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ABSTRACT: Attenuated total reflection surface-enhanced infra- Steady—state time-resolved
red absorption spectroscopy (ATR-SEIRAS) is a powerful method

for probing interfacial chemical processes. However, SEIRAS-active Siw S l-y = !
nanostructured metallic thin films for the in situ analysis of "

electrochemical phenomena are often unstable under biased |To o N I~ P2
aqueous conditions. In this work, we present a surface-enhancing § 8
structure based on etched black Si internal reflection elements with  g; g T4 s g
Au-coatings for in situ electrochemical ATR-SEIRAS. Using \ "E 2
electrochemical potential-dependent adsorption and desorption of D =D

4-methoxypyridine on Au, we demonstrate that black Si-based a2 ad E.: 0

substrates offer advantages over commonly used structures, such as
electroless-deposited Au on Si and electrodeposited Au on ITO-
coated Si, due to the combination of high stability, sensitivity, and
conductivity. These characteristics are especially valuable for time-resolved measurements where stable substrates are required over
extended times. Furthermore, the low sheet resistance of Au layers on black Si reduces the RC time constant of the electrochemical
cell, enabling a significantly higher time resolution compared to that of traditional substrates. Thus, we employ black Si-based
substrates in conjunction with rapid- and step-scan Fourier transform infrared (FTIR) spectroscopy to investigate the adsorption
and desorption kinetics of 4-methoxypyridine during in situ electrochemical potential steps. Adsorption is shown to be diffusion-
limited, which allows for the determination of the mean molecular area in a fully established monolayer. Moreover, no significant
changes in the peak ratios of vibrational modes with different orientations relative to the molecular axis are observed, suggesting a
single adsorption mode and no alteration of the average molecular orientation during the adsorption process. Overall, this study
highlights the enhanced performance of black Si-based substrates for both steady-state and time-resolved in situ electrochemical
ATR-SEIRAS, providing a powerful platform for kinetic and mechanistic investigations of electrochemical interfaces.

KEYWORDS: ATR, SEIRAS, black Si, Au nanoparticles, time-resolved IR spectroscopy, in situ IR spectroscopy
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B INTRODUCTION intermediates, quantify kinetics, and understand dynamic
The importance of understanding electrochemical interface changes to reaction microenvironments, all of which are
processes is continuously growing, driven in part by the critically important for understanding the behavior of electro-
increasing interest in renewable energy and energy storage chemical interfaces.” However, a major limitation of Fourier

technologies, such as (solar) water splitting, battery
technologies, and electrocatalytic synthesis of sustainable
fuels." To advance these applications, a key need is to gain
mechanistic insights into interfacial processes via real-time in attenuated total reflection (ATR) geometry to achieve a
situ spectroscopy, which enables direct observation of reaction micrometer-scale sampling depth. Even higher surface
intermediates or degradation processes under operating
conditions. In this regard, infrared absorption spectroscopy is
a particularly powerful technique due to its sensitivity to
molecular vibrations, which enables the identification of
specific chemical bonds at the interface. Therefore, this
technique is especially relevant for the observation of catalytic
processes, such as CO, reduction catalysis,” ® or for
photoelectrochemical water splitting.”® In particular, time-
resolved studies provide the ability to observe reaction

transform infrared (FTIR) spectroscopy is its lack of surface

sensitivity, which can be partially overcome by using the

sensitivity can be realized by the use of metallic films for

EEIAPPLIED mireriats

Received: November 17, 2023 RS
Revised:  December 20, 2023 .
Accepted: December 22, 2023
Published: January 24, 2024

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsami.3c17294

v ACS Pu bl icatiO ns 6653 ACS Appl. Mater. Interfaces 2024, 16, 6653—6664


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Rauh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Dittloff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moritz+Thun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Stutzmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+D.+Sharp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c17294&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17294?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17294?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17294?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17294?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c17294?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/5?ref=pdf
https://pubs.acs.org/toc/aamick/16/5?ref=pdf
https://pubs.acs.org/toc/aamick/16/5?ref=pdf
https://pubs.acs.org/toc/aamick/16/5?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c17294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

surface-enhanced infrared absorption spectroscopy (SEIRAS),
which extends sensitivity down to the nanometer-scale.

A common geometry for in situ electrochemical ATR-FTIR
experiments is the Kretschmann configuration in which the
internal reflection element (IRE) also serves as the working
electrode. Since the surface of the IRE comprises the substrate
under investigation, it must simultaneously fulfill the require-
ments imposed by the FTIR measurement and the catalytic
system. Due to the involved complexity, most investigations
have so far been limited to processes occurring on thin (<100
nm) metallic films deposited on Si or Ge IREs, with the most
common systems being based on Au thin films deposited onto
Si IREs using a variety of different techniques.'””" Such
systems allow for acceptable transmission in the fingerprint
region of the IR spectrum and exhibit superior chemical
stability due to the use of a noble metal on a relatively inert
substrate. In addition, nanostructuring the Au thin film can
yield dramatic improvements to surface sensitivity due to local
field enhancement caused by plasmonic interactions and the
lightning rod effect.'* The resulting ATR-SEIRAS config-
uration allows for analysis of the immediate vicinity (<10 nm)
of the substrate surface, enabling the measurement of (sub-)
monolayer coverages of organic compounds and intermediate
states, as well as reaction microenvironments.

Such nanostructured Au films have been shown to enable
valuable insights into a variety of catalytic processes. The
nanostructuring necessary for the surface enhancement is
usually achieved via electroless deposition,'"”'>~"" electro-
deposition,"” colloidal self-assembly,'® or physical vapor
deposition,'”"”* sometimes accompanied by electrochemical
surface roughening.'»”' Other metals, including a variety of Pt
group metals,”>?* Ag,24 and Cu,”® have also been successfully
implemented for in situ FTIR studies. While these layers
generally lead to sufficient surface enhancement, they often
suffer from poor adhesion to the underlying IRE substrate.
This leads to a high probability of spontaneous delamination
during the measurement, which limits the accessible electro-
chemical potential range during in situ measurements,
precludes long-term studies, and adversely affects reproduci-
bility. Furthermore, films rarely survive dismounting from the
electrochemical cell, which makes it impossible to characterize
electrode surfaces following in situ experiments and prevents
repetitive measurements of individual surfaces. A solution to
this issue is the use of an adhesion layer, such as Ti, between Si
and Au. While such structures have been reported,”" it has also
been shown that the presence of the adhesion layer suppresses
the surface enhancement effect."

The demand for a widely applicable, robust, and
reproducible IRE substrate design that simultaneously offers
high surface sensitivity and electrochemical stability has
motivated the development of alternative structures, most
notably those that use transparent conductive oxides (TCOs)
as adhesion promoters. In addition, electrical conductivities of
such films enable the integration of electrodeposited Au
layers.">*® While such strategies enhance the mechanical
adhesion of subsequently deposited Au structures, they also
introduce a new material with limited chemical stability. In
particular, achieving efficient surface enhancements requires a
nanostructured morphology, the porosity of which can easily
leave the TCO exposed and vulnerable to degradation if the
conditions extend beyond the stability window of the oxide.””
Considering the chemical susceptibilities of the most
commonly used TCOs, which include indium tin oxide
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(ITO), indium zinc oxide (IZO), and fluorine-doped tin
oxide (FTO),”” ™’ this can severely limit the accessible range
of surface potentials and pH values during in situ electro-
chemical FTIR experiments. To overcome these stability
limitations, an alternative method based on boron-doped
diamond (BDD) thin films to replace the TCO layer was
recently reported and shows exceptional stability over a broad
range of electrochemical potentials.”® While such BDD layers
offer great promise for in situ studies, they also require
specialized chemical vapor deposition reactors for fabricating
the coatings and are characterized by spectral absorption in the
1100—1300 cm™ range, which could interfere with some
measurements. Furthermore, the comparatively high resistiv-
ities of the diamond layers and TCOs lead to long RC time
constants that limit the temporal resolution of such electrodes
for time-resolved in situ electrochemical measurements. While
this can be partially addressed by microstructuring to reduce
the associated capacitance,’’ this comes at the cost of reduced
solid/liquid contact area and IR light coupling efficiency.

In the present work, we demonstrate an alternative strategy
to achieve highly robust and surface-sensitive IREs for
advanced in situ electrochemical FTIR experiments. These
substrates are generated via nanostructuring of the IRE using a
wet-chemical method that was originally developed as a surface
treatment to reduce reflective losses of solar cells.””™** The
resulting nanomorphology, known as black Si, offers an
increased surface area and high roughness, which greatly
enhances Au adhesion compared to planar Si surfaces, allows
for measurements over a wide potential range for at least 10 h
of operation, and significantly increases the solid/liquid
contact area. Using reversible adsorption of a 4-methoxypyr-
idine (MOP) monolayer'® as a benchmark measurement, we
show that the additional nanostructuring leads to significantly
improved stability without sacrificing surface sensitivity
compared to traditional approaches. In addition, the presented
structure offers higher electrical conductivity compared with
TCO-based substrates. This greatly reduces the series
resistance of the electrochemical system and therefore provides
dramatically faster electrochemical response times, thereby
enabling time-resolved measurements down to the single-digit
millisecond range when combined with advanced FTIR
measurement techniques. Importantly, the low sheet resistance
of the reported IRE ensures that the resistance of the
electrolyte rather than that of the working electrode limits
this response time, opening opportunities for characterizing
even faster dynamics by using suitably conductive electrolytes
or improved electrochemical cell designs. While time-depend-
ent FTIR studies have been used extensively for observing
slower time scales in the range of seconds, studies at such fast
335737 and  typically
comprise poorly adhesive planar metallic films. Here, we use
the electrochemically robust and surface-sensitive black Si-
based IRE substrates as a basis for a time-resolved study of the
aforementioned MOP model system, investigating the depend-
ence of adsorption and desorption time constants and
molecular orientations on the MOP concentration in the
electrolyte. Thus, the presented nanostructured black Si IRE
substrates are versatile platforms for both steady-state and
time-resolved in situ electrochemical FTIR. Overall, this work
paves the way for intricate mechanistic studies with high
stability, reproducibility, and submonolayer sensitivity.

time scales are much more scarce
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B EXPERIMENTAL SECTION

IRE Surface Preparation. The commercial IREs used in this
study are based on Si wafers (Specialized 1, Irubis) that feature
periodic microstructures on their backsides to facilitate in- and out-
coupling of IR light and minimize reflective losses. This geometry
provides significant advantages in terms of reduced cost, improved
handling, and decreased absorption losses compared with traditional
ATR crystals. All substrates were cleaned by ultrasonication in
acetone (ULSI grade, Microchemicals) and subsequently in isopropyl
alcohol (ULSI grade, Microchemicals) for 10 min each. After
sonication, each substrate was thoroughly rinsed with isopropyl
alcohol and dried under a stream of nitrogen. The remaining
contaminants were removed by oxygen plasma treatment for 10 min
at 200 W. These cleaning processes were performed immediately
before further processing steps to minimize the time for the
readsorption of contaminants.

Black Si (bSi) Etch. Black Si surfaces were produced by a wet-
chemical etching process adapted from Branz et al.** To begin with,
the native oxide covering the Si surface was removed by immersion in
a 5% hydrofluoric acid (HF, 50% Technic) solution for 2 min. This
treatment leads to metastable hydrogen termination of the Si surface.
The surface structuring was performed immediately after HF
treatment by consecutively placing a series of solutions on the
surface. In particular, a 100 yL droplet of 0.4 mM aurochloric acid
(HAuCl,, 49% Au basis, Sigma-Aldrich), followed by a 100 uL droplet
of 1.7% HF and 20% hydrogen peroxide (H,0,, 31%, BASF) were
placed on the surface for S min to form the black Si. Care was taken to
ensure that the backside of the substrate was kept pristine and did not
come into contact with the etching solution. An in-depth description
of this preparation process, as well as the involved reaction
mechanisms, was previously reported by Branz et al>* After the
black Si etch, the backside can be more robustly protected by covering
it with a photoresist (S1818, Microposit). We note that this
protection layer could not be applied earlier in the processing
sequence due to incompatibility with the solvent and plasma cleaning
steps. Furthermore, protection directly after cleaning could have led
to increased surface contamination and was therefore omitted in favor
of the aforementioned droplet technique. Finally, the surface structure
was refined by etching in a 0.4% potassium hydroxide (KOH, 85%
KOH basis, Sigma-Aldrich) solution at slightly elevated temperatures
of 30 °C for 10 s.*°

Electroless (EL) Deposition of Au. The electroless deposition
process described in the following is based on the previous work of
Miyake et al.'' and is briefly summarized here. Similar to the black Si
etching procedure, electroless deposition begins by immersion of the
sample in a 5% HF solution for 2 min. The substrates were then
immersed in a 1:1:1 mixture of three solutions containing 2% HF, 0.3
M sodium sulfite (Na,SO;, 97% Merck) with 0.1 M sodium
thiosulfate (Na,S,0;, 99.5% Sigma-Aldrich) and 0.1 M ammonium
chloride (NH,Cl, 99.5% Sigma-Aldrich), and 30 mM sodium
tetrachloroaurate (NaAuCl,, 99% Sigma-Aldrich) mixed in the
mentioned order. This mixture was preheated to 50 °C, after which
the substrates were immersed in it for 35 s. After deposition, the
substrates were first dried under a stream of nitrogen, then rinsed in
copious amounts of ultrapure deionized water, and dried again. The
protective photoresist-coating on the backside of the sample was
subsequently removed by immersion in acetone and isopropyl
alcohol, followed by final drying with nitrogen.

Electroless deposition was performed on two different types of
substrates: (i) on polished Si surfaces to replicate the most prevalent
substrate structure from the literature,"" and (ii) on substrates that
were pretreated with the black Si etching procedure. These latter
substrates were either used directly after electroless deposition or
further processed by thermal evaporation of an additional 30 nm-thick
Au layer. This additional evaporated Au layer was intended to increase
the in-plane electrical conductivity of the film and to cover any
exposed Si.

Electrodeposition (ED) of Au. The electrodeposition described
in the following is adapted from Andvaag et al."* A design allowing for
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homogeneous and repeatable electrodeposition requires a conductive
layer on the Si substrate, which by itself is not sufficiently electrically
conductive for the investigated time-resolved FTIR measurements
due to its low doping concentration. Thus, a S0 nm ITO layer was
sputtered onto the polished Si substrate prior to electrodeposition to
serve as a conducting adhesion layer. This layer was annealed at 400
°C in air for 1 h to improve conductivity and IR transparency.”
Afterward, the substrate was mounted inside a three-electrode
electrochemical cell with the ITO-coated Si serving as the working
electrode. An Au wire and a low leakage Ag/AgCl (Driref-2SH, World
Precision Instruments) electrode were used as the counter and
reference electrodes, respectively. Potentials were applied to the IRE
working electrode by using an Interface 1010E potentiostat (Gamry
Instruments). The geometric area exposed to the electrolyte was
0.125 cm”. Electrodeposition of Au nanoparticles was initialized by a
set of three cyclovoltammetry scans (CVs) from —1 to 1 Vag/agar at a
sweep rate of 20 mV s~ The electrolyte contained 0.1 M sodium
fluoride (NaF, 99% Sigma-Aldrich), 250 #M sodium tetrachloroaurate
(NaAuCl,, 99%), and 100 yM 4-methoxypyridine (97%, Sigma-
Aldrich). Further scans were performed at the same sweep rate, but
the potential window was reduced to a maximum potential of 0.05
Vagiagel in the positive direction. The electrochemical cell was
mounted in the spectrometer during electrodeposition, which allowed
for in situ monitoring of the emerging MOP signal as the
enhancement by the electrodeposited Au layer increased. For such
in situ probing of the surface enhancement, the substrate was held at
0.3 Vg/agct for 60 s after every three sets of CVs to record a reference
FTIR spectrum. The potential was then stepped to —0.9 Vj;/aec; and
held for 60 s to record the sample spectrum. Proceeding with too
many electrodeposition cycles led to a decrease in the signal,
presumably due to deposition of thick Au layers. Therefore, the
process was stopped as soon as the saturation of the signal
enhancement was observed. This was generally the case after
approximately 40 CV cycles. It is important to note that in contrast
to the electroless deposition procedure, only a portion of the ITO
surface was exposed to the electrodeposition solution. In particular,
no Au was deposited outside the O-ring that defined the solid/liquid
contact. While this area was identical to the IR-probed solid/liquid
interface during MOP ad-/desorption measurements, electrical
contact to the sample was made near the edge of the sample.
Therefore, a portion of the electrical current path was through bare
ITO not coated with Au, leading to a comparatively large series
resistance.

Steady-State and Time-Dependent In Situ FTIR. FTIR
measurements were carried out with a Vertex 70v vacuum
spectrometer (Bruker Optics GmbH & Co. KG) using a globar
light source and a liquid nitrogen-cooled photovoltaic mercury
cadmium telluride detector. The substrate was mounted at the bottom
of a home-built gastight electrochemical cell (Figure S1) that was
inserted into the sample chamber before evacuation to a base pressure
of below 1 mbar. The chamber was evacuated for at least 30 min
before any measurements were initiated to ensure sufficiently stable
conditions, in particular for step-scan measurements. The external
angle of incidence was chosen to be 55° following prior investigations
by Morhart et al. regarding the signal intensity for such an IRE
design.”® The setup was aligned carefully to ensure maximum
throughput with minimal introduction of stray light from the
surrounding support structure. For steady-state spectra, both
reference and sample measurements were collected by averaging
128 scans with a spectral resolution of 4 cm™.

Steady-state measurements of the adsorption and desorption of
MOP were first performed to determine the sensitivities of different
IRE substrates. An aqueous solution containing 100 mM LiClO,
(98%, Sigma-Aldrich) and 100 mM MOP served as the electrolyte.
Before it was transferred to the electrochemical cell, the electrolyte
was bubbled with N, in order to displace dissolved CO, and O,. A
final cleaning and conditioning step was performed by running 10 CV
scans in the range of —1.1 to 0.5 Vjga,c using the identical
electrochemical setup described above. Afterward, IR spectra were
recorded at —0.9 Vg a,ci and subsequently at 0.3 Vi, a0c. Over the

https://doi.org/10.1021/acsami.3c17294
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fSi-EL

Figure 1. Comparison of the surface morphologies of all investigated IRE substrates, measured via SEM (a—d) and AFM (e—h). (a, e) Electroless
Au deposited on flat, polished Si (fSi-EL). (b, f) Electrodeposited Au on ITO on polished Si (ITO-ED). (c, g) Electroless Au deposited on black Si
(bSi-EL). (d, h) Electroless Au deposited on black Si with an additional layer of evaporated Au (bSi-evap).

range of MOP concentrations presented here, these potentials are
expected to be below and above the de-/adsorption potentials of
MOP on Au, respectively. All subsequently presented data sets follow
the convention of using the measurement at desorption potentials as
the reference spectrum, which results in a positive absorbance signal
for adsorbed molecules.

Based on a prior study, it is assumed that the adsorption process is
self-limiting to a single monolayer.”® However, we note that due to
the concentration-dependent MOP adsorption isotherm, the 100 mM
experiment is near the limit for enabling complete desorption under
an applied potential of —0.9 Vjgp,c To determine whether
incomplete MOP desorption has a significant influence on our
results, we compared the absolute change of the transient signal upon
the potential step for high and low MOP concentrations. For the 100
mM sample, a slight reduction of the signal amplitude by up to 15%
was observed, but lies close to the ~10% measurement uncertainty.
While we can thus conclude that any impact of incomplete monolayer
desorption is small over the investigated MOP concentration range,
such effects would likely impact measurements at higher concen-
trations (>100 mM) for the potential steps investigated here.

Time-dependent in situ FTIR analysis was performed by using the
same measurement geometry during potential step electrochemical
control. The measurements were carried out by using either the step-
or rapid-scan FTIR method (Bruker). For the step-scan, the data
recording process is spread over multiple repetitions of the same
experiment by acquiring the temporal evolution of the detector signal
for a sequence of fixed interferometer positions, thereby allowing the
time-resolved interferogram to be constructed. The repetitive nature
of this method requires high reproducibility of the experiment since
any systematic changes or degradation phenomena can have a severe
impact on the final data set. The step-scan measurements in this work
were performed by repetitively switching the applied electrochemical
potential from —0.9 to 0.3 V. s, and back. This was achieved by
making use of an analogue potentiostat (POS2, Bank Electronic) in
combination with an arbitrary waveform generator (332504, Agilent)
controlling the timing and communication. The positive potential was
held for 164 ms, and the negative potential was held for 41 ms. Step-
scan measurements were carried out with a resolution of 50 us over a
recording time of 205 ms. The transients recorded at each
interferometer position were averaged over five repetitions each.
Reference spectra were extracted by averaging 10 spectra recorded
immediately prior to the MOP adsorption potential step.

Experiments on longer time scales were performed in a more
classical fashion utilizing a rapid-scan during electrochemical
chronoamperometry measurements. Here, spectra were consecutively
acquired at a high rate by using increased mirror speeds, yielding a
time resolution of 60 ms. Time constants were extracted from the data
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sets with Bruker’s OPUS software. The most prominent MOP peaks
at 1615, 1509, and 1308 cm™" were analyzed. The background around
each peak was fitted with a linear function prior to integration to
determine the peak area. Gaussian fits of the background-normalized
peaks yielded the positions of each vibrational mode. Time constants
were approximated by the half-times of the resulting transients.

Surface Morphology Analysis. The surface morphologies of all
IRE substrates were studied using an atomic force microscope (AFM)
(Multimode 8, Bruker) in Scanasyst mode (AFM tips: Scanasyst Air,
0.4 N m™ spring constant, 1 nm tip radius, Bruker) by scanning
surface areas of 1 X 1 ym? In addition, scanning electron microscopy
(SEM) (NVision 40, Zeiss) images were taken at varying
magnifications with secondary electrons detected by an in-lens
detector.

B RESULTS AND DISCUSSION

A total of four different IRE substrates possessing different
surface structures and coatings were prepared and are
investigated in this work. The substrates were specifically
chosen to allow comparison of known and established SEIRAS
structures with the newly developed, black Si-based surfaces.
The structures chosen as representative benchmarks include
the electroless (EL) deposition of Au on a flat, polished Si IRE
(fSi-EL) and one based on the electrodeposition (ED) of Au
on annealed ITO that was also deposited onto a flat Si IRE
(ITO-ED). Two geometries utilizing the novel black Si-
structured IREs, one of which includes electroless-deposited
gold (bSi-EL) and the other an additional layer of evaporated
gold (bSi-evap), are presented and compared. SEM images of
the as-prepared black Si surfaces, both before and after KOH
treatment, are shown in Figure S2 and exhibit the expected
nanostructured morphology.

Surface Morphologies of IRE Substrates. As a starting
point for understanding the functional characteristics of the
developed IRE substrates, each of their surface morphologies
were investigated. The corresponding scanning electron
micrographs are shown in Figure la—d. All surface treatments
led to the generation of Au nanostructures but with somewhat
different morphologies. The Au layers created by electroless
Au deposition on both polished Si and black Si (Figure 1a,c)
share similar particle diameters of (28 + 5) nm, as estimated
from analysis of 40 randomly chosen particles for each
substrate. Despite the similar particle size, the surface coverage
is different for the polished Si substrate compared to the black

https://doi.org/10.1021/acsami.3c17294
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Si substrate. The uncovered surface amounts to ~10% of the
total area for the layer deposited on polished Si (fSi-EL) and
40% of the total area for the case of black Si (bSi-EL). This is
likely a consequence of packing of the Au particles on different
substrates. For the fSi-EL substrate, the nanoparticles are more
tightly packed within the plane of the surface, whereas for the
bSi-EL substrate, the particles tend to agglomerate. For the
case of the electrodeposited Au layer on ITO (ITO-ED), the
average particle size of (25 + 4) nm is similar to that of the
electroless-deposited structures (Figure 1b). However, a low
density of larger particles with a diameter of (57 + 8) nm is
also observed. The resulting electrodeposited Au layer is not
completely continuous, and image analysis reveals that ~20%
of the underlying ITO surface remains exposed. The
morphology of the nanoparticles appears to be more
discontinuous, with single particles or clusters of a few
particles forming a less interconnected network compared to
the electroless-deposited particles. This becomes even more
apparent with increased contrast, as shown in Figure S3. The
black Si substrates that have been covered in a 30 nm-thick
layer of evaporated Au (bSi-evap) after electroless deposition
are shown in Figure 1d. As expected, the amount of exposed Si
surface is significantly reduced to ~2.5%. The continuous
nature of the film implies significantly enhanced interconnec-
tivity of individual Au nanostructures. Nevertheless, morpho-
logical traces of buried nanoparticles can be recognized
underneath the continuous layer.

Complementing SEM, AFM allows the extraction of
quantitative information regarding the roughness and surface
area of each substrate. AFM micrographs of all four IRE
substrates are depicted in Figure le—h. The fSi-EL substrate
has a root-mean-square (RMS) roughness of 6.2 nm, which is a
significant increase from polished Si before electroless Au
deposition, which has an RMS roughness of 0.2 nm. As
observed in the SEM micrographs, these particles are laterally
packed in the plane of the surface and possess an average
height of (25 + 3) nm. This thickness is approximately the
same as the in-plane particle size determined from SEM,
revealing that the particles are close to spherical in shape. AFM
micrographs of the ITO-ED substrate show the two different
characteristic particle sizes that were observed with SEM and
reveal an RMS surface roughness of 9.3 nm. The more
discontinuous arrangement of particles on the surface observed
in SEM cannot be resolved using AFM due to the small
interparticle spacing, which is obscured by the AFM tip radius.
Likewise, the significantly higher surface roughness and sharper
features on both black Si substrates make a distinct analysis of
the morphology via AFM challenging. The bSi-EL substrate
exhibits the highest surface roughness of 13.3 nm, which is
reduced to 9.1 nm for the bSi-evap substrate after thermal
evaporation. By comparison, AFM measurements indicate a
rms surface roughness of 13.5 nm for the bare black Si
substrate, though this value is subject to uncertainty due to
convolution with the tip dimensions. However, SEM image
(Figure S2) analysis of 40 randomly chosen triangular black Si
cones enables reliable quantification of the base width and
height of these features, which can be estimated to be (44 +
12) and (36 + 9) nm, respectively. Finally, it should be noted
that we attempted to generate analogous evaporated Au layers
on polished Si for a direct comparison of their SEIRAS
properties to those of black Si-based structures. However,
evaporated Au on polished Si exhibited extremely poor
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adhesion and was completely removed upon immersion in
water. Therefore, such samples were not further investigated.

Steady-State FTIR Measurements. The SEIRAS per-
formance of the four different IRE substrates during in situ
electrochemical FTIR was compared by using adsorbed
monolayers of MOP molecules as a model system. This
system is suitable for the determination of surface enhance-
ment of a given substrate due to its self-limiting, potential-
dependent ad- and desorption through coordination of the free
electron pair of nitrogen to a gold surface.'® The molecular
structure of MOP and a reference measurement of bulk
randomly oriented MOP molecules, in which all vibrational
bands of the MOP molecule are visible, are provided in Figure
2a for comparison. Steady-state IR absorbance spectra
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Figure 2. (a) Reference IR absorbance spectrum of bulk MOP on an
uncoated Si IRE chip and depiction of the molecular structure of
MOP. (b) Steady-state IR absorbance spectra of an MOP monolayer
adsorbed on different SEIRAS-active IRE substrates developed here.
Variations in peak shapes and signal enhancements are observed as a
consequence of different surface morphologies and layer structures, as
described in the text.

obtained from all four types of substrates are shown in Figure
2b. Six distinct signals in the range between 1000 and 1700
cm™! are visible for all cases and are consistent with those
previously observed from a MOP monolayer adsorbed at a
polycrystalline Au/electrolyte interface.'”'® The observed
vibrational modes correspond to in-plane (A’) vibrations of
the MOP molecule, with those at 1615, 1562, 1509, and 1211
cm™ attributable to vg, Vg, V19, and vy, ring vibrations,
respectively.”® The 1308 cm™! signal can be assigned to the
asymmetric C—O—C stretching vibration of the methyl group
and that at 1030 cm™' can be attributed to an in-plane ring
breathing vibration v,, of the MOP.*®

While a flat-lying orientation and binding via interaction
with the s-orbital of the molecule has been reported in a
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system of dispersed nanoparticles,"’ MOP was previously
found to adopt a vertical orientation when adsorbed on
polycrystalline Au surfaces under comparable conditions.'® In
such a configuration, the molecules are coordinated to the
surface via a o-type bond between the Au surface and the
nonbinding electron pair of the ring nitrogen.16 Molecular
vibrations can be induced and probed in the ATR-SEIRAS
geometry only if the transition dipole moment of the vibration
has a component normal to the Au surface. Thus, this
condition limits the detectable vibrations from the adsorbed
MOP monolayer to a subset of IR-active modes. Based on
prior results from Quirk et al,,'® the transition dipole moment
of the three most-intense signals at 1615, 1509, and 1308 cm™
share a small angle (<25°) to the principal molecular axis,
while the band at 1562 cm™' is significantly off-axis. These
theoretical results can explain different amplitudes observed
here, with the small amplitude of the out-of-plane methyl
bands in the 1450 cm™' region being consistent with the
vertical adsorption motif.

A broad negative feature at 1650 cm ™', corresponding to the
bending mode of water, is present for all three substrates
incorporating electroless Au (fSi-EL, bSi-EL, and bSi-evap)
and indicates that the adsorption of the MOP monolayer on
the Au surface displaces water molecules previously present
near the surface. In contrast, the broad spectral background
present for the ITO-ED substrate likely masks this feature.
Additionally, the fSi-EL and bSi-EL substrates exhibit a small
band at 1100 cm™!, which can be attributed to the Si—O—Si
asymmetric stretching vibration. This feature can be assigned
to slight changes in the surface oxide thickness or its structure
during the course of the measurement. The lack of this signal
for both the bSi-evap and ITO-ED samples is consistent with
the homogeneous coverage and isolation of the underlying Si
IRE from the electrolyte. Thus, the absence of such a Si—O—Si
feature indicates improved electrochemical stability for these
two types of IRE substrates.

All four substrate types can resolve the adsorbed MOP
monolayer, although the amplitude and peak shape differ
between different substrate types. While the fSi-EL, bSi-EL,
and bSi-evap substrates all exhibit symmetric MOP peaks with
generally flat backgrounds, the ITO-based ITO-ED substrate is
characterized by a broad spectral background and asymmetric
peak shapes. Indeed, anomalous lineshapes, including deriva-
tive- or Fano-like spectral features similar to those observed
here from the ITO-ED substrate, have commonly been
obtained during SEIRAS measurements but have been the
subject of debate and variously assigned to different physical
origins.“’43 For the case of discontinuous Au islands on TCOs,
Andvaag et al. used an effective medium approach to show that
derivative-like features can arise from interface reflectivity
changes upon molecular adsorption that are well-described by
the Fresnel equations. However, they found that spectral
shapes are strongly dependent on the volume fraction of Au
within discontinuous overlayers, with such distortions
appearing near the percolation threshold and persisting up to
an Au volume fraction of approximately 0.37.*” Alternatively,
such lineshapes can emerge from the coupling of narrow
molecular vibrational modes with broad plasmonic modes,
which lead to Fano resonances. For the case of ITO, Agrawal
et al. observed such coupling over a range of nanostructure
sizes.” In the present work, unambiguous assignment of the
physical process underlying the observed lineshapes from the
ITO-ED substrates would require additional experiments, such
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as polarization- and angle-dependent ATR-FTIR, as well as
ITO thickness and Au coverage-dependent measurements, that
are outside the scope of the present work. Nevertheless, we
note that the presence of a broad spectral background for the
ITO-ED substrate may point to a Fano-ty})e mechanism for
the Si/ITO/Au structure investigated here.”

In contrast to the ITO-ED substrate, all other IREs
investigated here are characterized by positive molecular
absorption features. Considering the arguments above, we
note that both the fSi-EL and bSi-evap substrates possess large
Au coverages that are well beyond the percolation threshold. In
contrast, while the discontinuous nature of the agglomerated
Au particles on the bSi-EL substrate could lead to complex
reflectivity changes upon molecular adsorption, no such
anomalous lineshapes are observed here. Thus, we can
consider each of these films to behave in a regular fashion,
similar to highly reflective Au films, with minimal spectral
distortion. Among the investigated substrates, the bSi-EL and
bSi-evap substrates exhibit the highest signal intensities under
the specific measurement conditions. A likely origin for these
higher signal intensities is that the black Si structure introduces
nanocavities for impinging IR light, leading to increased light
absorption by the Au nanoparticles and, thus, increased
plasmonic enhancements.”* Nevertheless, it is important to
note that the enhancement is subject to large substrate-to-
substrate variations that likely arise from the complex
nanostructures of the deposited Au layers. Therefore, a
significantly larger data set would be needed to compare the
surface enhancement of each morphology with statistical
confidence. On the basis of the signal-to-noise ratio, we can
conclude that all substrates are capable of sensitively detecting
molecular adsorbates well below the monolayer limit. In
particular, the present measurements reach sensitivities of
below 3% of a monolayer for steady-state observation of the
1615 cm™ peak, which was obtained by averaging over 128
scans. However, we note that this does not represent the
fundamental limit and could be further enhanced via the
optimization of measurement and averaging conditions.
Furthermore, the relative ratios between the signal amplitudes
of the three most prominent MOP peaks at 1615, 1509, and
1308 cm™' remain comparable for all substrate structures
under investigation. This indicates a similar vertical molecular
orientation for the adsorbed MOP monolayers on all of the
SEIRAS-active substrates.

In addition to the varying degrees of surface enhancement,
we observe significant differences in the stabilities of the
samples against degradation under the aqueous electro-
chemical measurement conditions. While the ITO-ED, bSi-
EL, and bSi-evap samples did not exhibit degradation under
the tested measurement conditions, the {Si-EL samples showed
large sample-to-sample variations, and the Au layer was prone
to delamination. We note that quantification of the extent of
delamination during measurement was difficult but nearly all
{Si-EL samples were at least partially delaminated after removal
from the electrochemical cell, making this deposition method
less suitable for repeated or extended measurements. This
increase in stability enabled by the black Si treatment is
additionally highlighted through durability tests performed
under a strong cathodic bias of —1.5 Vg /pecr in 100 mM
LiClO, electrolyte for 15 min. As shown in Figure S4, these
harsh electrochemical conditions result in catastrophic damage
to both the fSi-EL and ITO-ED samples, both of which exhibit
substantial delamination of the surface Au layer. Indeed, for the
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case of ITO-ED, optical reflectivity measurements reveal near-
complete loss of the TCO layer (Figure SS). In contrast, the
Au layer on the bSi-EL sample is preserved, and only minor
changes of the surface associated with loading and unloading of
the electrode from the cell are observed. Thus, we confirm that
the black Si treatment provides enhanced stability over a broad
range of electrochemical potentials, even prior to the
application of the evaporated Au layer.

Time-Dependent FTIR. Time-resolved in situ FTIR
measurements are important for providing additional insights
into electrochemical kinetics and reaction pathways, potentially
enabling the identification of rate-limiting steps in the catalytic
energy conversion process. Therefore, we now move beyond
steady-state measurements and investigate the viability of IRE
substrates for time-resolved FTIR spectroscopy. We note that a
similar analysis has been previously reported by Morhart et
al.*' but was focused on the rate of MOP diffusion away from
the surface after desorption using an ITO-based micro-
electrode sample probed with a synchrotron IR source. In
contrast, we focus on the newly developed black silicon
structure, which allows a comparable analysis with a lab-based
FTIR system while extending the analysis to both adsorption
and desorption kinetics.

For time-resolved studies, the series resistance associated
with the working electrode sheet resistance can negatively
impact the RC time constant of the complete electrochemical
system, which can limit the observation of fast processes. The
sheet resistances of different substrates investigated in this
work are provided in Figure S6 and highlight the significantly
increased conductivity of the bSi-evap substrate compared to
all other substrates. This increased in-plane conductivity is a
consequence of the more continuous Au film created through
thermal evaporation. In contrast, the nanostructured morphol-
ogy of the other substrates reduces their in-plane conductivities
due to the need for current to transfer across nanoparticle
boundaries, thereby negatively impacting their ability to deliver
charge carriers to the electrochemical interface at a sufficiently
fast rate. In general, the bulk Si of the supporting IRE substrate
does not add considerably to electronic conduction because its
low doping concentration leads to high specific resistances.
While higher doping would lead to lower resistances, this
should be avoided, since it would come at the cost of reduced
IR transmittance. For the case of the ITO-ED substrate, the
ITO layer also provides an in-plane electrical conductivity
transport path. However, its specific conductivity depends on
the chosen synthesis parameters and is, in general, much
smaller than the specific conductivity of Au (by roughly a
factor of 100—1000), especially for thin films of thicknesses
well below 100 nm.*”*>*® This is especially relevant for the
case of the ITO-ED substrate since Au deposition is limited to
the region of solid/liquid contact and the electrical current
path to the external contact is through bare ITO, as described
in the Experimental Section.

To assess the impacts of different conductivities of IRE
working electrodes on the minimum response time of the
electrochemical system, we monitored the change of electrical
current during potential step experiments in the 100 mM
LiClO, electrolyte. This investigation is limited to the two
substrate designs deemed most suitable for time-resolved
studies. In particular, fSi-EL was excluded due to inferior
sample stability, while bSi-EL was excluded due to its
significantly lower conductivity and smaller surface enhance-
ment compared to the bSi-evap substrates. The limiting time
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resolutions were evaluated on the basis of the electrical current
half-times (z,/,). Importantly, we find that the current half-
time of the bSi-evap substrate of 3.6 ms is more than a factor of
2 faster than the time constant of the ITO-based substrate of
7.5 ms, as depicted in Figure 3a. Improved RC time constants
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Figure 3. (a) Current transient measurements of a bSi-evap and an
ITO-ED substrate upon a potential step from —0.9 to 0.3 Vg aec in
the identical in situ electrochemical measurement setup but in the
absence of MOP, indicating a faster RC time constant for the bSi-evap
substrate. (b) Increase and decrease of the 1615 cm™ peak intensity
over the course of an ad- and desorption rapid-scan FTIR experiment
at lower MOP concentrations. (c) Time-dependent increase of the
1615 cm™' peak intensity during potential step-induced MOP
adsorption for high MOP concentrations recorded with step-scan
FTIR.

can therefore be achieved with the newly developed bSi-evap
substrate without the need for electrode miniaturization, which
would significantly reduce infrared light transmission, alter
mass transport during in situ measurements, and require
elaborate photolithographic processing. In addition, we
emphasize that the RC time constant for measurements
using the bSi-evap sample is not limited by the sheet resistance
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Figure 4. (a) 2D representation of the temporal evolution of IR spectra for a 1 mM concentration of MOP recorded using the step-scan method.
(b) Peak position change relative to its equilibrium value for the three main spectral features during adsorption and desorption. (c, d) Selected
spectra extracted at 2 ms intervals for the aforementioned transitions depicting the evolution of the spectral shape over time. Arrows indicate the

direction of the time evolution.

of the working electrode itself but rather by the resistance of
the electrolyte. In particular, the sheet resistance of the bSi-
evap sample is a factor of 100 smaller than that of the ITO-ED
sample, while both have similar surface roughness values of 9.1
and 9.3 nm, respectively, leading to similar interfacial
capacitances. Thus, one would expect that the electrode-
limited RC time constant for bSi-evap should be on the order
of 100 times faster than that for the ITO-ED electrode.
However, only a factor of 2 improvement in the response time
is observed. This apparent discrepancy can be resolved by
considering the influence of the 100 mM LiClO, electrolyte
resistivity, combined with the macroscopic geometry of the
electrochemical cell. Indeed, reference measurements per-
formed using 1 M LiClO, reveal an order of magnitude
decrease of the electrical current response time of the
electrochemical cell to ~300 us. Thus, unlike the case of the
ITO-ED sample, the observed half-time for the bSi-evap IRE is
not a fundamental limit of the electrode itself, but instead of
the electrochemical cell, which can be independently
optimized via use of more concentrated electrolytes or cell
designs with reduced interelectrode dimensions.
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Here, this powerful combination of high spectral sensitivity,
temporal responsivity, and chemical stability of the bSi-evap
substrate was applied to study the time-dependent adsorption
and desorption of MOP monolayers in order to gain insight
into the kinetics of this system as a function of the
concentration of MOP in the electrolyte. In particular, FTIR
spectral dynamics were analyzed in situ during the application
of electrochemical potential steps in electrolytes containing
bulk MOP concentrations ranging from 66 yuM up to 100 mM.
The resulting evolution of the most prominent molecular
vibrational mode at 1615 cm™ on the surface of bSi-evap
working electrodes was analyzed. The resulting data show a
change in adsorption time constants over 3 orders of
magnitude as a function of MOP concentration, which
necessitated the use of different measurement techniques to
measure the kinetics for fast (high concentration) and slow
(low concentration) adsorption processes. In detail, the rapid-
scan method was used for the slower MOP adsorption time
constants at low concentrations, while the step-scan method
was required for higher MOP concentrations due to the much
shorter time constants associated with adsorption in this
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regime. Here, it is important to note that the enhanced stability
of the black Si-based substrates allows such step-scan
measurements to be performed over multiple hours without
degradation of the substrate surface.

The evolutions of the adsorption kinetics at lower MOP
concentrations, recorded with the rapid-scan method, are
depicted in Figure 3b. A clear trend is observed with higher
MOP concentrations leading to faster adsorption on the
surface of the working electrode. However, for concentrations
above 333 uM, the kinetic rates approach the time limit of
rapid-scan measurements and, therefore, step-scan measure-
ments were performed. Such measurements reveal that the
trend of decreasing adsorption time constants with increasing
concentration continues for the higher concentrations depicted
in Figure 3c. A large signal-to-noise ratio is obtained for all
time-resolved measurements, confirming that the bSi-evap
electrode provides sensitivities well below the monolayer limit.
Thus, it is possible to directly monitor the adsorption kinetics
with high sensitivity.

In addition to investigating the adsorption kinetics, we
attempted to quantify the rate of MOP desorption as a
function of its concentration in the bulk electrolyte. As shown
in the trailing edge of the kinetic traces in Figure 3b,
desorption was observed to be much faster than adsorption.
Indeed, the desorption kinetics were found to be faster than
the time resolution of rapid-scan measurements (60 ms).
While the step-scan method would likely have sufficient time
resolution for characterizing these desorption processes, the
correspondingly slow adsorption kinetics render such measure-
ments impractical. This is because the repetition rate would
need to be restricted to ~0.05 Hz to ensure the system reaches
a saturated adsorption response, while over 3000 individual
steps would be needed to collect the complete interferogram.
Therefore, desorption kinetics for low MOP concentrations
were not quantitatively analyzed. For the case of higher MOP
concentrations, such issues were not relevant since both
adsorption and desorption processes occurred on similarly fast
time scales (see below).

In addition to analysis of the integrated peak area with time,
further insight can be gained from a detailed analysis of the
evolution of the peak positions. A 2D representation of the
time-resolved IR spectra recorded at a concentration of 1 mM
is shown in Figure 4a. While the spectral features are identical
to those shown in the steady-state spectrum, important
transient changes in the line positions are observed during
both adsorption and desorption. For example, as the MOP
molecules adsorb on the surface, a spectral blue shift is
observed for each of the three most prominent vibrational
modes located at 1615, 1509, and 1308 cm™". An opposite but
more pronounced red shift is also observed during desorption.
The dynamics of these shifts relative to their steady-state
positions are presented in Figure 4b, while selected spectra,
extracted at 2 ms time intervals during adsorption and
desorption, are depicted in Figure 4c,d, respectively. These
results highlight the evolution of both intensity and position
with time. All three modes share similar kinetics during
adsorption and desorption, suggesting a common origin to the
observed dynamics.

As shown in Figure 4b, the magnitude of the shift is largest
for the C—O—C stretching vibrational mode near 1308 cm™}
which is similar to the prior steady-state observations of the
potential-dependent peak shift observed by Quirk et al.'® This
shift is likely either a consequence of intermolecular
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interaction, the electrochemical Stark effect, or changes in
the optical properties due to partial coverage, as described by
effective medium theory.”” Distinguishing the magnitude of
influence from these two factors proves to be challenging since
the surface concentration of MOP is also potential-dependent.

Figure Sa summarizes all of the characteristic half-times
associated with adsorption and desorption, calculated based on
both the change of intensity and the position of the 1615 cm™"
vibrational mode for each MOP concentration. As described
above, there is a clear trend toward faster time constants with
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Figure 5. (a) Half-times (7,,,) of the 1615 cm™ peak intensities and
relative peak position changes for all recorded ad- and desorption
processes as a function of the MOP concentration. (b) Attempted
linearization of the 1615 cm™ peak intensity half-times by plotting
Tl_/lz/z as a function of MOP concentration. The inset depicts a
magnified view of the low-concentration region, which exhibits a C™
relationship and therefore indicates diffusion-limited adsorption for
this concentration range. The horizontal dashed lines in panels (a, b)
represent the RC-limited response time of the electrochemical system.
(c) Evolution of the peak intensity ratios for various vibrational
modes of MOP normalized to the 1615 cm™ peak for the 1 mM
MOP concentration. The dotted lines in panel (c) represent linear
averages to reduce the influence of noise.
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increasing MOP concentrations, though this characteristic
appears to saturate at high MOP concentrations. To
understand this concentration-dependent behavior, we first
consider the role of mass transport-limited adsorption on the
observed kinetics. The Langmuir—Schaefer equation describes
the time required to reach a certain surface coverage in a
diffusion-limited system to be

r (F )2 1
t=—|— X ey
4D\ C C
where D represents the diffusion constant, I' the surface
concentration of adsorbed molecules, and C the bulk
concentration of the adsorbent in the surrounding liquid.***’
Assuming the IR absorption peak area is linearly proportional
to the concentration of adsorbed MOP molecules on the
surface, the Langmuir—Schaefer equation predicts that the
adsorption time constant should have a C> dependence. In
the present work, we have thus attempted to linearize the
concentration-dependent kinetic data by plotting 7752 as a
function of C, as shown in Figure Sb. While a significant
deviation from the predictions of diffusion-limited adsorption
is apparent for MOP concentrations >1 mM, the predicted C™>
dependence is observed for lower concentrations, as shown in
the inset of Figure Sb.

Although several different mechanisms could lead to a
deviation from the Langmuir—Schaefer dependence at higher
concentrations, we find that this behavior is a consequence of
the RC time constant of the system. An initial indication of this
comes from the analysis of the electrical current half-time of
the system without MOP, which was determined to be 3.6 ms.
This is similar to the time constants observed at high MOP
concentrations. To verify this, we added an external resistance
in series with the working electrode and analyzed the impact
on the observed MOP adsorption kinetics. As shown in Figure
S7, the time constant increases linearly with added series
resistance, confirming that the observed response at high MOP
concentrations is not due to fundamental kinetic processes but
rather due to the RC time constant of the system, consistent
with prior reports on related pyridine derivatives."”" There-
fore, optimizations of the electrochemical system would be
required to accurately determine the adsorption and
desorption mechanism kinetics in the high concentration
regime, where the diffusion rate is faster than the electrical
response time.

Using the diffusion constant reported for MOP in water of
1.06 X 107> cm® s™' along with the slope acquired through
linear regression depicted in the inset of Figure Sb, one can
estimate the approximate surface density of a fully established
MOP monolayer, A.*' Carrying out this calculation and
correcting for the surface roughness of the bSi-evap electrode,
which yields an increase of the solid/liquid interface area of
30% relative to the geometrical area, we can estimate a
molecular surface coverage of (3.6 + 0.3) X 10" cm™ in a
fully established MOP monolayer. This value corresponds to a
mean molecular area of (0.28 + 0.03) nm?”. The reported mean
molecular area of similar, thiol-bound self-assembled mono-
layers of 4-mercaptopyridine deposited on gold is (0.33 =+
0.01) nm? and is, thus, comparable. The molecular orientation
within these monolayers is reported to be upright with a high
degree of intermolecular order, which suggests a similar
structure and orientation for the presented MOP mono-
layers.”’

(1)
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Analysis of the time dependence of the relative peak areas
from vibrational modes associated with on- and off-axis
molecular dipoles provides further information regarding the
internal structure of the MOP layer during the adsorption
process. Figure Sc shows the peak area ratios of three major
vibrational modes (1562, 1509, and 1308 cm™) with respect
to the strongest mode at 1615 cm™' for the 1 mM
concentration. Running averages are depicted as dashed lines
for clarity. Importantly, the observed peak ratios do not
significantly change as a function of time during the potential
step experiment. This observation indicates that the average
orientation of MOP molecules on the working electrode
surface does not change during adsorption since a change of
the tilt angle would necessarily alter the orientation of the
transition dipole moment with respect to the electric field of
the IR radiation and thus lead to an increase or decrease of
these intensity ratios. This finding indicates that intermolecular
interactions do not drive the vertical molecular configuration
and suggests that the o-bonding interaction is favored over 7-
bonding interactions that would otherwise favor lying-down
configurations.

B CONCLUSIONS

Nanostructuring the Si IRE using a black Si etching method
prior to electroless deposition of Au can improve the adhesion
of the Au thin film, which allows for extended measurement
times with similar or even moderately improved surface
enhancement compared with planar systems. The roughened
substrates, combined with Au layers designed for SEIRAS
measurements, provide a significant improvement in sheet
resistance of the active surface compared with substrates
prepared by electrodeposition of Au on ITO. Therefore, black
Si-based substrates can improve the response times of the
electrochemical setup. This is especially relevant for the
investigation of time-dependent processes, since the RC time
constant presents a fundamental limit to the effective time
resolution of the measurement. Here, the improved stability
and conductivity enabled in-depth investigations of the
adsorption kinetics of 4-methoxypyridine on the Au working
electrode as a function of its concentration in the supporting
electrolyte. The inverse square relationship between concen-
tration and adsorption time constant indicates a diffusion-
limited adsorption process up to a concentration of
approximately 1 mM. However, the system is limited by the
RC time constant at higher concentrations but is governed by
the electrolyte resistance rather than that of the highly
conductive black Si-based working electrode. Using this
internal reflection element, we find that rapid potential step-
induced adsorption does not lead to changes in molecular
orientation on the working electrode during the observed time
scale since the ratios of peak intensities for vibrational modes
possessing transition dipole moments with different orienta-
tions with respect to the main molecular axis are approximately
constant during the adsorption process. Nevertheless, changes
in the peak positions are observed during both the adsorption
and desorption of the MOP molecules on the surface. These
transient shifts are characterized by time constants similar to
those of the spectral intensity changes and are most
pronounced for the vibrational transition of the methoxy
group.

Overall, the presented substrate structure, comprising a
black Si internal reflection element onto which electroless-
deposited and evaporated layers are applied, enables highly
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sensitive in situ electrochemical measurements with signifi-
cantly enhanced stability, reduced sheet resistance, and
improved time resolution relative to those of traditional
IREs. Thus, these structures represent a powerful platform for
advanced in situ electrochemical studies of solid/liquid
interfaces of relevance for catalytic, energy storage, and sensing
applications.
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