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ATR-SEIRAS for time-resolved studies of
electrode—electrolyte interfaces

Angel Cuesta'*?

Abstract

In this contribution, we review the application of surface-
enhanced infrared spectroscopy in the attenuated total
reflection mode (ATR-SEIRAS) for time-resolved studies of
electrode—electrolyte interfaces. The range of time resolution
reviewed goes from seconds or a fraction of a second to pi-
coseconds, and the methodologies include fast interferometer
scan rates, step-scan interferometry, frequency comb spec-
troscopy and pump-probe strategies. This wide range of time
resolution and methodologies enables exploring the kinetics of
electrochemical reactions and specific adsorption, the dy-
namics of double layer charging, the vibrational relaxation of
adsorbates and spectral diffusion of adsorbates, all of them
phenomena of the utmost importance to develop a truly deep
understanding of electrode—electrolyte interfaces and electro-
chemical reactions.
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Introduction

Electrochemical processes are the only ones for which
the theoretical efficiency with which the Gibbs free
energy of a chemical reaction can be converted into
useful work (or, vice versa, with which work can be stored
in chemical bonds if AG > 0) is 100%. It is, therefore, no
wonder that so many efforts are being currently devoted
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to the development of the next generation of electro-
lysers, batteries, fuel cells and supercapacitors, all of
which are expected to play key roles in our sustainable
energy future and in reaching the goal of a carbon-free
economy. Electrochemistry is also relevant, either by
itself or as a useful set of tools, in understanding bio-
energetics and electronic transport within biologically
relevant molecules [1,2].

A deep knowledge of the structure and dynamics of the
electrode—electrolyte interface and of the kinetics of
electrochemical reactions is critical to improving the ef-
ficiency of electrochemical energy storage and conversion
technologies. Since approximately the 1980s, a variety of
vibrational spectroscopy techniques, like, e.g. infrared
spectroscopy, Raman scattering or sum-frequency gener-
ation (SFG), and techniques capable of delivering surface
structural information at the atomic level, like, e.g. scan-
ning tunnelling microscopy (STM) or surface X-ray scat-
tering (SXS), have been applied # situ to the study of
electrochemical interfaces and reactions. The use of these
and other non-electrochemical 7 situ techniques has
resulted in a wealth of information regarding adsorbed
intermediates and spectators involved in electrocatalytic
reactions, their mode of bonding to the electrode surface,
the structure of water or more exotic solvents at the
interface, and the atomic-level structure of electrode
surfaces and adsorbates, as well as how all these things
depend on the applied potential. However, with some
notable exceptions, most of this information corresponds
to a static picture of the electrode—electrolyte interface,
whereas a more dynamic description is required for a real
deep understanding of electrochemical reactions and in-
terfaces. In-situ spectroscopic and structural studies of
electrode—electrolyte interfaces with sufficiently high
time resolution remain a barely explored frontier
in electrochemistry.

The time resolution required to deliver this wished-for
dynamic picture of the electrode—electrolyte interface
depends on the kind of process targeted. The most
elemental and fastest processes, like solvent reorganiza-
tion, electron tunnelling and isomerisation (which are
furthermore not independent from each other), occur in
time scales shorter than a nanosecond. Extremely relevant
information can still be obtained from time-resolved ex-
periments at much longer time scales, ranging from hun-
dreds of milliseconds to nanoseconds. Because the rate of
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electrochemical reactions can be changed by orders of
magnitude with relatively small changes in the applied
potential, the time evolution of reactants, intermediates
and products can often be monitored spectroscopically
with time resolutions of just some fraction of a second if
sufficiently sensitive techniques are employed.

In this review, we will focus on the use of time-resolved
surface-enhanced infrared spectroscopy in the attenu-
ated total reflection mode (ATR-SEIRAS) to obtain
time-resolved vibrational spectra. Due to the high
sensitivity of ATR-SEIRAS, good quality spectra can
often be obtained with a single interferogram, which puts
the limit to the time resolution achievable on the speed
with which the moving mirror of the interferometer of a
Fourier-Transformed Infrared (FTIR) spectrometer can
move. This can be adjusted slightly by modifying the
spectral resolution (which increases with increasing dis-
tance travelled by the moving mirror) but the highest
time resolutions achievable are, at best, several tens of
milliseconds. This is often enough to monitor the time
evolution of species involved in electrocatalytic reactions.
We will show examples in which this time resolution is
sufficient to provide relevant information even when
dealing with much faster processes, like adsorption, and
we will discuss strategies that can lead to increasing the
time resolution of ATR-SEIRAS and address these faster
processes in more detail. Although Zwaschka et al. [3]
have recently provided an excellent review of (spectro-
scopic and non-spectroscopic) studies of ultra-fast pro-
cesses at the electrode—electrolyte interface, we will also
discuss briefly in this review the use of ATR-SEIRAS in
this time domain.

Time-resolved ATR-SEIRAS for
electrochemical kinetics

Electro-oxidation of small organic molecules

The high sensitivity of ATR-SEIRAS allows good quality
spectra to be obtained from a single interferogram,
without the need for accumulating interferograms to
improve the signal-to-noise ratio. In addition, thanks to
the ATR configuration, the large IR drop and transport
limitations characteristic of infrared (external)
reflection-absorption spectroscopy (IRRAS) are mini-
mised, which makes ATR-SEIRAS well suited to study
the kinetics of electrocatalytic reactions. In normal
FTIR, the time resolution will be only limited by the
speed at which the moving mirror in the interferometer
can travel, i.e. by how fast a single interferogram can
be collected.

Studying the adsorption and oxidation of formaldehyde
on Pt with a time resolution of one spectrum per second,
Jusys and Behm [4] detected for the first time adsorbed
formyl from its C=0 stretching band at 1635 cm L. This
must necessarily be the last reaction intermediate in the
oxidation of formaldehyde to adsorbed CO (CO,q4) on Pt.
Their experiments were performed using a thin-layer

spectroelectrochemical flow cell, which allows for well-
controlled transport conditions but probably also leads
to increased non-compensated resistance and a higher
time constant of the electrochemical cell. This, however,
does not affect the results reported because experiments
were performed at constant potential by rapidly switch-
ing between formaldehyde-free and formaldehyde
containing solutions. Unfortunately, the authors did not
indicate the time needed to completely switch from the
initial to the final concentration.

Jusys and Behm also observed weak broad bands at ca.
1420 and 1280 cm_l, which, following Batista and
Iwasita [5], they tentatively assigned to the —CH,—
symmetric deformation (scissoring) mode and to the
C—OH stretching mode, respectively, in adsorbed
methylene glycol. In aqueous solutions, H,CO quickly
establishes an equilibrium with OH—CH,;—OH, in
which methylene glycol is the dominant species. These
bands might therefore provide evidence that, as we have
suggested recently [6], the oxidation of formaldehyde to
CO; through the direct path starts with its hydrated
form (methylene glycol), which is oxidised to adsorbed
formate (the monodentate form of which is then
oxidised to CO;), whereas the indirect path starts with
H;,CO and goes through adsorbed formyl and CO,g4.

Jusys and Behm [4] also obtained intensity—time
profiles of the total CO,q coverage (8co) from their
time-resolved experiments by using the band corre-
sponding to linearly adsorbed CO (COy,) as a proxy for
fco (i.e. by ignoring the contribution of bridge-
bonded (COp) and multiply-bonded (COyp;) CO to
0co). Extrapolation to # = 0 allows for determining the
rate constant of the dehydrogenation reaction. By
performing experiments with either H,CO or D;CO,
the kinetic isotopic effect could be determined, from
which Jusys and Behm concluded that, both in the
direct and indirect paths, the rds must correspond to a
C—H bond breaking event.

Our group has very recently analysed the kinetics of the
electrocatalytic partial oxidation of methanol to CO,q on
Pt [7] by monitoring current and spectral transients in
methanol-containing perchloric and sulphuric acid so-
lutions after a potential step from a potential positive
enough to have a CO,q4-free Pt surface to a potential
between 0 and 0.4 V versus RHE, where complete
oxidation to CO; does not occur or occurs at too slow a
rate to be detected. Oxidation of methanol to CO,q was
detected down to the most negative potential explored,
namely, 0 V versus RHE [7]. We also observed a band at
1677 em™ !, which, following Jusys and Behm [4], was
assigned to adsorbed formyl. The fact that formaldehyde
and methanol share the last intermediate in their
dehydrogenation to CO,q suggests that, along the indi-
rect path, methanol is first oxidised to H,CO and then
to adsorbed formyl before reaching CO,q.
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Another interesting observation by Pérez-Martinez et al.
[7] is the existence at £ > 0.1 V versus RHE of a delay
between the first observation of the COg band and that
of COr. Among other things, this implies that, at the
very low coverage limit, ignoring COp and COp; when
using integrated band intensities to monitor the time
evolution of fgp will result in an underestimation of
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fco, which is the reason for the unexpected increase in
the rate of formation of CO,q with increasing fco at
¢ = 0 reported by Liu et al. [8] when studying the same
reaction. Pérez-Martinez et al. [7] also used their
spectroscopic data to determine the Tafel slope of the
reaction. As shown in Figure 1(Top), Tafel slopes of ca
0.36 V 4+ 0.1 in 0.1 M HCIO4 and ¢z. 0.41 V &+ 0.1 in
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(Top) Tafel plots for the dehydrogenation of methanol to CO,4 on Pt in the potential region between 0.01 V and 0.46 V versus. RHE in 0.1 M HCIO, (a) and
0.1 M HxSO4 (b) in the presence of different concentrations of methanol, as follows: 0.01 M (purple rhombi), 0.02 M (inverted green triangles), 0.04 M
(blue triangles), 0.065 M (red circles), and 0.1 M (black squares). (Bottom) Time evolution of the stretching frequency of CO. (black line) and of /co, (red
line) obtained from a series of time-resolved ATR-SEIRA spectra of Ptin 0.1 M H,SO, containing 0.01 M CH3;OH recorded after a potential step from 0.91
to 0.06 V versus RHE (a). Individual spectra separated 3 s from each other and selected from the first 24 s are shown in (b), while spectra separated 7 s
from each other and selected from the period between 50 and 120 s (yellow square in the plot on the left) are shown in the (c). Each spectrum consists of
two interferograms recorded with a 4 cm™" spectral resolution, resulting in an interval between spectra of 0.4 s. The reference spectrum was recorded at
0.91 V versus RHE. Reprinted with permission from Ref. [8]. Copyright 2021 American Chemical Society.
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0.1 M H;SO4 were found above 0.25 and 0.35 V versus
RHE, respectively, which are consistent with the Tafel
slope of 0.44 + 0.03 V obtained in 0.1 M HCIOy4 by Liu
et al. [8]. However, smaller Tafel slopes of ca
0.11 V 4+ 0.01 and 0.07 V &+ 0.01 were found by Pérez-
Martinez et al. [7] in perchloric and sulfuric acid,
respectively, below 0.26 V versus RHE (Figure 1(Top)),
a potential region not explored by Liu et al. [8].

The most striking feature found by Pérez-Martinez et al.
[7] was that at 0.21 V (0.1 M HCIO4) and 0.16 V
(0.1 M H,SOy4) versus RHE, the rate of the reaction stops
increasing with increasingly positive potential. Instead, it
remains constant, or in 0.1 M H;SOy, it even decreases
with increasingly positive potential (Figure 1(Top, B)).
This behaviour extends up to 0.26 Vin 0.1 M HCIO4 and
up to 0.36 Vin 0.1 M H,SO4. As noted in Ref. [7], the
stronger effect in 0.1 M H,;SO4 suggests that the
disruption in the expected dependence of the reaction
rate on the potential is due to the adsorption of blocking
spectator species, which were identified as either adsor-
bed OH (OH,q, perchloric acid) or adsorbed sulphate
(SO4.44, sulphuric acid).

The time-resolved experiments in Ref. [7] also allowed
for the observation that, in the initial stages of the
dehydrogenation of methanol to CQOyq, although fco
grows steadily and continuously, the CO-stretching fre-
quency grows in a staircase manner (Figure 1(Bottom)),
in which periods of constant or nearly constant frequency
are followed by a sharp rise in frequency and then by a
new period of constant or nearly constant frequency.
This was interpreted as being due to a successive pop-
ulation of sites, whereby CO,q4 diffuses from the most
active sites, which are populated first, into neighbouring
bidimensional domains once the CO coverage on the
active defect sites reaches a threshold value.

Kinetics of electron transfer

"Tafel slopes and reaction intermediates, which together
can provide useful insight into reaction mechanisms, can
be spectroscopically determined and identified,
respectively, with time resolutions that barely go below
1 s. However, determination of some other important
kinetic parameters, like rate constants of electron
transfer, requires increasing the time resolution well
beyond that limit, which requires resorting to more so-
phisticated techniques like step-scan FTIR spectros-
copy. A recent exception is the use of normal FTIR to
determine the rate constant of electron transfer to a
monolayer of 2,2,6,6-tetramethylpiperidine-1-oxyl [9].

To the best of our knowledge, the earliest example of an
ATR-SEIRAS time-resolved step-scan FTIR study of
the kinetics of an electrochemical reaction is credited to

Osawa et al. [10]. Top-end research FTIR spectrome-
ters with the step-scan mode of interferogram collection
are relatively affordable. The time resolution achievable
by step-scan FTIR spectroscopy is essentially limited by
the sampling frequency of the detector and can easily
reach some tens of microseconds. Time resolution as
high as 2 ns is possible, although at the expense of losing
dynamic range [11]. It might therefore appear somehow
surprising that step-scan FTIR spectroscopy has not
been amply used to study the dynamics of electro-
chemical systems. However, step-scan spectroscopy is
only applicable to reversible or cyclic processes, or pro-
cesses that can be repeated very reproducibly [12].
Most of the relevant electrocatalytic reactions do not
fulfil these conditions and are, therefore, not well suited
for step-scan spectroscopy. A scheme describing the
mode of operation of step-scan time-resolved FTIR
spectroscopy when the spectrometer triggers the exci-
tation of the system (in the case of electrochemical
problems, typically, but not necessarily, through a po-
tential step) is provided in Figure 2.

Nauman and co-workers have intensely studied the ki-
netics of electron transfer of cytochrome ¢ [13] and cy-
tochrome ¢ oxidase [14—16]. An important feature of
their work is the use of phase-sensitive detection (PSD)
to improve the signal-to-noise ratio [16]. This was
achieved by applying an algorithm to the time-resolved
step-scan spectra recorded while a square wave is
applied to the electrode potential. Control of the fre-
quency of the square wave allows for choosing the bands
whose signal to noise ratio is to be improved [13], which
allowed them to monitor the kinetics of electron transfer
with time resolution down to 50 [is. An alternative way to
determine rate constants of electron transfer processes
by applying (PSD) coupled with step-scan FTIR is to
analyse the frequency dependence of the in-phase and
out-of-phase components of the potential-modulated IR
spectrum as demonstrated by Ataka et al. [17]. In this
case, step-scan is not used to obtain time-resolved
spectra; instead, the frequency-dependent potential-
modulated spectrum is reconstructed from the
frequency-dependent response of the detector signal to
the potential modulation at each position of the moving
mirror. The analysis of complex-plane plots of the optical
impedance obtained from in-phase and out-of-phase
spectra at frequencies between 40 Hz and 100 kHz
(please see Ref. [17] for a definition of optical imped-
ance and its calculation) allows for determining the
Faradaic resistance. Using this method, Ataka et al.
identified a charge transfer process between the gold
surface and adsorbed 4-mercaptopyridine (PySH) in Au
electrodes modified with a PySH self-assembled mono-
layer and were able to determine the rate constant of the
charge-transfer process (5.4 x 10° s~ 1.
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Scheme describing the mode of operation of step-scan time-resolved FTIR spectroscopy. (a) and (b) show the time sequence for experiments with a
single and with two triggers per mirror step, respectively. A typical experiment involves the following steps: (i) The moving mirror steps to the first position
and then holds stationary during the experimenter-determined Settling Time; (ii) Data points are collected from the DC output of the detector preamplifier
over the experimenter-determined Static Average Time and used later to build the static interferogram; (iii) A synchronised TTL pulse generated by the
spectrometer triggers the external excitation source (e.g. a potentiostat or waveform generator) that initiates the time-dependent process; (iv) Changes in
spectral intensity are recorded from the AC output of the detector preamplifier over a period and at intervals set by the user. When several trigger events
occur per mirror step, the data collected after each trigger are averaged to improve the signal-to-noise ratio, which is equivalent to recording several
interferograms in the normal FTIR operation mode; (v) The moving mirror moves to the next position and steps (i) to (iv) are repeated; (iv) Interferograms
at the preselected time intervals are reconstructed from the time-dependent points recorded at each mirror position (c), which can then be Fourier-
transformed to a set of time-dependent spectra (d, Reprinted with permission from Ref. [13]. Copyright 2008 Elsevier).

ATR-SEIRAS monitoring of adsorption and
double-layer dynamics

Adsorption processes and double-layer dynamics are
intrinsically fast processes (please note that double-
layer rearrangement after a perturbation, e.g., a potential
step, can be relatively slow, but this will be determined
by the cell’s time constant, not by the double-layer
dynamics itself). Their study, therefore, requires push-
ing the time resolution into the sub-millisecond regime
and beyond. This is not a big problem in the case of
specific adsorption of ions and double-layer charging,
which are usually very reversible processes and can
therefore be studied using step-scan FTIR, which is
unfortunately much more difficult to implement in the
case of irreversible adsorption processes.

That said, useful insight into irreversible adsorption
processes can be obtained with lower time resolution if
the adsorption process is slowed down by carefully
controlling the dosing of the adsorbate. An example of
this strategy has been provided by Silva et al. [18], who

were able to monitor using ATR-SEIRAS the adsorption
of CO on a Pt electrode during potentiostatic CO-
charge displacement experiments in 0.1 M H,;SOq,.
The experiments revealed that when CO is adsorbed
directly from the solution, COy, is preferred to COg/
COyy sites, and is occupied first. It is worth noting here
that this behaviour is interestingly not reproduced when
CO,q is formed by partial oxidation of methanol [7], in
which case, and depending on the applied potential, as
much as 6—8 s can elapse between the first observation
of COp/CO) and that of COyp, (Figure 2(A)). During the
initial stages of adsorption, when fcq is very low, the
absence of dipole—dipole coupling allows distinguishing
between COy, adsorbed on (100)-like defect sites (lower
frequency COp, band) and (110)- like defect + (111)
terrace sites (higher frequency COy, band). The COy,
band at higher frequencies was found to appear first,
suggesting adsorption on (110)-like defect sites is
slightly favoured over adsorption on (100)-like defect
sites. The analysis of the evolution of the bands in the
regions of the ¥(OH) and 6(HOH) vibrational modes of

www.sciencedirect.com
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water revealed that the essentially hydrogen bond-free
water layer characteristic of water adsorbed on CO-
covered Pt only appears when a relatively high CO
coverage has been reached, and therefore, requires
relatively compact CO,gq islands.

Berna et al. [19] have provided one of the very few ex-
amples of the combination of step-scan FTIR spectros-
copy and ATR-SEIRAS to study the dynamics of
reversible adsorption processes at the electrode
—eclectrolyte interfaces. Other examples preceding
Berna et al.’s work are: (i) Osawa and co-workers’s studies
of the adsorption of fumaric acid [20] and p-nitrobenzoic
acid [21], as well as of the desorption of sulphate
accompanying the dissolution of the v/3 x /3 under-
potentially deposited Cu layer (Cu upd) on evaporated
quasi-Au(111) electrodes [22], (ii)) Wandlowski and co-
workers’ studies of the adsorption of trimesic acid [23]
and uracil [24], also on evaporated quasi-Au(111) films,
and (iii) Rodes et al.‘s study of the adsorption of sulphate
on silver electrodes [25]. Recently, Nakamura et al. [26]
have monitored the initial stages of the underpotential
degaosition (upd) of TIT, Ag+, Cu2+, Zn’t, Cd“, and
Bi’" on Au(111) using time-resolved surface x-ray
diffraction and, in the case of Cu“, also ATR-SEIRAS
combined with step-scan FTIR.

Berna et al.‘s work focused on the specific adsorption of
acetate on Au. Their time-resolved step-scan ATR-

SEIRA spectra (Figure 3, left) were collected after a
potential step in 0.1 M HCIO4 solutions containing
different concentrations of sodium acetate. A quantita-
tive analysis of the time-dependent intensity of the
infrared bands (Figure 3, right) showed that adsorption
fits Langmuir kinetics, which suggests random adsorp-
tion of acetate anions with no preference for specific
sites. The step-scan ATR-SEIRA spectra in acetate-free
solutions also revealed transient strongly hydrogen-
bonded water structures that decay as perchlorate
adsorption proceeds after a potential step (Figure 3, left
(A)). Similar bands appeared in the acetate-containing
solutions, albeit with much lower intensity (Figure 3,
left (B)). This is evidence of the ability of step-scan
ATR-SEIRAS to monitor the different stages through
which the structure of interfacial water transits during
double-layer charging after a potential step, a topic
which, to the best of our knowledge, has not been
explored at all.

Very recently, Morhart et al.® [27] have studied the
desorption of a monolayer of 4-mehoxipyridine using a
microband electrode. The microsecond time domain
explored by Morhart et al. [27] is particularly important
because, due to limitations imposed by double-layer
charging, as well as by the response time of potentio-
stats, it is the limit that can be achieved by potential
step methods. Reaching this regime requires decreasing
the electrochemical cell’s time constant down to just a
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Left: Selected step-scan spectra obtained in a potential-step experiment from 0.50 to 1.10 V versus RHE in (a) 0.1 M HCIO, and (b) 0.01 M CH3;COONa +
0.1 M HCIO4. The reference spectrum was collected at 0.50 V just before the potential step. Right: (a) Current density transients measured after a
potential step from 0.20 to 1.10 V versus RHE and back in (a) 0.1 M HCIO, and (b) 0.01 M CH3COONa + 0.1 M HCIO,. (b, ¢) Time-dependent integrated
intensities of the infrared bands corresponding to perchlorate (a), water (b) and acetate (c¢) obtained from step-scan spectra recorded during the potential
step in 0.1 M HCIO, (b) and (¢) 0.01 M CH3COONa + 0.1 M HCIO,4. Reprinted with permission from Ref. [13]. Copyright 2008 Elsevier.
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few microseconds, which Morhart et al. achieved by
depositing a gold microband electrode on an indium tin
oxide (I'T'O) modified Si groove, which was used as the
ATR substrate. They used synchrotron radiation in an
attempt to improve the signal-to-noise ratio (which
would be high with a conventional IR source due to the
low number of photons internally reflected from the
micro-sized electrode—electrolyte interface). However,
this led to an unexpectedly high level of noise at low
frequencies due to electromagnetic coupling of the
mains frequency to a variety of mechanical devices
running on the experimental floor of the synchrotron
facility. The same group have also been the first to
report the use of dual-frequency comb IR spectroscopy
in combination with ATR-SEIRAS to monitor the dy-
namics of the electrode—electrolyte interface with time
resolution in the microsecond domain [28]. They
monitored the potential-induced desorption of 4-
dimethylaminopyridine from a gold nanoparticle film
electrode deposited on an I'TO-modified Si prism and
demonstrated the ability of dual-frequency comb IR
spectroscopy to achieve time resolution in the micro-
second regime (Figure 4(A)), requiring less time for data
acquisition than step-scan spectroscopy. The level of
noise (Figure 4(B)) was lower than in the experiments
using synchrotron radiation [27] which, together with
the high photon flux characteristic of laser pulses, opens
interesting possibilities in terms of combining dual-
frequency combs with microband electrodes. One
drawback, however, is the narrow spectral window
inherent to the frequency comb method.

Figure 4
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Pump-probe strategies

While step-scan FTIR or frequency-comb methods
combined with potential-step experiments allow
increasing the time resolution into the sub-millisecond
regime down to the microsecond time domain, going
beyond this threshold down to the picosecond regime
requires more sophisticated strategies. Zwaschka et al.
[3] and Kraack and Hamm [29] have recently published
excellent reviews of methods to characterise ultrafast
processes at electrode—electrolyte interfaces, and we
will not examine them in-depth here, but we think it
convenient to re-examine here the ultrafast ATR-
SEIRAS-based methods.

In a series of articles, Yamakata et al. [30—32] have
demonstrated that recording ATR-SEIRA spectra
using adequately delayed short infrared pulses after a
laser-induced temperature jump at the electrode
—electrolyte interface allows to cover the range of
time resolution from microsecond to picosecond. It is
worth mentioning that, although the response to the
perturbation is not limited in these experiments by the
cell’s time constant, they are still limited by how fast the
interface heats and dissipates energy after the heating
laser pulse. Time resolution is obviously limited by the
duration of the laser pulses. Using the CO stretching
frequency as a probe of the interfacial potential, Yama-
kata et al. [30] were able to monitor coulostatic poten-
tial transients after a laser-induced temperature jump
peaking at around 200 ps, which cannot be achieved if
conventional electrochemical methods are used.
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Time-resolved evolution of the ATR-SEIRAS absorbance change (a) during the desorption of 4-dimethylaminopyridine after a potential jump from +0.30
to —0.90 V, obtained using dual-frequency comb IR spectroscopy and time evolution of the integrated peak area of the A’ ring mode of 4-
dimethylaminopyridine at 1628 cm™ (b) using (a) 20 ps and (b) 200 us time binning. The red line is a fit to a double exponential decay. Reprinted with

permission from Ref. [26]. Copyright 2020 American Chemical Society.
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Kraack et al. [33] have investigated the surface
enhancement effect in pump-probe 2D ATR-SEIRAS.
Classical ATR-SEIRAS requires metal films deposited
on the infrared-transparent substrate with a thickness
above the percolation threshold to avoid too large a
resistance within the thin metal film, which would lead
to too large IR drops [34]. In the case of pump-probe
2D ATR-SEIRAS, however, the film resistance is not
an issue because perturbing the system does not
involve a potential step but a pump laser pulse. Much
thinner films below 1 nm can be therefore used, which
are also closer to the conditions under which the SEIRA
effect is maximum, often at the expense of anti-
absorption or bipolar bands [35,36]. Using their
pump-probe 2D ATR-SEIRAS technique, this group
has been able to measure the vibrational relaxation
time constant of CO adsorbed on Pt nanoparticles
deposited on an indium tin oxide (I'TO) electrode. A
very mildly potential-dependent time constant of
2.5 +£0.1 psat —1.0 Vand 3.1 £ 0.1 ps at 0.4 V versus
Ag/AgCl (KClg,,) was found [37]. Spectral diffusion
dynamics, which is determined by the interaction be-
tween adsorbed CO and the surrounding interfacial
water molecules, was also investigated and was found to
also depend very little on the applied potential [37].
This was attributed to (i) the lack of significant
potential-dependent alignment or ordering of adsorbed
molecules with respect to the surface and (ii) too weak
an influence of the applied electric field on the reor-
ientation and hydrogen bonding of water molecules in
close proximity to the surface on the intermolecular
dynamics due to the kind of electrode material used
(Pt nanoparticles deposited on I'TO).

Conclusions and outlook

Due to its high sensitivity, ATR-SEIRAS is well suited
for time-resolved vibrational spectroscopy studies of
electrode—electrolyte interfaces. Most importantly, the
time resolution achievable by combining ATR-SEIRAS
with other experimental methodologies covers the
whole range from the second/sub-second range to the
picosecond regime, which allows exploring a whole va-
riety of parameters and phenomena of physical and
chemical relevance. These include the kinetics and
mechanisms of electrocatalytic reactions, the dynamics
of adsorption and double layer charging, vibrational
relaxation, and vibrational diffusion due to intra-
molecular and/or intermolecular interactions.

Given the huge range of time resolution available and
the relevance of the phenomena that can be explored in
each of the accessible time scales, it is indeed surprising
that the number of time-resolved experiments that have
been reported to date is rather small (see the relatively
short bibliographical list spanning a very long period of
time). It is particularly worth highlighting the scarcity of
studies making use of step-scan FTIR spectroscopy and

pump-probe methods, which are well established in
other fields. It is true that electrochemical systems
involve particularly challenging experimental condi-
tions, but the field should be sufficiently mature to
explore the potential of these powerful tools.
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