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Abstract

The abrupt change in potential between the electrode and the electrolyte, and the resulting
interfacial electric field, is the driving force in electrochemical reactions. For surface mediated
electrocatalytic reactions, the interfacial electric field is believed to have a key impact on the
stability and reactivity of adsorbed intermediates. However, the exact mechanisms remain a topic
of discussion. In this context, reliable measurements of the interfacial electric field are a
prerequisite in understanding how it influences the rate and product distribution in electrochemical
reactions. The vibrational Stark effect of adsorbates, such as CO, offers an accessible means to
assess the interfacial electric field strength by determining the shift of vibrational peaks of the
adsorbates with potential, i.e., the Stark tuning rate. However, the vibrational Stark effect could be
convoluted with the dynamical dipole coupling effect of the adsorbates on weak binding surfaces
such as Cu, thus complicating the determination of the intrinsic Stark tuning rate. In this work, we
report a general and effective strategy of determining the intrinsic Stark tuning rate by removing
the impact of the dynamical coupling of adsorbed CO on Cu surface with surface enhanced infrared
absorption spectroscopy. A similar intrinsic Stark tuning rate of ~33 cm™!/V was obtained on oxide-
derived Cu in different electrolyte pH of 7.2, 10.9 and 12.9, indicating the pH independence of the
interfacial electric field. Investigations on different Cu electrodes show that the intrinsic Stark
tuning rates on (electro)chemically deposited films are close to 33 cm!/V, while particulate Cu
catalysts show a similar value of ~68 cm'!/V. These observations indicate the aggregate
morphology, rather than the size and shape of individual catalyst particles, has a more prominent

impact on the interfacial electric field.
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Introduction

Heterogeneous electrochemical processes are driven by the potential change at the
electrode/electrolyte interface. Due to the buildup of the electric double layer and the effective
screening of solvent molecules, e.g., water, the majority of potential changes occur between the
outer Helmholtz layer and the electrode surface (within a few Angstroms), resulting in immense
interfacial electric fields.! The interfacial electric field is a major driving force in electrochemical
reactions, and thus its reliable measurement and modeling are of considerable theoretical and
practical importance.>? For example, the effect of cations in the electrochemical CO and CO,
reduction reactions (CO;)RR) on the reaction rate and product selectivity has been related to the
strength of the interfacial electric field,*> though it is unlikely the sole or dominant factor.5” Aside
from impacting the stability of adsorbed intermediates, the interfacial electric field also impacts
the energetics of their vibrational modes, known as the vibrational Stark effect.®” This provides a
convenient way to gauge the dependence of the interfacial electric field strength on the potential
via in-situ electrochemical infrared or Raman spectroscopies by monitoring the rate at which peak
frequency varies with potential, i.e., the Stark tuning rate. Adsorbed CO is a suitable probe
molecule, as well as an intermediate in the CO»)RR, owing to its large dipole moment and sensitive
interaction with the substrate.!%-1> The frequency of the stretching mode of adsorbed CO varies
with the electrode potential, which is also impacted by the shift of the Fermi level in the metal
and in turn the back donation from the metal electrode to the 2" antibonding orbital of CO.!3-1¢
This electronic effect cannot be differentiated from the electric effect because they always coexist
under any given electrochemical conditions. For example, Su ef al. employed in-situ Raman
spectroscopy to show that the Stark tuning rates of CO on Pt(111) and Pt(100) are significantly

higher than that on Pt(110) (30 cm™!/V vs. 20 cm™!/V), providing mechanistic understanding into
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the higher CO electrooxidation activity on the former two surfaces.!” In addition to Raman
spectroscopy, surface enhanced infrared absorption spectroscopy (SEIRAS) provides another
highly interfacial sensitive tool to identify the adsorbate species on the molecule level.'® We
recently demonstrated with in-situ SEIRAS that the Stark tuning rate of CO adsorbed on Cu
increased from Li" to K and then leveled off for larger cations of Rb* and Cs™. Given the
monotonically increasing CORR activity with the cation size from Li" to Cs™, we proposed that a
nonelectric field strength component is also at play in the cation effect on CORR activity,® which
is line with a recent report.”

The growing popularity of Stark tuning measurements on non-precious metal surfaces, e.g.,
Cu in the CO»)RR," calls for more robust experimental procedures to extract reliable Stark tuning
rate values. It is important to note that it is often difficult to isolate a variable in electrochemical
systems because species interact extensively in the electric double layer. For example, varying
potential could easily change the surface coverage of a given adsorbate. Surface coverage is known
to impact the wavenumber of vibrational bands via the dynamical dipole coupling,?®?! and thus
reliable Stark tuning rates can only be obtained at a constant coverage of the probe molecule. This
requirement does not pose much challenge for CO adsorbed on precious metals due to its strong
binding, i.e., a constant saturation coverage could be maintained in a sufficiently wide potential
window to determine Stark tuning rates.'® The situation is considerably different for weak binding
surfaces, on which the adsorbate coverage could vary substantially with potential. In such cases,
peak shifts with potential, i.e., the apparent Stark tuning rate, could be caused by both the
vibrational Stark effect and the coverage effect. Therefore, peak shift attributable to potential
changes at a constant coverage, i.e., the intrinsic Stark tuning rate, needs to be determined by

removing the contribution of the coverage effect from the apparent Stark tuning rate. Only the
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intrinsic Stark tuning rate, rather than the apparent Stark tuning rate, is a reliable measure of the
rate at which the interfacial electric field strength varies with potential, which could be related to
materials’ electrocatalytic performances.

In this work, we report a general and reliable strategy to remove the coverage effect from
measured apparent Stark tuning rates of adsorbed CO bands on Cu electrodes via in-situ SEIRAS.
The correlation between the integrated CO peak area and position was determined by varying the
CO partial pressure, and in turn the surface coverage, at a constant potential. This quantitative
correlation was then used as a calibration curve to correct the peak wavenumbers determined at
different potentials. Intrinsic Stark tuning rates can then be obtained by the linear fitting of the
corrected band wavenumber vs. the applied potential. Using this strategy, a similar intrinsic Stark
tuning rate of ~33 c¢cm'!/V was obtained for CO adsorption on oxide-derived Cu (OD-Cu) in
different electrolyte pH of 7.2, 10.9 and 12.9, indicating the pH independence of the interfacial
electric field. Furthermore, we investigated the intrinsic Stark tuning rates on four different Cu
electrodes under the same conditions, including chemically deposited Cu film (Chem-Cu),
electrochemically deposited OD-Cu film, dropcast dendritic Cu (Den-Cu) and Cu microparticles
(Cu MPs). (Electro)chemically deposited films show a similar rate of ~33 cm™!/V, while electrodes
prepared by dropcasting catalyst inks exhibit a similar value of ~68 cm!/V. These observations
indicate that the electrode aggregate morphology, rather than the size and shape of individual

particles, has a substantial impact on the interfacial electric field.

Results and Discussion

Correction of CO Band Wavenumber on OD-Cu in Different Electrolyte pH
OD-Cu films were prepared via the electrochemical reduction of a Cu,O film that was pre-

deposited on Au film for SEIRAS (detailed synthesis procedure reported elsewhere?>?* and
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Figure 1. (a) In-situ SEIRA spectra of CO adsorption on OD-Cu in 0.03 M NaH,PO, + 0.035 Na,HPO, (pH
= 7.2, black traces), 0.05 Na,CO;3 (pH = 10.9, green traces) and 0.1 NaOH (pH = 12.9, blue traces) at
potentials indicated in the figure. The spectra were collected at constant potentials with 0.1 V intervals in the
anodic direction from the -0.6 to -0.2 Vgyg. (b) The normalized peak area of CO adsorption bands in different
electrolyte pH as a function of potential. (c) The apparent (hollow circles and dashed lines) and corrected
(solid circles and lines) potential dependence of CO band frequency. Stark tuning rates are determined
through the linear fits of the point data.

included in the Supporting Information). The Stark tuning rate of CO band on OD-Cu was
determined in three distinct electrolyte pH with a constant Na* concentration of 0.1 M: 0.03 M
NaH,PO, + 0.035 M Na,HPO, (pH = 7.2), 0.05 M Na,CO; (pH = 10.9) and 0.1 M NaOH (pH =
12.9). All the spectra were collected in a custom-designed, stirred spectroelectrochemical cell to
enhance the mass-transfer in the electrolyte (Figure S1). The spectra in CO saturated electrolytes
with different pH are shown in Figure 1a, in which the potential scans anodically from -0.6 to -0.2
V vs. the reversible hydrogen electrode (Vrpg). The band located in the region of 2000-2100 cm!
is attributed to the linearly bound CO on the atop sites of Cu surface (CO,p), Whose intensity

varies with the applied potential.?*2 In the electrolytes with pH 7.2 and 10.9, the intensity of CO
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band reaches the maximum at -0.6 Vg in the potential range investigated and decreases with the
anodic potential shift (black and green traces in Figure 1b, respectively). Compared to the case in
an electrolyte pH of 10.9, CO band in pH 7.2 changes more rapidly in intensity with only 20% left
at -0.2 Vyyg. Further increasing the electrolyte pH to 12.9 significantly broadens the CO bands
(blue traces in Figure la), which can be an indication of the Cu surface becoming less
homogeneous in the strongly alkaline electrolyte.?32¢ In addition, CO band in pH 12.9 shows an
increased intensity and a visible redshift of peak position (blue traces in Figure 1a and ¢) compared
to that in less alkaline electrolytes, which are expected because the absolute potential is lower in
the more alkaline electrolyte at a given RHE potential. The intensity reaches the maximum at -0.3
Vrue and shows negligible change with the potential (blue trace in Figure 1b). In all the electrolytes
investigated, the peak frequency of CO band blueshifts as the potential increasing from -0.6 to -
0.2 Vgryg, resulting in the apparent Stark tuning rates of 12.5, 16.5 and 37.3 cm!/V in electrolyte
pH of 7.2, 10.9 and 12.9, respectively (dashed lines in Figure 1c). These observations raise the
question whether the interfacial electric field strength is dependent on the electrolyte pH value. It
is important to note that the shift of the CO band position with the applied potential can be caused
by both the coverage effect, i.e., the dynamical dipole coupling,?*?! and Stark tuning effect,?”?8 of
which only the latter is induced by the interfacial electric field. Given the substantial change in the
peak area with the potential, the dynamical dipole coupling among adsorbed CO at different
coverages is expected to have a strong impact on the shift of peak position. Thus, in order to obtain
the intrinsic Stark tuning rates as a reliable experimental measure of the interfacial electric field
strength, the coverage effect needs to be removed from the apparent Stark tuning rates. It is worth
noting that the asymmetrical lineshapes of CO bands in Figure 1a indicate the heterogeneities of

Cu surface sites, the Stark tuning rates determined in this work represent the average values of all
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Figure 2. (a) In-situ SEIRAS study on the peak area dependence of CO band frequency via switching the
bubbling gas to Ar on OD-Cu at -0.6 Vgyg in 0.03 M NaH,PO, + 0.035 M Na,HPO,4 (pH = 7.2). (b) The
peak position shift from that under CO as a function of the peak area. The second-order polynomial fitting
of the point data is shown as dashed line. The spectral resolution is set at 2 cm™! for an accurate calibration.

available surface sites.

The coverage correction of the measured apparent Stark tuning rates could be achieved by
determining a relative peak area vs. peak position curve at a given potential (Figure 2). For example,
CO adsorption spectra were initially collected in CO saturated 0.1 M sodium phosphate buffer
under -0.6 Vgyg, at which the intensity of CO band is maximum in this electrolyte (Figure 1b).
After reaching equilibrium, Ar was introduced into the electrolyte to substitute CO and the SEIRA
spectra were collected continuously with the time. The CO band gradually decreases due to the
consumption of CO in the CORR or desorption, accompanied by a redshift of the peak position
from 2083 to 2077 cm! induced by the decoupling of adsorbed CO in the adlayer (Figure 2a). It

is worth noting that the small frequency shift of only ~6 cm™! with the peak area reducing to ~35%
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of its maximum indicates a weak dynamical dipole coupling and low absolute surface coverage of
C0.202%30 The minor difference in the peak frequency at -0.6 Vryg between the spectra in Figure
la and Figure 2a is likely attributed to the film-to-film variations, while the apparent Stark tuning
rates are highly consistent among different films. The calibration curve can be obtained by fitting
the peak area dependence of the peak position shift from those under CO gas (the bottom trace in
Figure 2a), through which a second-order polynomial f(x) with a R-squared value of 0.99 is
determined (Figure 2b). It is worthy to note that the spectra where CO,;,, dominates were selected
to determine the calibration curve, thus excluding any impact from the change of lineshape caused
by CO adsorbed on different sites (Figure 2a). We also show that this curve is largely independent
of the potential chosen by conducting the same experiment at -0.3 Vgyg (Figure S2). The
wavenumbers of CO bands collected at different potentials are corrected with f(x) according to

the following equation:
Sg
Ucor. = Uapp. —f( /SE ) (D
max

where v, and vy, are the corrected and as-measured peak wavenumbers, respectively. Sg is the

integrated peak area of CO band at a given electrode potential E, and Sg__is the maximum peak

Sg
Sg

max

area of CO band in the potential range investigated. Thus, the term stands for the normalized

peak area as the X-axis of Figure 2b. The intrinsic Stark tuning rate can be determined with the
corrected wavenumbers (Vo).

The Stark tuning rate in pH 7.2 increases from 12.5 to 33.9 cm’!/V after the correction of
peak frequencies due to the CO coverage effect (black solid line in Figure 1c). Applying the same
correction strategy, the Stark tuning rates in pH 10.9 and 12.9 are corrected to be 32.7 and 34.0

cm!/V, respectively (green and blue solid lines in Figure 1¢), with the calibration curves shown in
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Figures S3 and S4. These values are referred to as the intrinsic Stark tuning rates in this work. The
minor change of Stark tuning rate in pH 12.9 upon the correction (from 37.3 cm™'/V to 34.0 cm
1/V) is due to the similar intensity of CO band and thus an insignificant coverage effect in the
potential range of -0.6 to -0.2 Vgyg (blue trace in Figure 1b). The similar intrinsic Stark tuning
rates (~33.0 cm!/V) obtained in the pH range of 7.2-12.9 indicate that surface adsorbed CO
experiences a similar change within the interfacial electric field in this potential range. In addition,
the intrinsic Stark tuning rate was determined to be the same within the experimental errors at a
CO partial pressure of of 0.5 atm, showing its independence regarding the pco and in turn the
absolute coverage of CO in electrochemical systems (Figure S5). Interestingly, OD-Cu surface
appears very sensitive to the chemicals used in the preparation procedure. For example, replacing
the DL-lactic acid with L-lactic acid in the electrodeposition bath for Cu,O film led to a
significantly higher apparent Stark tuning rate of 28.1 cm™/V in 0.05 M Na,COs (vs. 16.5 cm™!/V
with the DL-lactic acid, Figure 1). The intrinsic Stark tuning rate is determined to be 34.1 cm™//V
after the correction (Figure S6), close to the observed value of ~33 cm!/V on the OD-Cu prepared
with DL-lactic acid (Figure 1c).

Several points deserve further discussion regarding the observation of the pH independence
of interfacial electric field strength. All three electrolytes used in the experiments described above
contain 0.1 M Na*, thus no different impact of cation on the interfacial electric field is expected.
Moreover, the negative potentials (-0.6 to -0.2 Vryg) at which Stark tuning rate is determined
makes the specific adsorption of anions unlikely because they are electrostatically repelled from
the electrode surface.?! We note that the specific adsorption of phosphate at negative potentials
was observed in a high concentration phosphate solution of 1.0 M using surface enhanced Raman

spectroscopy (SERS) in our recent work.?® The diluted solution (0.1 M) employed in this work
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makes the specific adsorption of anions less likely to have a strong impact on the interfacial electric
field at reducing potentials. Further, we showed that the surface speciation of Cu has a strong pH
dependence, showing an increasing propensity to form surface oxygen-containing species at
CO(»)RR conditions with the increase of electrolyte pH from 8.9 to 12.6.2%-*2 Given the constant
interfacial electric field with the change of electrolyte pH between 7.2 and 12.9 in this work, the
surface oxygen-containing species is unlikely to play any major role in affecting the interfacial

electric field.

Dependence of Intrinsic Stark Tuning Rates on Sample Morphology

In addition to OD-Cu, we also determined the intrinsic Stark tuning rates of CO band on
other three kinds of Cu surfaces: Chem-Cu, Cu MPs and Den-Cu in 0.1 M NaOH (pH = 12.9).
Chem-Cu electrode was obtained through the chemical deposition of Cu film onto a Si prism
surface, while Cu MPs and Den-Cu electrodes were prepared by dropcasting the catalyst inks onto
an SEIRA active Au film (synthesis procedure included in the Supporting Information). Among
these electrodes, only Cu MPs show a strong potential dependence of CO band intensity with the
maximum at -0.2 Vyyg, which results in a substantial difference in the apparent and intrinsic Stark
tuning rates, being 74.9 and 66.1 cm™!/V, respectively (Figure S7). Changes in the integrated area
of CO bands on Den-Cu and Chem-Cu with potential are minor (less than 20%) in the investigated
potential range of -0.6 to -0.2 Vryg (Figure S8a and b, Figure S9a and b), indicating a weak
coverage effect and minor corrections in the apparent Stark tuning effect (Figures S8c). Intrinsic
Stark tuning rates of CO bands on different Cu surfaces appear to depend on the sample preparation
methods. Samples that are chemically or electrochemically deposited on the surface of the ATR

crystals, including Chem-Cu and OD-Cu films, exhibit intrinsic Stark tuning rates of ~33 cm!/V,
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Figure 3. (a) Intrinsic Stark tuning rates of CO bands on Chem-Cu (black), OD-Cu (blue), Den-Cu (green)
and Cu MPs (cyan) in 0.1 M NaOH (pH = 12.9). (b-e) SEM images of Chem-Cu, OD-Cu, Den-Cu and Cu
MPs, respectively.

while particulate samples dropcast on Au films, including Den-Cu and Cu MPs, tend to have
intrinsic Stark tuning rate values of ~68 cm™!/V (Figure 3a). The drastic difference in the intrinsic
Stark tuning rates, and in turn interfacial electric fields, among Cu surfaces is an indication that
the morphology of Cu samples plays an important role. SEM images show that Cu samples
prepared by chemical or electrochemical deposition (Chem-Cu and OD-Cu) exhibit relatively
uniform particle size (< 200 nm) distribution and particles are closely packed together (Figure 3b
and c). Meanwhile, Den-Cu and Cu MPs electrodes, prepared by dropcasting catalyst inks, show
broader particle size distribution from nanometer to micrometer sized particles, and different
morphologies (dendritic and spherical, Figure 3d and e). Generally, materials with high-curvature
structure are known to concentrate electric fields, because the electron concentrates at the tip and
its intensity increases as the electrodes sharpen. This effect originates from the migration of free
electrons to the regions of the sharpest curvature on a charged metallic electrode, a consequence

of electrostatic repulsion.>®> The more irregular shaped Den-Cu and Cu MPs (Figure 3d and e)
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Figure 4. (a) Intrinsic Stark tuning rates of CO bands on Chem-Cu film (black circle) and Chem-Cu-DC
(black triangle) in 0.1 M NaOH (pH = 12.9), as well as Pt film (green circle) and Pt-DC (green triangle) in
0.1 M HCIO4 (pH = 1.2). (b-e) SEM images of Chem-Cu film, Chem-Cu-DC, Pt film and Pt-DC,
respectively. The DC-electrodes (¢ and e) were prepared by scraping the corresponding films (b and c) off
Si substrate and dropcasting onto the SEIRA active Au films.

likely possess more features with local high curvature than Chem-Cu and OD-Cu (Figure 3b and
c).

To further support the hypothesis that the electrode morphology, rather than the size and
shape of individual particles, has a major impact on intrinsic Stark tuning rates, we conducted a
series of control experiments in which these two factors were decoupled. We first prepared Chem-
Cu and Pt films via chemical deposition, and then scraped them off the Si substrate. These powders
were made into catalyst inks, and then dropcast onto Au films (synthesis procedure included in the
Supporting Information). Through this procedure, dropcast Chem-Cu and Pt samples contain the
same particle-level features as chemically deposited samples but with different morphologies and
heterogeneities of aggregates (Figure 4b-e). They are referred to as Chem-Cu-DC and Pt-DC,
respectively, below for clarity. Thus, any difference in the intrinsic Stark tuning rates on samples

prepared by different procedures could be attributed to the difference in the aggregate morphology.
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CO adsorption spectra on Chem-Cu-DC were collected in CO saturated 0.1 M NaOH at the same
conditions as on the Chem-Cu sample (Figures 3a and S10). Compared to Chem-Cu (Figure S9),
CO band on Chem-Cu-DC is significantly broader and redshifted (Figure S10), indicating less
homogeneous adsorption sites and dynamical dipole coupling. This is consistent with the observed
heterogeneous aggregate morphology (Figure 4c). The intrinsic Stark tuning rate on Chem-Cu-DC
is determined to be 68.8 cm™!/V (black triangle and dashed line in Figure 4a), which is more than
twice as much as that on the Chem-Cu film (31.7 cm'!/V) and similar to those on Den-Cu and Cu
MPs (Figure 3a). This strongly suggests that the morphology of the aggregated particles is a key
factor resulting in their different intrinsic Stark tuning rates. In addition to Cu surfaces, we also
conducted CO adsorption on Pt film and Pt-DC in 0.1 M HCIO, (Figures S11 and S12), which is
a well-studied system in the literature.?®343> CO band intensity on Pt barely changes within the
investigated potential range of -0.2 to 0.6 Vyyg (Figures S11b and S12b), making the coverage
correction unnecessary in this system. Pt film shows an intrinsic Stark tuning rate of 24.6 cm™!/V
(green circle and solid line in Figure 4a), which is consistent with the previous reports under similar
conditions.?®3* As in the case on Cu surface, CO band is significantly broadened and redshifted on
Pt-DC at the same conditions (Figure S12a). The intrinsic Stark tuning rate of the CO band
increases from 24.6 cm™!/V on the Pt film to 37.4 cm™!/V on Pt-DC (green triangle and dashed line
in Figure 4a), confirming the impact of the aggregate morphology on the vibrational Stark effect
(Figure 4d and e). These results demonstrate that the dependence of the interfacial electric field
strength on the electrode potential is sensitive towards the morphology of the catalyst particles,
which could in part account for the reported reactivity difference between foil and particulate Cu
catalysts in the electrochemical reduction of CO and CO,.3>36-37 We note that CO Stark tuning

rates on Pt(111) and Pt(110) single crystals were determined to be 29 and 24 cm™!/V, respectively,
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under similar conditions in the literature, which are close to the value of 24.6 cm'/V on
polycrystalline Pt film in this work.3%3° This is an indication that the chemically deposited films
are reasonable surrogates for flat single crystal surfaces in terms of Stark tuning measurements.
Quantitative analysis shows that the change in Stark tuning rate after correction is less than
8% when Stark tuning rates were determined using peaks with integrated area greater than 60% of
the maximum value. This could serve as a rough gauge regarding the errors of using apparent Stark
tuning rate values without correction. The deviation of the apparent Stark tuning rate from the
intrinsic value increases rapidly if peaks with integrated areas less than 60% of the maximum value
is used, where the dynamical coupling plays an increasingly important role in affecting the peak

position.

Conclusion

In summary, we developed a general and reliable method to determine intrinsic Stark
tuning rates of adsorbed CO on Cu surface by removing the coverage effect. A similar intrinsic
Stark tuning rate of ~33 cm™!/V was obtained on OD-Cu in different electrolyte pH of 7.2, 10.9
and 12.9, suggesting the pH independence of interfacial electric field in this pH range. Furthermore,
the (electro)chemically deposited Cu films, i.e., Chem-Cu and OD-Cu, show similar intrinsic Stark
tuning rate of ~33 cm™!/V, while the particulate electrodes made by dropcasting catalyst inks, i.e.,
Den-Cu and Cu MPs, exhibit a similar rate of ~68 cm™!/V under the same conditions. Based on the
SEM images, we proposed that the electrode aggregate morphology, rather than the size and shape
of individual particle, has a substantial impact on the interfacial electric field. The significantly
increased intrinsic Stark tuning rates on Chem-Cu and Pt electrodes after being scraped off and

then dropcast onto SEIRA active Au films further support the above hypothesis.
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