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Basic Information of IR and Raman Spectroscopies

Basic Working Principles of IR and Raman Spectroscopies. Surface-enhanced infrared
absorption spectroscopy (SEIRAS) and surface-enhanced Raman spectroscopy (SERS) are two
informative techniques to probe vibrational modes of adsorbate species at solid-gas and solid-
liquid interfaces?. SEIRAS and SERS do not interfere with electrochemical reactions, and thus
are frequently employed to identify reaction intermediates in electrocatalytic systems, which are
then correlated with reaction activities and used to deduce reaction mechanisms>*. Infrared
spectroscopy (IR) involves the interaction of infrared radiation (usually mid-IR within the
wavenumber range of 400 — 4000 cm!) with the substrate. IR radiation is able to excite to quantum
transitions of electrons in the substrate among vibrational levels if the energy differences between
these levels match the energy of photons in the IR beam, thus generating fingerprint spectra of
these vibrational modes’. In order for a vibrational mode to be IR active, the mode must be
associated with changes in the dipole moment. In contrast to IR, Raman spectroscopy is based on
the inelastic scattering of photons from sample surface. Typically, a source of monochromatic light
(usually a laser in the visible, near infrared, or ultraviolet range) is shined on the sample. Photons
excite the substrate into an excited energy state, and photons are emitted when the substrate returns
to the ground state. Scattered photons with energy distinct from the incident light contain
information regarding the vibration levels of the substrate, and are used to generate Raman spectra.
For a vibrational mode to be Raman active, the mode must be associated with a change in the

polarizability.

Complementarity of IR and Raman Spectroscopies. IR and Raman spectroscopies are generally

recognized as complementary vibrational techniques for probing molecular structure. For example,
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the symmetric stretching vibration of a homo-diatomic molecule does not have a permanent dipole
moment due to its symmetry, which makes this mode IR inactive. In contrast, the polarizability of
a homo-diatomic molecule is expected to change along the normal coordinate in the stretching
mode due to the displacement of nuclei, making the vibration mode Raman active. For
antisymmetric stretching or bending vibrations, the dipole moment changes sign, and thus the
corresponding modes are IR active. Although the changes of the polarizability in such modes are
also non-zero, they are symmetrical upon inversion of the sign of the reaction coordinate, leading
to an approximately harmonic changes of the polarizability for small displacements. Therefore,
both the asymmetric stretching and bending vibrations are typically Raman inactive. In principle,
as for large molecules, the dissection of bond dipoles and bond polarizabilities can be conducted
in a similar conceptual approach. For modes that are both IR and Raman active of a molecular

species, the IR and Raman peaks are expected to appear at the same wavenumber®.

Challenges and Significance of Combining Surface Enhanced IR and Raman Spectroscopies.
Although IR and Raman spectroscopies are generally considered complementary, they are
seldomly used together when investigating electrochemical reactions. The utilization of IR
spectroscopy in aqueous solutions is challenging due to the intense absorption of water, leading to
to severe loss of spectral signal with any significant light path through water. In order to minimize
the path length of the IR light through aqueous electrolytes, two different configurations of infrared
reflection absorption spectroscopy (IRAS) and attenuated total reflection (ATR) were developed,
which are applicable to a wide range of surfaces, including well-defined single-crystal facets. In
contrast to surface enhanced IR spectroscopy, surface enhanced Raman spectrscopy is limited to a

relatively few substrates with surface plasmonic effects, such as Au, Ag, and Cu, and requires
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t"8. Therefore, the electrode

sufficient surface roughness due to the low intensity of scattering ligh
surface structures, experimental setups and conditions are usually different between IR and Raman
experiments.

In electrochemical catalysis, reactive molecules are expected to adsorb on catalyst surface
prior to the subsequent bond activations, which could significantly alter their vibrational modes
compared to those in their free molecular states and lead to shifts of vibrational frequencies’. For
surface adsorbed molecules, variations in adsorption sites, such as atop, bridge, and hollow sites,
could induce to variations in adsorption energies and configurations, in turn leading to different
reaction rates'’. These different adsorption configurations and surface microenvironments could
lead to varied dipole moments and polarizabilities. Any given technique has detection biases that
favor certain types of intermediates, thus the correlation between the reaction performance and
species detected by a single technique could be incomplete. In particular, the possibility of
adsorbates solely responsible for catalytic activities being (largely) inactive with IR or Raman

spectroscopy cannot be ruled out. This highlights the importance of combining multiple

characterization techniques to provide a more complete understanding of catalytic systems.
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Supplementary Figures
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Supplementary Figure 1 Physical characterizations of Pt and Pd flims. XRD patterns and SEM images of
(a and b) Pt film and (c and d) Pd film on gold substrate layer.
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a Pt film/Si crystal in CO sat. 0.1 M HCIO, b Pt film/Si crystal in CO sat. 0.1 M HCIO, C Pt film/Si crystal in CO sat. 0.1 M HCIO,
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Supplementary Figure 2 Tandem in-situ SEIRAS and SERS tests on Pt film. (a) In-situ SEIRA spectra on
polycrystalline Pt film in CO saturated 0.1 M HCIO4 (pH 1.2) and the normalized peak area of CO band as a
function of potential. The background was collected at 0.6 V under Ar purge. (b) Tandem in-situ SER spectra on
the same Pt film under identical conditions as those in (a) and the normalized peak area of CO band as a function
of potential. (¢) The repeat of in-situ SEIRA spectra on the same Pt film after SERS test under identical conditions
as those in (a) and the normalized peak area of CO band as a function of potential.
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Supplementary Figure 3 SER spectra on Pt flim. The low wavenumber region of in-situ SER spectra on
polycrystalline Pt film in CO saturated 0.1 M HCIO4 (1.2).
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Supplementary Figure 4 The current densities and CV curves on Pt flim. Current density during the in-situ
(a) SEIRAS and (b) SERS tests on polycrystalline Pt film in CO sat. 0.1 M HClO4. (c) Cyclic voltammetry
curves on the same Pt film in Ar sat. 0.1 M HCIO4 using SEIRAS (blue) and SERS (green) cells, respectively.
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a |Pd/Au film on Si crystal in CO sat. 0.1 M HCIO, b Pd/Au film on Si crystal in CO sat. 0.1 M HCIO,

J0.004 a.u. T50 a.u.
1973-1940 1972-1939

(0.8V to -0.2V) 2082-2050 (0.8V to-0.2V)
i (0.8V to -0.2V) i

2082-2049
(0.8V to -0.2V)

-0.2v

0.2V

Absorbance (arb. units)

(3HY 'sA A) [enusiod
Intensity (arb. units)
(3HY "sA A) |enuajod

0.4V

0.6V M,-/\WMM
M“WMMWM 0.8v

0.8V !

IlIlIIIIIlIIIIIIIIIIlIl

I'Il]llllllll'llli'll]llll

2150 2050 1950 18&130 1750 2150 2050 1950 1850 1750
- . -1
Wavenumber (cm ) Raman shift (cm )

Supplementary Figure 5 Tandem in-situ SEIRAS and SERS tests on Pd film. (a) In-situ SEIRA spectra on
polycrystalline Pd film in CO sat. 0.1 M HC1O4 (pH 1.2). The background was collected at -0.2 V under Ar purge.
(b) Tandem in-situ SER spectra of CO adsorption on the same Pd film under identical conditions as those in (a).
The absence of CO peak on gold, whose frequency is over 2100 cm™' under 0.6 V!, indicates the complete

coverage of gold substrate by Pd film.
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Supplementary Figure 6 Physical characterizations of Au film. (a) XRD patterns and (b) SEM image of Au
film.
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Supplementary Figure 7 In-situ SEIRAS test on Au film. (a) In-situ SEIRA spectra on polycrystalline Au film
in CO saturated 0.1 M KHCOs3 (pH 8.9). The background was collected at -0.4 V under Ar purge. (b) The
normalized peak area of the CO adsorption bands as a function of potential in the range of 0.7 to 0.3 V. (c) The
potential dependence of CO band frequency. Stark tuning rate is determined through the linear fits of the
point data between 0.7 and 0.3 V, at which the peak area is greater than 60% of the maximum.
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Supplementary Figure 8 In-situ SERS test on Au film. (a) Tandem in-situ SER spectra on the same Au film
under identical conditions as those in supplementary Figure 7. (b) The normalized peak area of the CO adsorption
bands as a function of potential in the range of 0.8 to 0.2 V. (¢) The potential dependence of CO band frequency.
Stark tuning rate is determined through the linear fits of the point data between 0.8 and 0.2 V, at which the

peak area is greater than 60% of the maximum.
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Supplementary Figure 9 Physical characterizations of OD-Cu film. (a) XRD patterns and (b) SEM image of
OD-Cu film on gold substrate layer. The absence of Cu,O characteristic peaks in XRD patterns indicates the
complete reduction of it into OD-Cu.
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Supplementary Figure 10 In-situ SEIRAS test on OD-Cu film. (a) In-situ SEIRA spectra on polycrystalline
OD-Cu film in CO sat. 0.05 M K,COs3 (pH 10.6). The background was collected at 0.1 V under Ar purge. (b)
The normalized peak area of the COa0p adsorption bands as a function of potential in the range of -0.2 to -0.7 V.
(¢) The potential dependence of CO band frequency. Stark tuning rate is determined through the linear fits
of the point data between -0.2 and -0.7 V, at which the peak area is greater than 60% of the maximum.
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Supplementary Figure 11 In-situ SERS test on OD-Cu film. (a) In-situ SER spectra on another fresh OD-Cu
film and under identical conditions as those in Supplementary Figure 10. (b) The normalized peak area of the
COap adsorption bands as a function of potential in the range of 0 to -0.4 V. (¢) The potential dependence of
CO band frequency. Stark tuning rate is determined through the linear fits of the point data between 0 and
-0.4 'V, at which the peak area is greater than 60% of the maximum.
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Supplementary Figure 12 Schematic of different sites. Schematic of the different sites (marked with the
various generic adsorbates) used in the analysis of Figure 4 for (111), (211) and (310) surfaces.
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Supplementary Figure 13 CORR activity test on OD-Cu film. Faradaic efficiency of products formed along
with the CORR current density (hollow circle) with and without stirring on OD-Cu film at -0.7 Vgrue in CO
saturated (a) 0.05 M K>COs3 and (b) 0.1 M KOH. The reaction was conducted in the SEIRAS spectrochemical
cell (Figure 1a).
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