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Abstract

Probing the dynamics of molecular catalysts
at electrode/electrolyte interfaces is essen-
tial for understanding catalytic mechanisms.
Structure-specific spectroscopic methods are
particularly powerful for examining electro-
catalytic interfaces but are mostly used un-
der steady-state conditions. Herein, we com-
bined surface-enhanced infrared absorption
spectroscopy (SEIRAS) with phase-sensitive
detection (PSD) to investigate the dynamics of
a molecular Ir-based water oxidation catalyst
at a Au/electrolyte interface. We found that
the amplitude of the absorbance of the catalyst
is anticorrelated to that of interfacial water.
This anti-correlation can be understood by the
adsorption of the electrooxidized catalyst on
the electrode and concurrent displacement of
interfacial water. The infrared signals from
the interface exhibit an increasing phase-lag
with respect to the electrode potential with
increasing scan rate of the potential. Kinetic
modeling suggests that the potential-dependent
adsorption/desorption kinetics of the molecu-
lar catalyst on the electrode gives rise to this
phase-lag. This study shows that PSD-SEIRAS
is a powerful tool for investigating the interfa-
cial dynamics of electrocatalytic systems.

Electrocatalysis is fundamentally enabled by
dynamic interactions between diverse chemi-
cal species at electrochemical interfaces. The
dynamics relevant for electrocatalysis span a
wide range of timescales from hours to pi-
coseconds and include the kinetics of ad-
sorption/desorption of interfacial species,!™
(de)solvation,*® surface reconstructions,®1°
and double-layer formation.!'2  Structure-
specific methods, such as vibrational spec-
troscopy or X-ray techniques, are particularly
well-suited to investigate the molecular struc-
ture and dynamics of electrochemical inter-
faces.'® 17 However, probing these dynamic
processes with structure-specific methods is
often challenging, especially when the tran-
sient signals of interest are weak or difficult
to discern. Therefore, there is a great need to
advance structure-specific methods capable of
monitoring dynamic interfacial processes with
high detection sensitivity.

Modulation excitation spectroscopy (MES) is
a powerful technique that can be combined with
different spectroscopic methods to greatly en-
hance signal-to-noise ratios.'® 2! In MES, the
system is excited periodically and its response
is monitored as a function of time. Within this
context, phase-sensitive detection (PSD) of the
time-dependent signal gives rise to the phase-
domain response, which has a much higher



signal-to-noise ratio. In addition, the analysis
of the phase delay between excitation and re-
sponse provides information about the kinetics
of the underlying processes. 922

In a previous study,?® we combined surface-
enhanced infrared absorption spectroscopy
(SEIRAS) with PSD to study a homogeneous
Ir catalyst (“blue Ir-dimer”?') at a Au elec-
trode/aqueous electrolyte interface. We showed
that PSD-SEIRAS is capable of detecting in-
frared (IR) bands with amplitudes as low as
several tens of pOD (OD = optical density).
We identified two reaction intermediates, oxo
(Ir'¥=0) and superoxo (Ir'V-OO®), whose rel-
ative populations change with electrode po-
tential. In our earlier study, however, we did
not analyze the phase delay of the IR response
with respect to the potential modulation. This
analysis is the focus of the present work.

The key motivation for our analysis was the
observation that the phase delay between the
absorbance from the Ir-dimer increases with
increasing scan rate of the electrode poten-
tial. A simple kinetic model suggests that the
phase delay is likely connected to the adsorp-
tion/desorption processes of the electrochem-
ically oxidized Ir-dimer. This hypothesis is
supported by how the IR signals of interfacial
water and the Ir-dimer respond to the elec-
trode potential. These findings show that PSD-
SEIRAS is capable of characterizing the adsorp-
tion/desorption kinetics of a molecular catalyst
at an electrode under dynamic potential con-
trol. Understanding this complex interaction
between molecular catalyst and electrode is im-
portant because the adsorption of a molecular
catalyst on an electrode can alter catalytic rates
and mechanisms. 2526

In MES, the spectroscopic response of the
system to an external periodic perturbation
is monitored as a function of time. In the
present case, the Au electrode was subjected
to a series of cyclic voltammetry (CV) scans
from 1.4 to 1.7 Vrug (RHE = reversible hydro-
gen electrode), and single-beam sample spec-
tra of the Au/electrolyte interface, S(t), were
collected every 122 ms. The single-beam spec-
tra were then converted to absorbance accord-

ing to A(t) = —10%log;o(S(t)/R), where R
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Figure 1: Phase-domain SEIRA spectra of the
interface between a polycrystalline Au electrode
and an aqueous solution of 0.1 M HCIO, con-
taining 1.25 mM Ir-dimer for different demod-
ulation phase angles, ¢™>P, as indicated. The
spectra resulted from a modulation of the elec-
trode potential between 1.4 and 1.7 Vrug at a
scan rate of 2 mV s™!. The gray highlighted
region below 900 cm™! indicates the region of
the broad librational band of water. All sharp
peaks were ascribed to the active state of Ir-
dimer catalyst during water oxidation.

is the single-beam reference spectrum, which
was recorded at open circuit. The time-
dependent absorbance, A(t), was converted to
the phase-domain absorbance using the formula
An(@PP) = 2 [T A(t) sin(nwt — 7 /2 +"SP)dt,
where T, w, and ©"SP denote the period, an-
gular frequency, and demodulation phase an-
gle, respectively. '*1 The term —m/2 was added
because the spectral collection was initiated at
the starting potential of the CV (1.4 Vgyg),
which is the minimum point of the periodic po-
tential modulation. The angular frequency was
calculated according to w = nv/AFE, where v
is the scan rate (in V s7') and AFE is the po-
tential range of the CV (in V). Only the first-
order response (n = 1) yielded a significant sig-
nal and is therefore the subject of the following
discussion. The second-order response (n = 2)
did not exhibit pronounced IR signals (Figure
S1, Supporting Information). Further details of
the data collection and analysis are described
in-depth in our previous publication?® and the



Supporting Information.

Figure 1 shows the phase-domain spectra of
the interface between a polycrystalline Au elec-
trode and an aqueous solution of 0.1 M HCIO,4
containing 1.25 mM Ir-dimer, with the demod-
ulation phase angle shown in the legend. The
changes in absorbance were caused by modu-
lating the electrode potential between 1.4 and
1.7 Vrur at a rate of 2 mV s~'. The spectra
exhibit a broad band below 900 cm™! (gray-
shaded area), which is due to strong water ab-
sorptions in this spectral range. 2" In addition to
this broad band, there is a series of compara-
tively sharper bands throughout the observed
spectral range. In our previous work,?? we
showed that this series of sharper bands arises
from the active state of the Ir-dimer during wa-
ter oxidation and that the band at 818 cm™! is
consistent with an Ir-oxo intermediate. In the
present study, we focus on the kinetic informa-
tion contained in these spectra, which we did
not discuss previously.

Inspection of Figure 1 reveals that all sharp
bands from the catalyst feature the same phase
angle, indicating that they arise from the same
species. The broad band below 900 cm™! arises
from water librations, that is, hindered rota-
tions of water.?” The phase of this band is
anti-correlated with the sharper bands arising
from the active state of the Ir-dimer catalyst:
When the absorbance bands from the catalyst
increase, there is a loss of absorbance in the wa-
ter librational band, and vice versa. To under-
stand this anti-correlation between the bands, it
is instructive to examine the time-domain data.

Figure 2A shows the absorbance at 792 cm™*
during a CV scan. At this wavenumber, the ab-
sorbance is dominated by the librational band
of interfacial water. In the initial portion of
the anodic forward scan, the absorbance is in-
dependent of applied potential. Upon reaching
a potential of ~1.6 Vgyg, the absorbance de-
clines steeply with further increasing electrode
potential. This decline coincides with the onset
of the water oxidation reaction (Figure S2, Sup-
porting Information). The curve exhibits a sub-
stantial hysteresis during the reverse scan, with
an initially stable absorbance, followed by a
steep rise at ~1.55 Vryg. A control experiment
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Figure 2: Change of absorbance at 792 cm™!
(water librations) on a polycrystalline Au elec-
trode in contact with 0.1 M HCIO4 containing
1.25 mM Ir-dimer during a CV between 1.4 and
1.7 Vgur at a scan rate of (A) 2 mV s™! and
(B) 40 mV s~!. The arrows indicate the direc-
tions of the potential scan.

without the Ir-dimer catalyst in solution, as re-
ported in our previous study,?® demonstrates
that the behavior of the water librational band
is not due to the oxidation of Au. Indeed, this
potential-dependent profile is suggestive of an
electrosorption process?® and leads to the fol-
lowing hypothesis: Upon passing the potential
of ~1.6 Vgug, the Ir-dimer catalyst is oxidized
and the oxidized form of the catalyst adsorbs on
the electrode, displacing interfacial water. The
adsorption of the rather bulky Ir-dimer may dis-
place multiple water layers and/or restructure
interfacial water.

It has been reported that redox couples in
solution have different formal potentials com-
pared to those of their heterogeneous coun-
terparts for molecular catalysts?® and self-
assembled monolayers.?? The physicochemical
origins include ligation effects,?® interactions



with electrolyte anions,3? and differences in lo-
cal dielectric constant.?' Therefore, it is con-
ceivable that the adsorbed form of the Ir-dimer
catalyst has a different redox potential relative
to the catalyst in solution, explaining the hys-
teresis of the curve in Figure 2A. This interpre-
tation is consistent with the absorbance profile
and explains the anti-correlation between the
librational band of water and the bands of the
Ir-dimer catalyst.

To further strengthen our interpretation, we
also examined the absorbance profiles of the O-
H stretching and water bending modes (Figures
S3-S5, Supporting Information). Both bands
exhibited the same behavior as that of the libra-
tional band, which further supports the hypoth-
esis of the presence of adsorption/desorption
processes in our system. Additional support
comes from a control experiment that shows
that the reduced species of the Ir-dimer catalyst
is not detectable under our experimental condi-
tions (Figure S6, Supporting Information). In
our previous study,? we also showed that ex-
situ X-ray photoelectron spectroscopy (XPS) of
the electrode after the SEIRAS experiments re-
veals the presence of adsorbed Ir-dimer cata-
lyst. The adsorbed species is likely an intact
form of the catalyst.? A detailed discussion is
provided in Supplementary Note 1 of the Sup-
porting Information. However, the chemical na-
ture of the adsorption is not resolved and re-
quires additional research. It is possible that
the formation of an oxide layer on Au induces
the substitution of HyO ligands of the Ir-dimer,
facilitating its adsorption on the electrode.3?

With this understanding established, we now
examine the dependence of the absorbance pro-
file on the scan rate of the potential. Figure 2B
shows the absorbance profile at 792 cm~! for a
scan rate of 40 mV s~!. Similar to its behavior
at 2 mV s~!, the absorbance does not change
substantially until the potential surpasses ~1.6
Vgur, at which point it decreases steeply. In-
terestingly, upon reversal of the scan direction
at 1.7 Vgrug, the absorbance continues to de-
cline, in stark contrast to the behavior at 2 mV
s~1. Similarly, the O-H stretching and water
bending modes exhibited an analogous behav-
ior at a scan rate of 40 mV s=! (Figure S5B,D,

Supporting Information). This observation in-
dicates that the physical or chemical processes
that control the rates of adsorption/desorption
fall behind the rate at which the potential is
modulated. The absorbance at 792 cm™! dur-
ing the CVs for different scan rates from 10 to
80 mV s~! is shown in Figure S7 of the Sup-
porting Information; an overlay of the data for
all scan rates is presented in Figure S8 of the
Supporting Information.

We note that stochastic simulations show that
a reversible, homogeneous process of the form
Cox + €~ = CLeq produces a symmetrical con-
centration profile around the anodic turning po-
tential (Figure S9, Supporting Information), in-
dicating that the different degrees of accumula-
tion/depletion of redox active species at the in-
terface for different scan rates during this pro-
cess cannot reproduce the experimentally ob-
served phase delay. Details of the simulation
are provided further below and in the Support-
ing Information. Similar results are also ob-
tained from analytical models of the concentra-
tions of electroactive species in the vicinity of
the electrode during CV.3* These findings fur-
ther support our notion that the origin of the
phase delay is related to adsorption/desorption
processes involving the electroactive species.

The delay between the potential perturbation
and the adsorption/desorption of the Ir-dimer
catalyst on the electrode can be quantified us-
ing MES. Figure 1 shows that the absorbance
at 1290 cm™! is anticorrelated with that aris-
ing from water librations (absorbance at 792
cm™').  Accordingly, the absorbance at 1290
cm~ ! is dominated by the adsorbed Ir-dimer
catalyst and will be used to characterize the
adsorption/desorption kinetics of the Ir-dimer
catalyst. Figure 3 shows the phase delay (¢)
between the electrode potential and the ab-
sorbance at 1290 cm™! (blue trace). The phase
delay was calculated using ¢ = 27 —¢F5P where
©PSD refers to the demodulation phase angle
at which A, (o"5P) reaches its maximum value
(Figure S10, Supporting Information). The
phase delay changes markedly with the angu-
lar frequency of the potential modulation, con-
firming the observation that the processes that
give rise to the signal do not keep up with

max?



the potential-modulation with increasing scan
rate. This analysis also confirms that the ab-
sorbance of the adsorbed Ir-dimer catalyst is
phase shifted by ~7 with respect to the ab-
sorbance of water at 792 cm ™! (Figure S11, Sup-
porting Information), as asserted earlier from
qualitative inspection of Figure 1.

To exclude the possibility that the phase
delay originates from an instrumental arti-
fact, we conducted vibrational Stark spec-
troscopy of an electrode decorated with 4-
mercaptobenzonitrile (Figure S12, Supporting
Information).?*3¢ A detailed analysis of the
Stark shift is provided in Figures S13 and S14 of
the Supporting Information. On the timescale
of our experiments, the Stark shift of the ni-
trile stretching mode of 4-mercaptobenzonitrile
is instantaneous and should therefore be inde-
pendent of the scan rate of the potential. Con-
sistent with this expectation, the Stark shift
does not exhibit a phase delay (beige trace in
Figure 3), confirming that the phase delay ob-
served for the catalytic system arises from its
intrinsic properties.

To confirm that the proposed model can give
rise to the observed phase delays and scan-rate
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Figure 3: Phase delay of the peak at 1290
cm ™!, simulated concentration of *Cy, and in-
tegrated area of the nitrile stretching band of
4-mercaptobenzonitrile at 2220 cm ™ as a func-
tion of angular frequency of the potential mod-
ulation. *C,, refers to the oxidized form of the
surface-adsorbed catalyst. Error bars represent
standard deviations of the average of 3 indepen-
dent experiments.

dependent absorbance profiles, we built a sim-
ple reaction model and examined its kinetic be-
havior with Kinetiscope, a stochastic kinetics
simulator.3” A schematic of the model is shown
in Figure 4A. The model includes a fast single-
electron transfer reaction involving the reduced
form of the Ir-dimer, C,q, and its oxidized
form, C,y, in solution and a related process for
the corresponding surface-adsorbed species, de-
noted with a star (*). The only species that
is experimentally detectable in our experiments
is *Cox, whose formation is assumed to displace
interfacial water. The redox reactions of the
species in solution and on the surface are as-
sumed to have different equilibrium potentials.
This assumption is justified based on the ob-

(A) Cred < = > Cox
Kges Kads
* Crea < < > |*Cox
(B)

Electrode Interface Electrolyte =~ Electrolyte

Gradient
Diffusion

Gradient
Diffusion

Electron
Transfer

Figure 4: (A) Hypothesized reaction steps at
the interface. They include irreversible ad-
sorption and desorption and reversible single-
electron transfer. These steps give rise to the in-
terconversion of the reduced and oxidized forms
of the catalyst. The gray and dark blue rect-
angles represent the electrode surface and so-
lution, respectively. The experimentally de-
tected species is highlighted with a red box. (B)
Schematic of the simulation system, illustrating
the division of the system into a stack of reac-
tion compartments. Electron transfer and gra-
dient diffusion are illustrated by bidirectional
Arrows.



Table 1: Parameters for kinetic simulation
model: equilibrium potentials for the solution
and surface redox couples Ey s, and Ejy surf, re-
spectively; standard rate constant of electron
transfer ky; adsorption rate constant k,qs; des-
orption rate constant kge; diffusion coefficient
D of solution species.

Parameter \ Value
EO,sol (VRHE) 1.65
Eo,surt (VREE) 1.40
ko (cm s71) 0.05
Fags (M~1s71) 100
Kdes (S_l) 50
D (em? s71) ] 0.763-107°

servation of hysteresis in the adsorption pro-
file (Figure 2A), which was obtained at a slow
scan rate (2 mV s™1; quasi-steady state). The
oxidized catalyst in solution, C,y, adsorbs irre-
versibly on the electrode with a rate constant
kaqs- The reduced form of the surface-adsorbed
catalyst, *Cieq, desorbs irreversibly with a rate
constant kges. The latter assumption of irre-
versible desorption is justified based on the ob-
servation that *C,.q is not detectable in our ex-
periments (Figure S6, Supporting Information).
Detection of *C, suggests a sizable equilibrium
constant of adsorption, which is given by the ra-
tio of the adsorption rate constant to the des-
orption rate constant of the oxidized species.
Because of limited information about the sys-
tem, we made the simplifying assumption of an
irreversible adsorption process.

Within Kinetiscope, the system was mod-
eled as a stack of reaction compartments (Fig-
ure 4B). A more detailed reaction scheme for
the simulation is shown in Figure S15 of the
Supporting Information. Between electrode
and the first electrolyte compartment labeled
“interface”, only electron transfer was permit-
ted with rates described by the Butler-Volmer
model (ko, Ep, and electrode potential; a sym-
metry factor of 0.5 was assumed, see Table 1
for definition of symbols). The “interface” com-
partment contained adsorption sites with a con-
centration of 0.1 M. The initial concentration
of C,eq was 1.25 mM in the “interface” and all

“electrolyte” compartments. C,oq and C,, were
free to diffuse between all compartments but
the one labeled “electrode”. Details of the sim-
ulation are described in the Supporting Infor-
mation.

The simulation parameters were altered un-
til good agreement with the experimental re-
sults was achieved. The chosen parameters are
shown in Table 1 and a description of how they
were determined is provided in the Supporting
Information. The kinetic scheme and param-
eters lead to a negligible surface-concentration
of *Creq (Figure S16, Supporting Information),
consistent with the experimental observation of
only a single surface species. In addition, the
simulated concentrations of the solution species
Cox and C,eq near the electrode surface do not
exhibit a phase delay with respect to the scan
rate of the electrode potential (Figures S17 and
S18, Supporting Information), which further
supports our proposed model that the observed
phase delay arises from adsorption/desorption
of surface species.

Figure 5 compares the simulated concentra-
tion of *Cox (red traces, left ordinates) with
the absorbance of the adsorbed Ir-dimer cata-
lyst (probed at 1290 cm™!; blue traces, right
ordinates) as a function of time for different
scan rates from 2 to 80 mV s~!. The simu-
lated profiles reproduce the trends in the exper-
imental ones. Inspection of Figure 3 shows that
the phase delay between electrode potential and
the simulated concentration of *C,, qualita-
tively follows the experimental data (peak am-
plitude at 1290 cm™!). We note that the ki-
netic model does not capture the full complex-
ity of the real system, which involves multiple
electron/proton-transfers and turnover of the
oxidized catalyst from water oxidation. There-
fore, the values of the parameters in Table 1
should not be quantitatively interpreted. Ir-
respective of these apparent limitations, the
model supports our hypothesis that the de-
lay between potential perturbation and infrared
signal arises from the potential-induced adsorp-
tion/desorption kinetics of the Ir-dimer catalyst
on the electrode.

To test the robustness of this interpretation,
we examined the sensitivity of the model to the
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Figure 5: Comparison between the simulated concentration of *Cy (red) and the experimentally
measured absorbance at 1290 cm™! (blue) as a function of time for the potential scan rates of (A)
2, (B) 10, (C) 20, (D) 40, (E) 60, and (F) 80 mV s~!. The dashed line in each panel represents the

anodic turning potential of the CV (1.7 Vryug).

model parameters and considered an alterna-
tive kinetic scheme. First, we systematically
examined the response of the phase lag to the
model parameters Ey g1, £o, surf; Kads, and Kqes.
As shown in Figure S19 of the Supporting In-
formation, the value of the phase delay dis-
plays sensitivity to all model parameters but
is most sensitive to the parameters that con-
trol desorption of *Cox (Eo surf; Kdes). How-
ever, the change of the delay with increasing
scan rate is relatively insensitive to the choice
of the model parameters. Second, we exam-
ined a model that includes a reaction channel
in which the oxidized species, C,, and *C,,,
decay in a potential-independent manner due
to water nucleophilic attack. This step is of-
ten assumed to be rate-limiting in the oxi-
dation of water.3¥4% This alternative scenario

that includes potential-independent turnover of
Cox/*Cox due to water nucleophilic attack does
not change the qualitative features of the model
(Figures S20 and S21, Table S1, Supporting In-
formation). These observations confirm the ro-
bustness of our model in qualitatively explain-
ing the experimentally observed phase delay.
In summary, during MES of the interface of
a Au electrode and an electrolyte containing a
molecular water oxidation catalyst (Ir-dimer),
we observed two infrared signals whose ampli-
tudes are anticorrelated. As established in our
previous work,?® one signal is attributable to
librations of interfacial water, the other to the
active state of the Ir-dimer catalyst at the in-
terface. Herein, we showed that the anticorre-
lation of the two signals can be understood by
the adsorption of the oxidized form of the Ir-



dimer on the Au electrode and the associated
displacement of interfacial water from the elec-
trode. Further evidence for this interpretation
comes from the potential-dependent absorbance
profiles, which suggest an electrosorption pro-
cess. We further showed that the phase-shifts
of the IR signals with respect to the periodic
potential modulation increase with increasing
scan rate of the electrode potential, indicat-
ing that the physical and/or chemical processes
that underlie the infrared signal fall behind the
potential-modulation frequency. A simplified
kinetic model of the catalyst system implicates
the potential-driven adsorption/desorption of
the Ir-dimer as a possible origin of the phase
delay. Our study shows that PSD-SEIRAS has
the potential to reveal interfacial dynamics of
complex electrocatalytic systems.

Supporting Information. Experimental
procedures; discussion the molecular nature
of the adsorbed species; phase-domain SEIRA
spectra (second-order response); CV of Au in
contact with Ir-dimer solution; phase-domain
SEIRA spectra over a wider range of wavenum-
bers; steady-state spectra collected in Ir-dimer
solution; absorbance changes of water libra-
tional, stretching and bending modes during
potential modulation; phase-domain SEIRA
spectra for a potential modulation between
1.3 and 1.6 Vgpg; change of absorbance of
water librations as a function of potential
for different scan rates; simulation for re-
versible one-electron transfer; peak amplitude
at 1290 ecm™! versus demodulation phase an-
gle; phase delay of water librational band;
phase-domain and time-domain SEIRA spec-
tra of 4-mercaptobenzonitrile on Au; expla-
nation of biphasic nitrile stretching band; de-
tailed scheme of simulation; simulated con-
centration profiles of all solution and surface
species (Cred, Cox, *Crea, and *Cyy); dependence
of phase delay on simulation parameters; alter-
native model, including decay of C, and *C,,
due to water oxidation.
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