species, the binding site occupancy, lateral couplings and
intersetions with the electric field and double luyer components, In between. the development of the
new generation, im xifu far infrared spectroscopy (below 600 em’'), overcoming the rather low
imtensity of conventional labortory sources and the strong absorption of TR radiation by water, has
started and promises to apen up new apportunities for investigution in many felds. and artempts
liave already been made to study electrochemical systems [19].
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3. Applications to Electrocatalysis

In electrocatalytic resctions intermediates are frequently chemisorbed species. Reaction rates and
mechanisis can vary from one electrode materizl to another since advorbed intermediates ot some
surfaces may in some instances “poison” the electirode surface and ihnibit electrocatalvsis, For
example, unodic oxidation of small organic molecules, such as methanol, formic acid or
tormaldehyde, which are of interest in fuel cells, leads 1o adsorbed intermediate species thut can
lower reaction efficiency at platinum electrodes, by blocking active sites. In addition, reactants
and/or products may be chemisurbed and the reaction rate affented.

The meture of adsorbotes bonding to the surfice, snd imemctions of sdsorbates with other
adsorhed  specics and - solution  species, may be conveniently studied by in sify infrared
spectroelectrochemical technigues,

3.1 Electrooxidation of methang| on platinum elecirodes in acid medium

The mechanism of methanol oxidation in platinum elecirodes has been the subject of numerous
studies, a1 lenst the last three decades, leading o & long comraversy on the nsture of the strongly
adsorbed intermediates resulting from the dissociative chemisorption of methanol,

The development of & sifn IR speetroscopic technigues has allowed a significant progress in the
identification of the adsorbed species (resctive and poisoning species) and of the reaction
intermediates, making obsolete many of the older works, as well as the reaction mechanisms based
onlv on electrochemical measurcments,

The following main points seem to be now widely accepled;

= Different adsorbed species exist simultaneousiv on the electiode surfuce, and their
chemical nature and surface distribution depends greatly on the surface structurs, on the
bulk methanol concentration, on the adsorption time, and on the electrode potential,

* The decrease of the curtent densitics with time is due to poisoning effects of adsorhed
residues coming from the dissocistive adsorption of methanol, The species responsible far
E:rf:tmtmdc poisoning is adsorbed CO, linearly-, bridge- or multl-bonded to the electrode
5 CE,

EMIRS studies [4, 20 - 22| have allowed the assignment of the main bands of EMIRS specira o
well-defined adsorbed species (see Tubles 2 and 3,

Tahle 2 - Band Jocation of 0w, species,

Band location / em™ Type of adsorbed CO

= | 865 Multi-bonded CO {COp)
= | 935-1950 Bridge-honded CO (COy)
= 20352060 Lincarly-bonded CO  (C0y)

Fig. 10 shows that the EMIRS spectra recorded with n relatively low concentration of methanol
{in urder to decrease the chemisorplion rate and thus the amount of poisening species) huve a
relatively good signal-to-noise ratio, even after one single unaversped scan, allowing 10 distinguish
several IR bands, either in the upper wavenumber range or in the lower one. Increasing the
accumulation time necessary to average the successive scans leads to a great improvement of the
signal-to-noise ratio but the more time required makes the surface distrbution of adsorbed zpecies
to chunge #s 4 consequence of the slow edsorption kineties end of surface rearrungement among



them. Tt is abvious that the amount of adsorbed CO (both linearly and bridge-bonded to the surfoce)
increases, whereas the infensity of the other IR bands decreases, mesning thst adsorbed CO iy
replacing the other adsorbed species resulting from CH;OH chemisorplion snd tends to cover the
whole catalytie surface {poisuning phenomena},

The presence of a relatively intense band st 2340 cm™, even at the first scan, ansing fram
sdsorbed CO;, I surprising since the upper potential limit (0.4 V/RHE) is below the potential of the
oxidation region of the platinum surface. This mey prove that a direet intéraction between the
adsorbed methanol residues and the water molecules may lead w0 wodation 1o C0y. The change of
ghape and side of this. EMIRS band with (he sccumulstion time certminly means that COy is
produced 8t low potentinls, both from CO and from ether adsorption residues of other adsorbed

species,

L] T L] T
y . . . , N N M "
RLUSTVRIN I M
Li b i i I & " i L i L
B 1000 e 2400 1600 jpno. 2000 24 2AAG

Femt
Figure 10. EMIRS spectra of the species resulting from adsorption of methanol (5x1 0 Min 05 M
Iiﬂiﬂu} on 2 polycrystalline platinum electrode for different nccumulation times (AF = #00 mY,
E=0.2V/RHE, = 13.5 Hz; mom temperature): (a) 1% scan. (b 10® and 25" scans.

Fig. 11 ghows that when fairly concentrated methanol solutions are used, the fast chemisorption
of CHsOH on platinum leads 10 & higher coverape in OOy, species than when the concentration of
methanol iz decreased. Lowering the methonol concentration allows miximum coverage by resclive
species without leading o a o rapid polsoning by COy,a species during the time-seale of the
experiment, but it also leads to noisier EMIRS spectra, which are more dilficult 1o imerpret. This
figure elso shows that in integrated spectra the bands are clearly pointed and, owing 1o noise
reduction, they are well charscterised.

] and tentative assignments for the different species resulting {ram

CH,OH adsorption on platinim,

Tahle 3 - EMIRS bands in the spectral range [500 = 3000 cm”
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Figure 11, EMIRS spectra, afler one scan, of the adsorbed feyer formed by chemisomption of

methano] in 0.5 M HCIOs, with () 107 M CHOH, (b) 107 M CH:OH, at a polycrysialline

platinum electrode; AE =300 mV, E =0.3 V/RHE, /=135 He

Fig. 12 shows the structure dependence of the electrocatalyviic oxidation of methanol [4]. Po(l10)
is the most notive plane but also the most sensitive to poisoning, which leads to a mpid decrease in
the current densities observed, The Pi{111) plane appears w0 be less sensitive 1o poisoning
phenmenn, even thoupgh the current densities ure rther weak. Finally, the Pi100) plane iz totally
blocked over & wide renge of polentials, but the current increases sharply once the adsorbed
blocking species are removed at higher potentialy, the maximum current densities remaining very
stable with time. EMIRS spectra confirm these structural effects. The feactive intermediste
(CHO Yy was eleardy observed in the case of Py 113, while adsorbed €O was observed for all three
surface orientations. However, linearly bonded OOy, was the only species detected on Pr{110),
whereas two kinds of CO (linearly ond bridge-bonded) were clearly present on P 1001 The latter
ohservation is very inferesting, because it is an indication that the blocking phenomena ebserved
with the Py [0} plane can result from lateral interactions between these two kinds of adsorbed CO

ies.

The fact that the Pi(111) electrode surface is much less sensitive o poisoning phenomena might
mike it interesting as an electrode for prolonged utilizafion. The exact desclivation process af the
(111} surface dunng methanol oxidation can be expected to differ from that on polyerysealline
platinum because of the high superficial density of temary svstem crvstaliographic sites,

EMIRS spectra for methanol electrooxidation on polyerystalline platinum and on Pul11), in
perchloric aeid mediom, show strong similaritizs between the two series (Fig. 13).

At one scan, there is a positive contribution below 1700 em’, particularly obvious with the
Pi(111) electrode, as well as negative contributions ai ca, 1470 and 1730 — 1740 cm™. When the
number of scans increases, nepative contributions increase, so that a strong band at 1564 em™ s
muote clearly seen with the polyerystalline than with the single crvetal electrade.
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Figure 12, Adsorption and oxidetion of 0.1 M CH;0H in 0.8 M HCIO, at the three low-index faces
of Pt single crystals {room temperature): (2) vollammograms (0,05 V s fipst sweepl: (b) EMIRS
spectra (AE = 400 mV ; £=035 V/RHE},
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Figure 13, Integrated EMIRS spectra of the adsoibed layer formed by chemisorption of 107 M
CHyOH at a_pnlycu:muliinc platinum and at a P{111) single crystal electrade, in 0.5 M HCIO, ; AE
=300 mY, £ = 03V/RHE, f= 13.5 Hz: (a) one scan, (b) three scans; (c) five scons.



Changing the applied potential also affiects the adsarbied laver. as it is exemplified in Fig, 14 for

thiz polyerystalline platinum electrode.
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Figure 14, lnteprated EMIRS spectrum of the adsorbed laver formed by _chemtmrptiorl of Jﬂ"’_M
CH;OH at o polvervstalline platinum elsctrode, n 0.5 M HCIOy at: (8) £= 0.1 V/RHEE | (b E=
0.5V/RHE; (AE=300mV, f = 13.5 Hz, five scans recorded after 30 min.).

The spectral region 1400 — 1900 cm™ is very rich, including all the contributions of the =0
siretching modes. Comparison of the integrated EMIRS bands of methanol sdsorbates on platinum
with those of the adsorhates resulting from formic acid, formaldehyde and methy| formate, under
strictly similar experiments (Fig. 15 and Fig. [8), allaws o discriminate between the different
wdsorbates of methanol. since the integrated EMIRS bunds due 1o the >C=0 stretches of the stable
chemisorbed residues of the reference series are well defined and well sepasated, and thus,
charucterised (Table 4). allowing the spectml diseriminution of adsorbates occurring in the course off

these kind of electracatalytical repctions.

Tahie 4 - Characteristic vibration wavenumbers, in the range 1440 = [200 e

Band lpeation / em™ Type of adsarhate
=] 730 Acid group (monomer type)
1600 — 1720 (and highear) Aldelwdic group
1685 Ester
Tl — 1670 Acid group (dimer type)
1630 — 1640 Formate, linked by one 0 atom
1560 — 15H) Formale anion
1440 — 1464 Methylene proup
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Flgure 15. Integrated EMIRS spectra for the adsorbed layer formed by chemisorption at a
polycrystalline Pt electrode of (a) 10 M HCOOH, (b) 107 M HCOOCH; and (¢} 10™ M HCHO, in
0.5 M HCIOs; AR =300 mV, E=03V/RHE, 7 =13.5 Hz
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Figure 16: Integreied EMIRS spectra for the adsorbed laver formed by chemi
single crystal electrode of () 107 M HCOOH, (b) 107 M HCOOCH; and (c)
M HCIO; AE =300 mV, £=03V/RHE, f = 13.5 Hz.
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The presence of methy] fonmute, ol least during the initial sages of the methanol chemisorption
process on the Pi{111) surface (Tag 13), and which later on desorbs, may result from o surface
reaction Wking plece between [umyl ((CHOY md methosy (CHRO) species, which coexist ot the
initizl surface coverage of the platinum sfectrode:

Pt—+{CHO Y4, + FIHCH:0 M =+ PI-(HCOOCH: Jus = HOOOCH 30
Scheme |

Acid groups are ulso produced, probably as <COOH or dimers, and possibly formate anions.

These later species, by surface competition, dominate afier five scans or at high potentials, bu
some formyl species still remain on the susface. This explains why formic acid end formaldehyde
were detected as secondary reaction products in solution, in eddition to COq, which remain the main
oxidation product [23]. On the other hond, COpesg species are slowly bt frreversibly formed,
specially the multi-honded species on Pt 111) (~ 1885 em™},

The presence of methyl formate in the bulk of the solution wos confirmed by SNIFTIRS
measurements [24]. 1 could result from o solution reaction, as well. and sdsorption would be
possible by equilibrium with the solution species:

(CHiOH)y; + HCOOHuj — HCOOCHysy + HaO
(HUOOCH; )y, =+ Pi-{HOOOCH; s -
Schems 2
However this should ke lme, a5 methyl formate woold have o reach an oppreciable
concentration in solution before displacing the equilibrium towards the formation of the
comrespondent adsorbed species. Therefore, the fact that it is initinlly detected on the surfoce
certainly arguss in favour of the direct surface reaction (Scheme 1),

On the basis of all these observations and conclusions, it is possible 1o establish a probuble way
of bonding to platinum surfaces of the detected sdsorbed species {Fig. 1T). as well a3 a detailed
mechanism for the exidation of methanol in platinum in acid medium (Scheme 3).
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Figure 17. Probable bonding of adiorbate species to platinum resulting from the
eleetrooxidation of CHOH in acid medium,
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i1 Pt + HaO— PL— (OHhas* H e+ ¢~

(2 Pt 4 (CHIOH g — Pt — (CH0MH e

i3y PL—{CHYOM g, — Pt— (CH s + H' oy + &

i4) Pt— (CH; Ot — PL—(CH: OV + Hiag 4 &

{3 P—{(CHyO)uge—> Pt— (CHO g + H' g + 2
(6a) Fr— (CHO s — Pr— (GO + H = 7

() Pt — (CHO e + Pt— (O gy —» 2P1 + COp = H g+ ™
{Be) Pt— (CHO i, + PL—{OH )y — Pt+ Pr—(COOH )+ H gt 2
{Ta) Pt — (COMas + Pt— (O — 2Pt + COs+ H'yy e
i7h) Fi — [CO%up + Pt— (OHpg +—# Pt + PFt— (COOH )4
£ PL— (COOH ) — Pt+ COa+H yy +e”

Scheme 3

The key point is the formation of the reactive intermediate (CHO )y, and fts further oxdation,
whitch can be summarized in Scheme 4:

{65)
:ﬁy CO, 4 \(72)
_GHGadu (Th) Cﬂz
{6e) (B}
'EOG'H ids
Scheme 4

From this Scheme, it is possible to understand the requirements for the use of methanol in o fuel
cell in acid medium. It is necessary w0 avoid the formation of (OO, and to favour route (6h).
leading directly to COxw, or alternatively the indireot rodtes {62} and (8) theough {COOH .. This is
probabty possible by using specific surface structures,

3.2, Electrooyidotion of o-sorbitol on platinum glectrodes in soid medium

In crder to get more insight into the oxidation mechanism of p-sorbitel on polycrystalline
platinum electrodes, dn sitn IR refllectance spectroscopic studies were conducted by FTIRS (undet
the SNIFTIRS and SPAIRS veriznts) and EMIRS [25], These studies were carmied out in order o
clucidate the noture of reactive intermediates and reaction peoducts and 1o follow their dependence
on the electrode poiential und bulk concentration of p-sorhitol 11I‘I'J' Mio 107 MY

The superficial concentration of the different types of adsorbed species was found to depend on
the concentration of p-sorbitol on the bulk and on the electrode potential, The infrared spectroscopic
evidence for COuy, was found by SNIFTIRS and EMIRS, showing that linearly adsorbed CO
predominates as strongly bonded adsorbate for higher bulk concentrations of p-sorbital.
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The integrated EMIRS spectra displayed in Fig. 18b indicate that, for 107 M hulk concentration
of p-sorbitol, sdsorbed CO appears mamly as COy {strong band a1 2050 em’t) with minor
cantributions of COp (bands ot 1BES em™' and 1930 em ') while for 107 M p-sorbitol it appears
only &5 COp (two bands at 1890 cm’' and 1935 em™),
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Figure 18. Imegrated EMIRS spectre, after five spectral scans, in the range (a) 1400 to
1750 em™ and (b) 1800 to 2300 cm™, of 107" M and 10° M p-sorbital in 0.5 M HCIO,

at a polycrystalline Pt elecirode; (A£=300mY, £ =03 V/RHE, f = 13.5 Hz).

A set of the resulting SPAIRS specira obmined at a platinum electrode for three bulk
concentrations of p-sorbitol (107 M 10 107" M) is shown in Figs. 194 - ¢

For 107 M n-sorbitol (Fig. 190) and in the so-culled carbonyl stretching region, a strong band
developed at =1780 em’' is accompanied by a smeller band at =1740 em”'. This strong band could
be attributed to the C=0 siretch of a samerted lsctene (five-membered ring), The band &t 1740
e, eould be anributed to the earbonyl streich of o &luctone (six-membered ring). These two
bands are visihle from amound +H1.6 to +1.2 V/RHE. The presence of these bands, indicates that the
two lactone species are the main final produets in sohution. In contrast, for 107 M and 107 M o-
sorbitol (Fig. 19b and 19) no bands are detected in this moge. The bands observed in the range
1640 1o 1670 em' are probably due 1o the presence of interfacial water (bands also observed in the
EMIRS spectra (Fig. 182}, in the range 1620 to 1685 em').

For higher bulk concentrations, 107 M and 107 M, (Figs. 19a and 19b), adsorbed OO appears as
linearly-bonded CO. These bands are seen from 0.1 to 0.4 V/RHE, in o range from 2000 w 2100
e, Afler 0.4 V/RHE the adsorbed CO is fully oxidized to CO-, confirmed by the development of
a band ot around 2350 em™, cormesponding to the €0 irepped in the thin layer,

— 103 —

. = y e ——
e Y
Wiy

i

Figure 19. F-_r_:l;ainrisad SPAIRS spectra at various potentials (from 0w 1.2 VRHE, each 100
m¥) of (a) 107 M, (b) 107 M and (¢} 107 M p-sorbitol in 0.5 M HCIO, on o polyeryssalline Pt
electrode, (spectra are displayed starting from the top of the figure),
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EMIRS was olso wsed 1o study the electroserption of p-sorbitol on platimum single orystal
electrodes in perchloric acid mediom [26 - 28], Recently, these spectroscopic studies, together with
Proprammed Potential Voltammetry (PPV) were extendied to P 1LD) and P11 [28].

The integrated EMIRS specira. recorded during the electrosorption of p-sorbitol at P{111) and
Pi{ 110} eleetrodes, are shown in Figurcs 20a and 20b, respectively, The low concentration of -
sorbitol In solution, 107 M, was chosen fo allow maximum coverage by reaclivi species withoul
leading Lo-a too ruptd poisoning by CO,,q, species during the tme-scale of the experiment.

A general view of the twa spectra allow us to draw some conclusions, After five speciral scans,
fior Pr{111), COyy species appear mainly as lincarly-bonded CO (strong band at 2038 em '), while
for P 110), two COfygs species coexist gt the electrode surfiace: linearly-bonded CO (band at 2050
em™) and bridge-bonded £ (band a1 1973 em™'). Moreover, multi-bonded Oy Species are
cenminly responsible for the absorption bands focated between 1808 em and 1906 em™ for P11y
(Fig. 20b) and a1 1812 em ™ and 1830 em™ far P(111) (Fig. 20a).
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Figure 20, Integrated EMIRS spectra of the adsorbed layer formed by chemisorption of
107 M p-sorbitol at (a) PI(111) and {b) Pi{110) electrodes, in 1.5 M HCIOy: (AE = 300
mV. E =03 V/RHE, f = 13.5He, 5% scan),

Experimental data obtained by PPV has shown that, in the case of Pe(111), the mein sdsorbed
species present at the surface for long adsorption fimes is linearly-adsorbed CO (¥ =21 while for

=

Pi i L0 the walue oscillates around 1, i & wide rangs of adsorption nmes. corresponding o o
mixture of different species including multi-bonded and bridge-bonded CO_ uy confinmed by
EMIRS. These species zre prohably the ones responsible for the srong deactivation of the electrode
surfsee.

1.3. Electrooxidation of o-glucose ot platinum clectrodes in alkaiine mediom

SPAIRS and SNIFTIRS have been applied to the investigation of the electrooxidation process of
-plucose ol polyerystalline P electmdes in NaldH solutions [29). Varous reactive or poisoning
intermediotes were identified and their potential dependence monitored.

SPAIRS spectra were collected under s or p-polarisation of the IR beam, each 100 mV, between
+0,10 VIRHE and +1.60 V/RHE, and more than 30 spectra were thuz collected during the forwerd
and bhackward potential sweep (Fig: 21)
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Figure 21. SPAIRS spectre at varipus potentisls of O.IM peplucose in 0.UM NaOH, on a
polyerystalline Pt electrode (at low temperature); (a) p-polarisation, (b) s-polarization.

The presence of two bands ot around 1413 em™ (symmetric 0-C-0O stretching) and 1587 cm'!
are due to gluconate formed in the thin solution layer at all over the range of potentinls. The
intensity of the two bands is potential dependent and , when the second one decreases, there appears
o band at ca 2343 em™, due 10 OOy [n solution. Twe weak sdditional bands in the ranpe | 1B0-1250
em’ indicate that & product having a lactone structure is formed resulting from the electrooxidation
of glucose @1 high potentinls, The value of the carbonyl streteh, co. 1732 em’™, favours the
hypothesis of a Sgluconolacione species, slightly adsorbed ol the electrode surface, As soon a8 the
surfeee s redeced, the lectone form disappears and more gluconate is formed.
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SNIFTIRS experiments were carried out under p-polarisation and the commesponding spectra are
displayed in Fig. 22

The set of SMIFTIRS spectra shows that the bands are globally located at the same WE?I:FI-LIIHI!EI'IE
than in the SPAIRS specira, hut an additional COjus, bipolar band is seen, centred near 2040 cm™,
resulting essentially fum the technique, whereas the CO; band is much less prominent than in
SPAIRS experiments, because it is aceumulated in the thin layer solution und tends o disappear by
diffusion on the bulk solution. The intensity of the symmetric-asymmetric O—C-0 stretches of
ghuconate depends on the potential, which means that it is weokly adanrhed on the surface and not
only present on solution. Two configurations are possible for the weakly sdsorbed gluconate
{(5cheme 53, Configuration (1) is favoured at low potentials and corfiguration (1T} predaminates
when the applied potential is more positive.
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Figure 22. SNIFTIRS spectrn ut various modulution amplitedes of potential of 0.1M p-glucose in
0.1 M NaOH. on o polverystalline Pt electrode, at low temperature,
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From the above results it is clear thut the SPAIRS and SNIFTIRS technigies are nat strictly
equivalent and that both have o be aperated for a complete investigation of a given problem.

1.4, Elecorpoxidation of ethano] af indicm and rodium electrodes in acid medium

SPAIRS has been used to study the electroadsorption and oxidation of ethanal at palyerystalline
Ir wnd Bh elecirodes in HCMO, solutions [30] (Figs. 23 and 24),
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Flgure 23. SPAIRS specirn recorded st warious Figure 24, SPAIRS spectra recorded ot various
potentinls, of the surface species on & potentials, of the surface specics on &
polyerystalling Ir electrode in 0.5 M HCW, + 0.5 polyervetalline Bh electrode in 0.5 M HCIO, +
M CiHsOH (difference spectrn with the reference 005 M CaHyOH  (p-polarisation, 512
phtal'md at 015 ¥, p-poludsation, 512 interferoprams). Potential windows: {a) [0.05,
interferngrams, reverse scan). Potentials: () 0.25 .35 Wi (b} [015, 0.45 V], () [0.25, 0.55 V];
Vi(b) 035V () 0.35V 1 (d) 0.75 Vi (e) 0.95 V2 (d) [0.35, 0.65 V); (e) [0.45, 0.75 V). () |0.55,

AERT 0.85 V1; () [0.65. 0.95 V].
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In the potential region of adsorption, adsorbed CO is the main dissociation product detected
spectroscopically, However, the adsorbed CO layer has o distinet mmpusi:_jan on each metal, and
the potential dependence 15 also different. €Oy is dominant oo Ir and remaing on the surfalfc up Lo
0.7 ¥, whereas COp, and COy are initislly formed on Rh. In thiz later case, CO was found o
disappear at mone positive potentials than COy,

In the electrooxidation region, the two main products nre seetic scid snd €Oy However,
comparison of the process on Ir and Rh shows that theee is less €02 produced on Ir than on R]I'I,
Accordingly, more scetic is produced on Ir. Acetaldehyde is mainly formaed on Ir when the _nurfm is
partially covered by O and it lacks in the oxidation products on Rh owing to the existence of
bridge sites occupied by COg. . .

The oxidation of cthonol, which can be taken as a test reaction, emphasises an interesting
behaviour between two noble metals, which may be relevant for other applications. IT the aim to be
achieved Is the total oxidation of ethanal 1o COs, then Rh is a better catalyst, i.e. mare efficient,
However, if selectivity is the most importent goal, I 1s far more interesting than Rh for the given
electrochemical reaction, in that it may lead selectively to either pcetaldehyde or scetic acid,
egzentially without COy as & by-product, depending on the chosen patential,

3.5, Electrooxidation of hipophosphite on mickel electrodes

The electrooxidation of hypophesphite ions on polycrystalling nicke! in slkaline solutions has
been investigated by SNIFTIRS [31]. Throughout the study. 200 interferograms were eollected &t
ench potentiaf, Difference specirs oblained as the potential is varied stepwise from =113 ¥V up to
-0.80 V are shown in Fig. 25,

Figure 25. SNIFTIRS spectra for a polycrysialline Mi efecirode in 0.1 M NaH:POy and 0.1 M
MNaQH.
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The main features seen on these speetrs are negative bands, at 2318 em™, 1080 em’', 1027 cm!
and 983 o', due 1o the formarion of phosphite ion, and which increase when the potentiel is morne
negative. Further spectral confirmation of this oxidation is the appesrance of positive bands a1 2356
cin’, 1161 eém™ ond 1041 em”, which indicate the depletion of the hypephosphite as it is oxidised
Loy phiesphile.

Seveml other series of spectra were collected and analysed in this study, as a function of the
electrode pofential during the anodie, cathodic scans nnd ot open eirevit potential, s a function of
time. Phosphite ions were the only oxidation product 10 be detected and the hypophosphite ions
were found 10 adsorb on the nickel surface by the two hydrogen stoms a1 open circult potential, an
arientation which persists until the exidation takes place (Scheme 6).

X
(]

MM
Scheme 6

4. Concluding remarks

In st IR spectroseopic techniques were discussed and illustrated by a few selecied examples,
The feasibility of applying these techniques to the investigation of the electrodelelectrolyte interface
i now firmly established.,

Each of the techniques described possesses its own advantages and limits. The most sppropriste
techrique to cmploy depends on the subject under investigation,

Undoubtedly. many aspects of the wehniques can still be improved. For example, more ¢fford is
needed both b inerease the sensitivity and to extend the wevenumbers range io higher wavenumbers
{where combination bands and overiones are expected) and to lower wavenumbers (in the fir-
infrered range, i order to reach the metal-substrote vibrations).
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