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The activity and selectivity of a copper electrocatalyst during the o .
electrochemical CO, reduction reaction (eCO,RR) are largely dominated by the interplay : & \;\ . )\ ! -

between local reaction environment, the catalyst surface, and the adsorbed intermediates. [ g
In situ characterization studies have revealed many aspects of this intimate relationship
between surface reactivity and adsorbed species, but these investigations are often limited
by the spatial and temporal resolution of the analytical technique of choice. Here, Raman
spectroscopy with both space and time resolution was used to reveal the distribution of
adsorbed species and potential reaction intermediates on a copper electrode during
eCO,RR. Principal component analysis (PCA) of the in situ Raman spectra revealed that a working electrocatalyst exhibits spatial
heterogeneities in adsorbed species, and that the electrode surface can be divided into CO-dominant (mainly located at dendrite
structures) and C—C dominant regions (mainly located at the roughened electrode surface). Our spectral evaluation further showed
that in the CO-dominant regions, linear CO was observed (as characterized by a band at ~2090 cm™"), accompanied by the more
classical Cu—CO bending and stretching vibrations located at ~280 and ~360 cm™’, respectively. In contrast, in the C—C directing
region, these three Raman bands are suppressed, while at the same time a band at ~495 cm™" and a broad Cu—CO band at ~2050
cm™' dominate the Raman spectra. Furthermore, PCA revealed that anodization creates more C—C dominant regions, and labeling
experiments confirmed that the 495 cm™" band originates from the presence of a Cu—C intermediate. These results indicate that a
copper electrode at work is very dynamic, thereby clearly displaying spatiotemporal heterogeneities, and that in situ micro-
spectroscopic techniques are crucial for understanding the eCO,RR mechanism of working electrocatalyst materials.
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inevitable reduction of the oxidized electrode surface at
cathodic bias and the accompanied surface reconstruction
results in both temporal dynamic behavior and spatial
heterogeneity of adsorbed surface species.”*****

The highly dynamic nature of the electrode surface under
electrocatalytic operating conditions calls for a deeper
understanding of the structure—performance relationships of
copper-based electrocatalysts at work.>>**™*' For this purpose,
in situ and operando characterization techniques play an
important role."” A lot of research has been conducted using
analytical techniques with different spatial and temporal
resolution, such as atomic force microscopy,” attenuated

- : ! total reflection infrared spectroscopy (ATR—IR),*"**** sur-
characteristics make copper an interesting electrocatalyst 36,45-47 :
1o - . face-enhanced Raman spectroscopy (SERS), scanning
material, directing the selectivity toward the production of a . . 5,33
i . . 2395 electrochemical microscopy, and synchrotron-based X-ray
specific hydrocarbon product still remains challenging. 27,28 _ 1. : : .
4 ’ . > methods, which provided valuable information about the
Oxide-derived Cu electrocatalysts quite often exhibit out-

standing performance in eCO,RR, especially in C—C coupling
processes.”* >’ CO has been found to be a crucial intermediate
in the eCO,RR process on Cu, thus many research efforts have
been devoted to elucidating the surface reactivity of CO and its
relation with product formation.'***~** Unfortunately, it
remains challenging to reveal adsorbed intermediates beyond
CO due to the dynamic nature of eCO,RR. For example, the

The electrochemical carbon dioxide reduction reaction
(eCO,RR) to fuels and chemicals is a promising approach to
store renewable energy in chemical bonds.'~® The activity and
selectivity of electrocatalyst materials for eCO,RR are largely
dictated by the interplay between local environment (e.g,
electrolyte composition and pH) on one hand and the
structure and composition of the catalyst material on the
other hand.”~"? For example, copper has the unique ability to
form a variety of hydrocarbon products, and the selectivity
toward ethylene and methane can be tuned by exposure of
Cu(100) and Cu(111) surfaces, respectively."*~>* While these
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Figure 1. (a) Potential profile used in the work reported in this manuscript, indicating “pristine” and “anodized” eCO,RR runs. (b) SEM and (c)
optical microscopy image showing (after anodization) sites A and B, used for measuring the Raman spectra in panels (d,e). (d,e) In situ Raman
spectra on site A (green) and site B (dark blue) at —0.9 V cathodic bias during pristine run in the low Raman shift region (d) and the CO stretch
region (e), showing differences in the relative ratio of the LFB and HFB of surface bound CO, and the linear v Cu—C vibration at ~360 cm™" and
rotational § Cu—CO vibration at ~280 cm™. Another broad Raman feature at ~495 cm™ is observed as well at both points. (f) Faradaic efficiency
(FE) for pristine and anodized electrodes, showing an increase in ethylene formation after anodization at the expense of hydrogen evolution. The

error bars originate from averaging three different experiments.

details of the eCO,RR and the restructuring of the copper
surface under reaction conditions. However, many of the in situ
and operando experiments still lack the combination of both
temporal and spatial spectroscopic information to reveal
reaction dynamics and heterogeneities on relevant space- and
time-scales for the eCO,RR. For example, static measurements
are often insufficient to elucidate dynamic processes in a real
catalytic process. Furthermore, spectroscopic information
collected over a wide area gives averaged information, which
is the case for ATR—IR spectroscopy and many synchrotron-
based X-ray experiments, and therefore cannot reveal the
spatial heterogeneity of a working electrocatalyst. However,
more localized measurements, such as in many Raman micro-
spectroscopy studies, need to be conducted with care, due to
the potential risk of explaining the whole catalyst surface based
on only few selected regions of a working catalyst that depend
on the diffraction-limited spot size of the (visible) laser, which
limits it to at best ~0.5 yum.

Spatial variance in surface reactivity has already been
suggested in many studies,” but not yet fully verified by
spatiotemporal spectroscopic investigations. In this work, we
utilize spatiotemporal Raman spectroscopy mapping to reveal
heterogeneities of a copper electrode at work with micrometer
resolution. With these in situ Raman micro-spectroscopy
experiments, the spatial distribution and temporal evolution
of surface intermediates was elucidated, and linked to the
catalyst structure and performance by ex situ identical location
electron microscopy and online product detection on the same
time scale. Through spectral evaluation wvia principal
component analysis (PCA) it was found that rough regions
of the electrode, dominated by dendrites, are rich in
intermediates that have previously been assigned to adsorbed
CO at undercoordinated sites (i.e., linear CO stretch at ~2090
cm™!, accompanied by linear Cu—C stretch at ~360 cm™" and
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Cu—CO rotational band at ~280 cm™"). More flat regions of
the electrode are rich in intermediates that are ascribed to C—
C coupling and ethylene formation (i.c., low-frequency CO
stretch at ~2050 cm™), related to CO adsorbed on terrace
sites. The dominant contribution of the C—C directing
intermediate at different regions of the electrode surface is
correlated to the appearance of a Raman feature at ~495 cm™".
The spatial distribution of these CO-dominant and C—C
dominant regions was tuned by an anodic treatment, which
roughens the surface and promotes the formation of active
sites for C—C coupling in the subsequent reduction step.
Through isotope labeling experiments, it became evident that
this 495 cm™" Raman feature is related to the presence of a
Cu—C intermediate, which we infer to be another descriptor
for hydrocarbon-based C—C directing reaction intermediates
on reactive copper surfaces. When this 495 cm™ Raman band
is dominant, the classical 280, 360, and 2090 cm™' Raman
bands of linear adsorbed CO on copper are suppressed, and an
increase in ethylene formation is observed. These results reveal
the spatial heterogeneities of a working oxide-derived copper
electrocatalyst surface and allow for a spectral footprint of
surface reactivity.

An electrodeposited Cu catalyst (abbreviated as Cu-EDP
hereafter) was prepared based on reported methods,*”*>** and
subjected to the potential profile shown in Figure la (current
data in Figure S1). The potential profile roughened the
electrode surface. A scanning electron microscopy (SEM)
image of pristine Cu-EDP right after deposition is shown in
Figures 1b and S2 and S3, in which tree-like dendrite
structures on the length scale of several microns are visible.
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Figure 2. (a,b) In situ Raman spectra of site A (green) and B (dark blue) at —0.9 V cathodic bias during anodized run in (a) the low Raman shift
region and (b) the CO stretch region, showing a dominant LFB of adsorbed CO in site A, accompanied by a dominant Raman feature at ~495
cm™". (c) Raman spectra collected using '*CO, and *C-labelled CO,. All potentials are vs RHE. Raman spectra collection time: 3 s for one pixel

and 18 s for a complete Raman spectrum.

These dendrites are composed of nanoparticles with diameters
around 20—50 nm. Next to the dendrites, more flat regions are
also observed at the electrode surface, which also consist of
individual Cu nanoparticles (see Figures S2 and S3). X-ray
diffraction (XRD) data (Figure S4) show that the bulk of the
sample consists of polycrystalline copper, while a clear XRD
reflection of surface Cu,O can also be discerned."" In situ
Raman spectroscopy during the eCO,RR was then conducted
in a liquid phase flow cell (i, 0.1 M CO,-saturated KHCO,
solution, pH = 6.8) in our previously reported setup and cell
(Figure $5).*” The Raman spectra at open circuit potential
reveal that the surface of the electrode is dominated by Cu,O,
(Figure S6), but these surface oxides are removed within a few
seconds after cathodic bias onset. Due to the intrinsic
roughened morphology, Raman signals can already be
collected when pristine Cu-EDP is subjected to the eCO,RR
working conditions at —0.9 V due to the strong SERS effect
(all potentials in this manuscript are versus reversible hydrogen
electrode (RHE) and the data from this experiment are
labelled as “pristine” throughout the manuscript). We have
used 3 s exposure time for each spectral window, and the
collection of one full Raman spectrum takes ~18 s. These
Raman spectra were collected 18 min after —0.9 Vg cathodic
bias onset, at which the catalyst surface has stabilized, and
observed spatiotemporal spectral variations that can be
attributed to differences in adsorbed species. Segments of the
Raman spectra of the pristine electrode collected at two
representative points (ie, points A and B, indicated in the
optical microscope image in Figure lc (optical microscopy
image of pristine electrode provided in Figure S2) in two
spectral regions (low wavenumber region < 650 cm™, and CO
region around 2000 cm™') are shown in Figure 1d,e to provide
a quick view of spatial heterogeneity of a pristine copper
electrode at —0.9 Vyyg. These two points in the microscopy
image in Figure lc correspond to the positions A and B in the
SEM image in Figure 1b.

The main features that can be discerned at both points are
the Cu—CO bending and Cu—C stretching vibrations in the
low wavenumber region (i, ~280 and ~360 cm™},
respectively, Figure 1d) and the linear CO stretch vibrations
on different adsorption sites between 2000 and 2100 cm™
(Figure le). The 280 cm™' Raman band is usually attributed to
the restricted rotation of CO adsorbed on Cu, while the 360
cm™' Raman band is assigned to the Cu—C linear stretching
vibration.”® The CO stretching vibrations in the 2000—2100
cm™ region are usually deconvoluted into two bands: a
relatively sharp Raman band at ~2090 cm™ is ascribed to CO
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adsorbed on isolated Cu sites [further referred to as “high
frequency band (HFB) CO”, or “HFB-CO” due to its higher
Raman shift], and the broad Raman band in the region
between 2020 and 2070 cm™" is ascribed to CO adsorbed on
terrace sites [further referred to as “low frequency band (LFB)
CO” or “LFB-CO”]."*'%3%313¢ Eyrthermore, bridged or multi-
bound CO is typically observed <2000 cm™' and often
attributed to inactive spectator species, which are not observed
in these spectra for the pristine electrode. Next to these
different forms of CO stretching vibrations, a broad feature at
~495 cm™" is observed in the Raman spectra as well at both
points A and B. Raman bands between 480 and 520 cm™" have
been discussed before in a few publications,”*”*” but the
origin of these Raman bands and the related spectral
assignments to adsorbed species are still a matter of debate
and requires further attention. Some researchers attribute the
480—520 cm™' Raman bands to Cu,—OH, species due to
increased local alkalinity and severe hydrogen evolution or
these bands are correlated with surface oxides (CuO,),’"*°>*
or carbon-related species on a Cu surface.”*” One of the goals
of this study is to further elucidate the origin of this Raman
teature. Hence, our in situ spatiotemporal Raman spectroscopy
mapping study aims to correlate the temporal appearance of
the 480—520 cm ™ Raman band to other spectral features, and
link it to the dominant surface morphology through a quasi-
identical location ex situ SEM experiment. In this way, Raman
spectra can become a direct measure for the surface
morphology and Cu electrode performance. While all the
CO-related features discussed above are present on all points
to different extents, the exact shape of the in situ Raman
spectra are quite different across the surface of the Cu
electrode. The Raman spectra collected at points A and B
already show spectral variations, suggesting the complex nature
of electrocatalysts (especially oxide-derived Cu), which calls
for improved spatiotemporal investigations and detailed
analysis of the spectral footprint of a copper electrode under
operational conditions.

Anodic treatment has been reported to be effective for
boosting the formation of ethylene.””>*™>° To further
investigate the underlying eCO,RR mechanism on pristine
and oxide-derived copper electrodes, an anodization step was
applied (+1.55 V for 120 s) before the second eCO,RR
reduction step (corresponding experiments denoted as
“anodized” in the rest of the manuscript). As expected, the
strong anodization of the surface enhanced C—C coupling and
resulted in a 2-fold increased ethylene production at the
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Figure 3. (a) Raman heatmap in the low Raman shift region and (b) CO stretching region, showing the spatial distribution of relative intensities of
the 495 cm™ Raman peak (irel495) and LFB of CO at 2000—2070 cm™ (ireypp) during the pristine run. (c) Result of PCA & k-means clustering
performed with the single pixel spectra of the spatially resolved micro-Raman data. k-means clustering using six clusters in 3-dimensional PC space
resulted in the displayed segmentation of the map. (d) Average spectra of the segmented regions (clusters) shown in (c) zooming in on the low
Raman shift region and the CO stretch region (e), respectively. Figure S13 contains the spectra over the entire range.

expense of hydrogen evolution (Figure 1f). The same
anodization treatment was performed on points A and B
from Figure 1 during the Raman micro-spectroscopy measure-
ments. The cathodic potential after this anodization was set at
—0.9 V and the corresponding Raman signals in the low
Raman shift region and CO stretch region are shown in Figure
2a,b. Significant changes in the Raman signals are observed
after the anodization compared to the pristine electrode
(Figures 1d,e, S7, and S8). First of all, the Raman band
centered at ~495 cm™" has become the dominant feature in
the low Raman shift region at both points at the expense of the
Raman bands centered at ~280 and ~360 cm™. The CO
stretch vibrations at ~2050 and ~2090 cm™' also undergo
changes upon anodization (Figure 2b), which is reflected by
the fact that the relative intensity of the HFB-CO Raman band
decreases on both sites A and B, and that the LFB-CO Raman
band rises in relative intensity and becomes the dominant
feature for site A, where little to no contribution from HFB-
CO could be discerned (Figure 2b). The dominant LFB
Raman band is clearly accompanied by a more dominant 495
cm™' Raman band, suggesting that they might be correlated.
Interestingly, in site B, there is still a significant contribution
from the HFB-CO species, accompanied by more pronounced
Raman features at ~280 and ~360 cm™.*

To elucidate the origin of these low Raman shift region
features, we have collected the Raman spectra using isotope
labelled H"*CO, and *CO, (Figure 2c). An isotopic shift of
—15 cm™ is clearly visible (from 495 to 480 cm™") when *C-
labelled CO, is used, which is very close to the theoretical
value of —18 cm™" for a Cu—C stretching vibration using the
harmonic oscillator model.”” We note that the features at ~500
cm™! consist of at least two Raman bands (Figure 2c), which
shift by a different amount upon isotope labelling, suggesting
they originate from distinct surface adsorbates. Considering
the increase in ethylene production and the relative increase of
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the Raman bands at ~500 cm™' after the anodization, it is
suggested that these bands could be due to the presence of
ethylene-directing surface adsorbates. Therefore, we tentatively
ascribe these Raman features to Cu—C surface adsorbates at
the Cu surface that are (mainly) involved in C—C coupling
Finally, by correlating these in situ Raman data to the ex situ
SEM analysis before and after eCO2RR, we can conclude that
the dendrite regions of the electrode surface are prone to give
rise to stable linear CO species located at undercoordinated
sites, whereas the flatter parts of the Cu electrode give rise to
the formation of C—C directing surface adsorbates at planar
Cu facets.

To provide insights on the spatiotemporal distribution of the
surface adsorbates observed, in situ Raman micro-spectroscopy
mapping experiments were performed (Figure 3). We have
collected the Raman signal from a 7 pum by 7 um field of view
using an interval and diffraction-limited spot size of ~1 um
(1.2 ym according to Airy disk diameter, NA = 0.8), resulting
in 49 Raman spectra in total. The Raman micro-spectroscopy
maps are constructed in a raster scan fashion, from top left to
bottom right. All Raman spectra for the pristine electrode at
—0.9 Vpyg can be found in Figure S7, and for the anodized
electrode over the same area in Figure S8. We note that some
spectral and sample drifts and surface restructuring of the
sample is possible under the electrochemical conditions
applied, which would influence the spatiotemporal spectral
features discussed below. To check for possible sample drifts as
well as surface restructuring, two consecutive Raman maps
were collected (Figure S9). This experiment shows that the
CO-dominant regions and regions where C—C directing Cu—
C intermediates dominate roughly remain at the same spatial
positions, thereby confirming that drift and catalyst restructur-
ing has minimal influence. To visualize the spatial hetero-
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Figure 4. (a) Raman heatmap in the low Raman shift region and (b) CO stretching region, showing the spatial distribution of relative intensities of
the 495 cm™ Raman peak (ice495) and LFB CO at 2000—2070 em™ (i, pp) during the anodized run. (c) Result of PCA and k-means clustering
performed with the single pixel spectra of the spatially resolved micro-Raman mapping data. k-means clustering using 6 clusters in 3-dimensional
PC space resulted in the displayed segmentation of the map. (d) Average spectra sorted by the cluster results in (c) of the low Raman shift region
and (e) CO stretch region, respectively. Figure S13 contains the spectra over the entire range.

geneities of the active Cu electrode surface and derive
correlations between vibrational features in low Raman shifts
and the CO region, heatmaps of the spectra are plotted (Figure
3). In these heatmaps, the ratio between the dominant feature
and the minor species was calculated accordingly: in the low
Raman shift region, the intensity of the Raman band at ~495
cm™ is divided by the sum of all surface adsorbate species in
the spectral region 300—540 cm™ (i49s), (Experimental
Section). In the CO stretch Raman region (~2000 cm™"), the
intensity of the 2000—2075 cm™' LFB-CO band is compared
to the sum of all surface adsorbate species in the spectral
region 2000—2100 cm ™! (i, pp)- By using these ratios, we also
exclude variations in the SERS effect at different locations at
the Cu electrode surface as a possible explanation for changes
in the spectral features. The relative peak intensities are
calculated based on fitting of the Raman spectra. Examples of
relevant spectral fits are given in Figure S10. It should be noted
that the spectral features vary quite a lot across the measured
area, given the complex surface condition of the spots. This
data processing presents the overall trends in ratios, rather than
quantitative details. For the same reason, species of similar
nature are quantified into one group, although it should be
evident that the exact shape of the HFB and LFB features can
be quite different at different sites, and the 495 cm™' Raman
band can be discerned as a doublet peak at certain sites, as
discussed above. The Raman heatmap confirms that the
Raman bands located ~280 and ~360 cm™ as well as the
Raman band assigned to HFB-CO surface adsorbate species
are dominating for the pristine catalyst at —0.9 Vg (Figure
3a,b). The relative intensity of the Raman band at ~495 cm™
compared to the total intensity of spectral features in the low
Raman shift region is almost zero (Figure 3a), and the LFB/
(LFB + HFB) ratio is ~0.5 over the entire Cu surface (Figure
3b).

Next, PCA and k-means clustering of the 49 spectra was
performed to identify spectral similarities in an unbiased
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manner. Based on the scree plot and inspection of the
eigenspectra, the first three principal components (PCs) were
selected, capturing 95% of the data’s variance (Figure S11).
The resulting 3-dimensional score plot was then segmented
into 6 clusters using k-means clustering, effectively pooling
spectra based on their spectral similarity, which is expressed by
their proximity in the score plot. The number of clusters was
chosen based on the inspection of the averaged spectra of each
cluster and 6 clusters provided a sufficiently fine-grained model
to capture even single-pixel regions with a spectroscopically
distinct fingerprint. Figure 3¢ shows the distribution of the 6
spectroscopically distinct areas (the clusters) and the spectral
regions of interest of the corresponding average spectra of the
low Raman shifts and CO stretch region in panels, Figure 3d,e.
Note that the segmentation of this map into 6 clusters is
exclusively based on spectral similarity and not on any spatial
correlation.

The cluster map shows that most of the Raman data is
described by two clusters (cluster 1 and 3, red and green,
respectively), and only 6 out of the 49 Raman spectra differ
significantly from the average spectra of these clusters, showing
the homogeneous nature of the pristine Cu electrode. The
averaged Raman spectra in Figure 3d,e were normalized on the
360 cm ™" peak to clearly visualize the intensity ratio difference,
similar to the ratios presented in Figure 3a,b. Upon closer
inspection of the average spectra of clusters 1 (red) and 3
(green), it can be seen that their separation is mainly based on
their slight peak shift in the 495 cm™" region and the difference
in ratio of the 280 and 360 cm™' Raman bands (Figure S12).
In cluster 3, the spectra have a relatively higher 360/280 cm™*
band intensity ratio compared to the spectra in cluster 1.
Moreover, the relative intensity of the LFB is higher for cluster
3 compared to cluster 1. From recent literature, it is known
that an increased 360/280 cm™! band intensity ratio is
correlated to a higher *CO coverage and increased formation
of ethylene.”® The 360/280 cm™ band intensity ratio of the 6

https://doi.org/10.1021/jacsau.3c00129
JACS Au 2023, 3, 1890—-1901


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00129/suppl_file/au3c00129_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00129/suppl_file/au3c00129_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00129/suppl_file/au3c00129_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00129?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00129?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00129?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00129/suppl_file/au3c00129_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00129?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

clusters is shown in Figure S12. Furthermore, our previous
work showed that ethylene formation is boosted when low
frequency CO surface adsorbates were present. Both
observations are present in cluster 3, which shows the strength
of the PCA and k-means clustering approach applied to our
micro-spectroscopic Raman data. A main observation is the
variation in the maxima of the HFB CO between the different
clusters. The vibrational energy of the CO band is dependent
on the surface Cu facets or sites on which the CO is adsorbed.
The characteristic sharp feature of the HFB CO varies between
2070 and 2090 cm™ and therefore acts as a local surface probe
for the heterogeneous nature of the electrode surface. A very
intense spectral feature at 500 cm™ isolates the two pixels that
constitute cluster 4 (orange label) from the other clusters. This
is also evident in the Raman heatmap, shown in Figure 3a.

What could have been missed without the use of clustering,
are the three other isolated clusters: clusters 2, 5, and 6 (blue,
yellow, and brown). These clusters are mainly separated based
on the position of the sharp HFB CO peak. The shift of this
peak indicates the presence of morphological heterogeneities
(exposed facets/defects sites) over the measured area with
different adsorption energies for Cu—CO. For cluster 2, the
position of the Cu—C stretch vibration (355 cm™) of the Cu—
CO is significantly lower in energy while having the highest
CO stretching (2090 cm™") vibrational energy of all the
clusters, suggesting a strong CO bond and weaker Cu—C
bond, hence, probing an active site that most probably
produces CO (g) as products. The mapping data combined
with the k-means clustering analysis shows that intermediates
(in this case, mainly CO intermediates with different binding
strengths) on various active sites can be discerned on
polycrystalline copper surfaces.

After an anodization step, the proportion of the surface
adsorbate species associated with the Raman bands located at
~495 cm™ as well as the proportion of the LFB-CO surface
adsorbate species significantly increased during the subsequent
eCO,RR run at —0.9 V vs RHE (Figure 4ab). More
specifically, the bottom half of the imaged area is dominated
by the Raman bands at ~495 cm™, and the relative Raman
intensity of the LFB-CO surface adsorbate also increases and
dominates accordingly in the same area. These Raman
heatmap images indicate that Cu surface sites have been
created during anodization on which different surface
adsorbates can be observed that potentially serve as a spectral
fingerprint of local variations in catalytic performance.*’
Furthermore, the dominant presence of the Raman band at
~495 cm™' coinciding spatially with Raman bands assigned to
LFB-CO surface adsorbates suggests they are indeed
correlated, as was already inferred above by comparison of
the spectra at point A and B shown in Figure 2. Collection of
the full Raman maps (each consisting of 49 spectra) typically
takes 18 min in total. Again, to exclude the possibility that the
signal associated with different surface adsorbates changes
throughout the acquisition of the Raman maps due to surface
restructuring or sample drift, we performed repeated spatial-
resolved SERS experiments and confirmed that the observed
spatiotemporal variations are not caused by the time-resolved
dynamic behavior of the surface or eg, the direction of
scanning (Figure S9).
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With the same PCA & k-means clustering analysis as applied
on the pristine sample (differences visualized in Figure S13),
again four distinct clusters can explain the data in the map
together with two single point clusters, ie., blue and brown,
Figure 4c (PCA and scree plots in Figure S14). The average
spectra for each cluster were calculated and displayed in Figure
4d,e. For clarity, we have separated the average Raman spectra
in three parts based on similarities in spectral features. All six
average spectra show features in the 500 cm™" region, but vary
in intensity of the Cu—CO bands at 280 and 360 cm™". In the
top of the Raman map, the surface contains more Cu—CO
compared to the bottom, as indicated by the Raman spectra of
cluster 4 and S. This is also accompanied by a more
pronounced presence of the HFB CO Raman band. The
bottom part contains more Raman features in the 500 cm™
region and subsequently more LFB CO, which shows that the
combined (unsupervised) PCA and k-means clustering shows a
similar correlation as was indicated by the heatmaps of Figure
4a,b, namely a CO-dominant region and a region in which
intermediates around 500 cm™' dominate, which are inferred
to be related to Cu—C intermediates involving C—C coupling.

Compared to the pristine sample, new features are observed
in the averaged anodized spectra at 1930 cm™" (i.e., cluster 1
and 3, red and green) and 1860 cm™ (i.e., cluster 2 and 6, blue
and brown). Signals at these Raman shifts are ascribed in the
literature to Cu—CO species with a reduced CO bond
strength, such as multi-bound Cu—CO or bridged Cc0.*°
Furthermore, the peak position in the low Raman shift spectral
window for clusters 1 and 3 is slightly lower (495 cm™) than
that of clusters 2 and 6 (500/505 cm™"). This trend is reversed
for the two CO features; clusters 1 and 3 contain a 1930 cm™!
feature and clusters 2 and 6 a Raman band at ~1860 cm™'.
Considering the presence of CO surface adsorbate species, a
lower vibrational energy of the CO stretch bond suggests that
the electron density is located more at the Cu—C bond, hence,
thereby increasing the Cu—C bond stretching energy. Using
this concept, the Raman bands located at ~500 cm ™! could be
correlated to the lower CO vibrations. Considering the general
increase in the formation of ethylene after anodization of the
Cu electrode, these Raman bands could be originating from
ethylene directing surface adsorbate species. Fundamentally,
any reduction reaction (eg, hydrogenation and CO-CO
coupling) with adsorbed CO would result in a reduction of the
CO bond strength due to the change in hybridization of the
carbon atom. With the simple use of both concepts, we
tentatively ascribe the Raman bands located at ~500 cm™' to
ethylene directing surface adsorbate species that are in a more
reduced stage than surface adsorbed CO species. Considering
clusters 4 and 5, we cannot assign the bands at ~500 cm™ to
be originating from the same species as the bands observed at
1860 and 1930 cm™’. In these clusters, bands at ~460 and
~495 cm™! are present, but signals lower than 1950 cm™" are
very low or absent. However, as also seen in the heatmaps of
Figure 4a,b, the LFB-CO signals remain present following the
correlation of LFB-CO and the 495 cm™" region, as described
before. The LFB-CO is typically ascribed to CO adsorbed on
Cu terrace sites (such as Cu(100) surfaces), and in our
previous work, we showed that these are a crucial condition for
the necessary CO—CO coupling for C, product formation,
whereas HFB-CO is related to adsorbed CO on corners and
edges. The fact that both the LFB-CO and 495 cm™ Raman
bands also increased in relative intensity after anodization of
the Cu electrode highly suggests that these Raman bands are
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Figure S. (3, ¢, e, g) Temporal in situ Raman micro-spectroscopy heatmaps and (b, d, f, h) selected Raman spectra for the pristine Cu electrode (a—
d) and the anodized Cu electrode (e—h). Colored arrows in (a, ¢, e, g) correspond to the spectra in (b, d, £, h). (a) Temporal in situ Raman micro-
spectroscopy heatmap in the low Raman shift region, and (b) the corresponding spectra at selected time intervals for the pristine Cu electrode. (c)
Temporal Raman micro-spectroscopy heatmap in the CO stretch region, and (d) the corresponding spectra at selected time intervals for the
pristine Cu electrode. (e) Temporal in situ Raman micro-spectroscopy heatmap in the low Raman shift region, and (f) the corresponding Raman
spectra at selected time intervals for the anodized Cu electrode. (g) Temporal in situ Raman micro-spectroscopy heatmap in the CO region, and
(h) the corresponding spectra at selected time intervals for the anodized electrode. Potential: —0.9 V vs RHE. Collection time: 3 s per scan and 18 s

for a whole Raman spectrum.

correlated and linked to C—C directing surface adsorbate
species. Finally, when the spatiotemporal in situ Raman micro-
spectroscopy maps are combined with the ex situ SEM images,
it can be concluded that dendrites at the Cu electrode surface
are prone to CO formation, whereas Cu nanoparticles on more
planar areas of the electrode favor deeper CO reduction and
seems to be related to ethylene formation. All discussed
vibrations in this work, and our previous work, are summarized
in Table S1.

Elucidation of a potential intermediate surface species and
linking them to a plausible reaction mechanism is a crucial
topic of research in the field of catalysis, which also applies to
the eCO,RR process. To correlate the spatiotemporal surface
adsorbate species as observed with in situ Raman micro-
spectroscopy with catalytic performance, we have performed
eCO,RR activity measurements and analyzed the time-
dependent FE of ethylene and CO using gas chromatography
(GC) on a similar timescale as the Raman micro-spectroscopy
measurements. From this analysis, it becomes evident that the
FE of ethylene experienced a 2-fold increase during the
anodized eCO,RR run. The notion that anodization of the Cu
electrode creates ethylene-forming surface adsorbate sites
(Figure 1f) is further strengthened by our temporal Raman
micro-spectroscopy experiments, which are displayed in Figure
S. The arrows in the heatmaps denote the position of the
plotted spectra in the bottom of Figure 5. The Raman spectra
of the pristine sample remain almost constant over time during
the eCO,RR run (Figure Sa,c, 20 min total run time), with the
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Raman bands at ~280 and ~360 cm™' as dominant spectral
features that persist throughout the experiment. This can be
more clearly observed from the Raman spectra at selected time
intervals (Figure Sb,d). It is worth noting that in this specific
location, the Raman band at 495 cm™! was not observed,
unlike in Figure 1d. However, we consider this to be a
consequence of the spatial heterogeneity of the electrode
surface, further emphasizing the importance of Raman
mapping as a tool to characterize surface species of a working
electrocatalyst.

The temporal trend is very different for the anodized Cu
electrode. For the anodized sample, the surface adsorbate
species associated with the 280 and 360 cm ™' Raman bands are
still dominating in the first 4 min after cathodic bias onset, after
which the 495 cm™ Raman band increases in intensity, while
the 280 and 360 cm™' Raman bands fade away at the same
point in time (Figure Se,f). After 7—8 min, the Raman band
located at ~495 cm™ is largely dominating the spectra, while
the 280 and 360 cm™' Raman bands become very weak.
Meanwhile, the total intensity of the HFB and LFB bands
associated with surface adsorbed CO species decreases,
although the HFB CO band is clearly affected more over
time (Figure Sgh). Since the intensity of the 495 cm™' Raman
band remains almost constant, it is plausible to attribute the
decrease of HFB-CO signal to less CO adsorbed at the Cu
electrode, rather than a decrease of the overall SERS effect.
The decrease in SERS intensity of adsorbed CO signal during
ethylene-producing conditions has also been observed in our
previous report”” as well as recent publications.'**® The LFB
band of surface CO decreases in intensity at a slower rate,
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leading to a higher relative intensity of the LFB of surface CO
at longer reaction time compared to the HFB of surface CO
(time profile of i, gy can be found in Figure S15). The GC
time profile (Figure S16) indicates that the sample exhibits an
increased ethylene selectivity over time, with peak FE (17%)
towards ethylene in the 20 min time window. Although the
time for a GC measurement is relatively slow compared to a
Raman spectroscopy measurement, it is evident that the
sample possesses a relatively high FE towards ethylene when
the surface is dominated by the Raman band at ~495 cm™ and
LFB-CO centered at ~2050 cm™', which are proposed to
correspond to the Cu—C and linear CO stretch vibrations of a
C—C directing intermediate, respectively. This suggests that
the transition toward an activated Cu surface, which is
dominated by 495 cm™' Raman features, is correlated with
the activation of the anodized Cu-EDP sample toward ethylene
production, and the Cu surface transforms from CO-
dominating to C—C-dominating upon anodic treatment.
Based on our findings, we tentatively assign the Raman
bands located at ~49S cm™" to a surface adsorbate species that
constitutes and important step in the eCO,RR mechanism
beyond *CO.

The higher Raman shift of the 495 cm™' Cu—C Raman band
compared to that of the linear Cu—C vibration at 360 cm™'
suggests that the corresponding surface adsorbate has a
stronger Cu—C bonding than a linear Cu—CO. This is in
line with a C—C directing intermediate and the lower Raman
shift of LFB-CO compared to HFB-CO, which suggests that
more electron density is on the Cu—C bond and less on the
CO bonds. Evolution of its intensity over time also suggests
that the 495 cm™' Raman feature likely originates from the
linear Cu—CO species. In other words, we argue that the 495
cm™' Raman feature grows at the expense of the 360 cm™
Raman feature (Figure Se). Its increased intensity is also
accompanied by increasing relative intensity of LFB-CO, which
has been inferred to favor CO—CO coupling. These
phenomena taken together make it plausible to assign the
Raman band at ~495 cm™ to a deeper reduction surface
intermediate than Cu—CO which is related to ethylene
formation. Potential candidates for such deeper reduction
surface intermediate are CO—CO and CO—COH, which are
very difficult to distinguish spectroscopically.”” =’ It should be
noted that although Cu-EDP is very useful in spectroscopic
studies (due to the strong SERS effect and minimized influence
of bubbles at low conversion), the general production of
ethylene is low compared to other Cu-based catalyst. However,
the observed trend that the relative intensity of the 495 cm™
feature increases upon going from pristine to anodized copper
surfaces, suggests that the 495 cm™ bands play a key role in
ethylene production. It is also worth noticing that further
anodization—reduction cycles do not lead to an increased FE
towards ethylene. Our in situ Raman spectroscopy measure-
ments indicate (Figure S17) that after two anodization cycles,
a wide Raman band centered at ~1930 cm™' becomes
apparent, which is well separated from the rest of the CO
species in the 2000—2100 cm ™" region. This Raman band was
not observed for the pristine sample (Figure 3) and only
contributed to the spectral footprint in a minority of the Cu
electrode surface for the anodized sample (Figure 4) at the
same cathodic bias. This very low vibrational frequency is in
line with the bridged or multi-bound CO species reported in
the literature,®® which is usually considered to be inert or a
spectator species in eCO,RR.*"*" This also implies that CO
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peaks below the 2000 cm™" line should be assigned to bridged
or multi-bound CO. We find that this bridged/multi-bound
CO band is accompanied by an intense Raman band at ~480
cm™, suggesting they are correlated, as was also inferred by the
k-means clustering analysis in Figure 4. This is in line with the
expected vibrational energy shift for the Cu—C vibration of
bridged/multi-bound CO compared to linear CO, since more
electron density is on the Cu—C vibration in bridged-CO,
resulting in a stronger bond and higher Raman shift. This also
means that the assignment of the Raman band located at ~495
cm™' to the Cu—C vibration of a C—C directing intermediate
is reasonable, as we explained above: the electron density is
largely on the Cu—C bond, which in turn also weakens the CO
bond strength and results in a shift from HFB-CO to LFB-CO.
Furthermore, the Raman peak position implies that the Cu—C
bond of the C—C directing intermediate is stronger than
bridged-CO, which favors hydrogenation of the CO moieties,
resulting in C,, hydrocarbons, such as ethylene.

Based on the spatiotemporal in situ Raman spectroscopy
data described above, we are now in a position to discuss the
reaction mechanism for the eCO,RR process on pristine and
oxide-derived Cu-EDP during the anodization—reduction
cycle. We propose that CO, is reduced at a relatively fast
rate on pristine Cu-EDP into Cu—CO adsorbed on under-
coordinated sites at the surface. This surface adsorbate species
is characterized by Raman features at ~280 and ~360 cm™, as
well as a strong HFB-CO peak at ~2090 cm™’, in line with
previous observations.””*>*** Further reduction of this Cu—
CO is inhibited and thus becomes the rate determining step
towards ethylene formation (6% FE), resulting in *CO
desorption and dominant gaseous CO formation (11% FE).
After anodization of the Cu electrode, more active sites for
ethylene formation are created after the subsequent reduction
(hence the observed 2-fold increase in FE), while the CO
production remained constant. In literature, these ethylene
formation sites are typically ascribed to Cu terrace sites (e.g,
Cu(100) surfaces) or the junction of different facets (eg,
Cu(110) edges in Cu cubes), which facilitates C—C couplin;
due to the close proximity of multiple CO molecules."°
These surface sites exhibit faster kinetics for the further
conversion of Cu—CO into a more deeply reduced
intermediate, because the CO intermediate is optimally
bound to the surface and does not desorb before further
hydrogenation occurs. However, if multiple anodization cycles
are performed, the binding strength of CO at the surface
becomes too large, resulting in the appearance of bridged/
multi-bound CO, which is considered to be an inactive
spectator species in eCO,RR. The improved kinetics after one
anodization—reduction cycle causes a further step than the
reduction of Cu—CO to become the new rate-limiting step. In
this case, a newly formed surface adsorbate species beyond
Cu—CO, characterized by a stronger Cu—C bonding (as
evidenced by a spectral shift of the Raman band for the Cu—C
species at ~495 cm™' during ethylene formation as compared
to the Raman band for the Cu—C species at ~360 cm ™" during
CO formation), becomes a plausible reaction intermediate
before the kinetic bottleneck and thus dominates the surface
during the in situ Raman micro-spectroscopy measurements.
This is reflected in the higher intensity of the 495 cm™ Raman
feature and the lower intensity of the 280 and 360 cm™! Raman
features, as well as the improved FE towards ethylene. Our
spatiotemporal spectroscopic investigations hence provide a
spectral footprint for catalytic activity of a copper electrode
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surface: when the Raman feature at ~360 cm™" dominates the
spectra, more CO is produced, whereas when the Raman
feature at ~495 cm™" dominates the spectra, more ethylene is
produced. Furthermore, the involvement of the Cu—C surface
species characterized by the 480 cm™' Raman band, implies the
dominant presence of spectator species, namely bridged/multi-
bound CO. These spatial Raman micro-spectroscopy maps
revealed the heterogeneity of an anodized copper electrode
under cathodic bias, which can be split into two main regions
as described above: CO forming and C—C products forming.

Spatiotemporal in situ Raman spectroscopy mapping has been
used to elucidate the local heterogeneities and mechanism of
the eCO,RR on an oxide-derived Cu electrocatalyst material
before and after applying an anodization treatment. The
measurements reveal that a real electrocatalyst displays
heterogeneities in the surface adsorbates during reaction,
which remain often unnoticed when an ensemble analytical
measurement is used. More specifically, domains with CO or
C—C directing surface adsorbates were observed, and a boost
in C—C directing sites is observed after an anodization—
reduction cycle. These different reaction intermediates resulted
in different activities and selectivities, as evidenced by online
product analysis. Due to the correlation between the LFB of
CO (LFB-CO), located at ~2050 cm™, and a dominating
feature at ~49S cm™! after anodization, we attribute this
spectroscopic feature to the presence of an ethylene-forming
reaction intermediate based on PCA combined with k-means
clustering of the spatial Raman micro-spectroscopy maps. This
finding corroborates the 2-fold increase in FE for ethylene
observed with online product analysis on the same time scale,
whereas the other C-containing reaction products are
unaffected by the anodization cycle. This observation is further
supported by *C-labelling experiments, which showed that the
correlated spectroscopic features at ~495 and ~2050 cm™" are
indeed best explained by the presence of a Cu—CO surface
adsorbate species. An updated table of vibrational peak
assignments of our previous work and this work is provided
in the Supporting Information (Table S1). Temporal in situ
Raman spectroscopy measurements reveal that the active sites
formed after the anodization process and characterized by the
Cu—C feature with a Raman band at ~495 cm™ become
dominant after ~10 min of eCO,RR onset at the expense of
the Cu—CO feature, which is observed at ~360 cm™. This
time-dependent observation suggests that the 495 cm™' Raman
band is most probably connected to a deeper reaction
intermediate than Cu—CO, with a stronger Cu—C bond,
which facilitates further hydrogenation toward C, hydrocarbon
products, such as ethylene. Furthermore, the presence of the
Raman bands at ~460 and ~1950 cm™' is indicative of
bridged/multi-bound CO. This shows that the low Raman
shift region allows to determine a range of surface adsorbates,
of which some can be regarded as C—C directing reaction
intermediates, and hence can be used as spectroscopic
evidence for catalyst performance. Hence, these results stress
the importance of studying the spatial heterogeneities as well
as the time evolution of a working electrocatalyst to elucidate a
catalytic reaction mechanism, thereby providing further
insights to the evolution of reaction pathways toward e.g, C,
products (i.e., ethylene) on oxide-derived Cu electrocatalysts
during eCO,RR.
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Copper foil (Cu, purity: 99.9999%, Puratronic) was purchased from
Alfa Aesar. Potassium bicarbonate (KHCO;, purity > 99.7%) was
purchased from Fluka. Sulfuric acid (H,SO,, AnalaR NORMAPUR
analytical reagent, 95—97%) was purchased from VWR Chemicals.
Carbon dioxide gas (CO,, purity: 99.995%) was purchased from
Linde Gas. Polishing powders (S ym CeO, and 1 ym ALO;) were
purchased from Bodemschat. copper(Il) sulfate pentahydrate
(CuSO,-SH,0, purity >99%) was purchased for Sigma-Aldrich.

For the preparation of the Cu-EDP sample, the Cu foil was cut into
strips, then polished with 5 ym CeO, and 1 pum Al,O; polishing
powders. Then the sample was sonicated in deionized water (Milli-Q)
for 2 min, immersed in 1 M HNO; for 1 min, then sonicated in Milli-
Q water for S min, and rinsed with flowing deionized water for 5 min.
The sample was then immersed into a solution containing 1 M H,SO,
and 02 M CuSO,. The electrodeposition was conducted under
chronopotentiometry program (constant current density). Current
density was set at —100 mA/cm® Another piece of polished Cu foil
was used as counter electrode.

XRD measurements were performed on a Bruker D2 PHASER
diffractometer using Co Ka (1.789 A) radiation. SEM images were
obtained on FEI Helios Nanolab G3 with accelerating voltage of 5.0
keV and probe current of 25 pA.

Chrono-amperometry measurements of the samples were conducted
using an Ivium compactstat.h10800 potentiostat. All electrochemical
experiments were performed in aqueous CO,-saturated 0.1 M
KHCO; solution (pH 6.8) using glassy carbon as counter electrode
and leakless Ag/AgCl reference electrode (eDAQ) as reference
electrode (scan rate SO mV/s), unless stated otherwise. The potential
was converted to RHE using the following formula

E(vs RHE) = E(vs Ag/AgCl) + 0.197 V + 0.0591 X pH

Raman spectra acquisition was performed using a Renishaw InVia
Raman microscope and 785 nm excitation laser. A Nikon N40X-NIR
water-dipping objective was used for signal collection. The laser
power needs to be kept below 1.5 mW to protect the sample from
laser damage. The same custom-made Raman in situ cell (Figure SS)
as in our previous publication®* was used for the collection of Raman
spectra. We would like to note that the cell is not a triphasic flow cell
(which includes gas-diffusion electrodes) that are used to achieve high
current in many scientific publications. The working electrode still
contacts only CO,-saturated electrolyte, and we choose a moderate
flow rate (~5 mL/min) to make the mass transfer condition
comparable to an H-Cell. A grating with 1200 lines/mm was used for
maximum efficiency. This limits the wavenumber coverage of each
single time-resolved-SERS collection to ca. 250 cm™". To collect a full
spectrum covering the wavenumber range between 100 and 2200
cm™}, 6 scans of different wavenumber window of 3 s each are needed,
resulting in a total collection of ~18 s for each spectrum. A Raman
mapping image was captured from a matrix of 7 by 7 points, with
intervals of 1 ym between adjacent points. The potential was applied
through an Autolab PGSTAT 101 potentiostat. All other electro-
chemistry setups are the same as mentioned above.

Raman spectra in the corresponding windows were fitted using sums
of Gaussian peaks (see Figure S10 for some showcase examples). The
relative intensities are calculated as follows
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The activity evaluation of eCO,RR was conducted in a custom quartz
H-cell. A piece of glassy carbon (~3 cm?) served as counter electrode,
and an Ag/AgCl reference electrode (eDAQ) was used for controlling
the applied potential. The flow rate of CO, was kept at 8.7 sccm. CO,
CH,, and C,H, were quantified using an Interscience online GC
equipped with an FID detector. H, was quantified using a TCD
detector and Kr as internal calibration gas. The FE was calculated
using the following formula

c-f-Fem
iV -60 sec /min -1,000,000 ppm

FE % = X 100%

where ¢ is the concentration obtained from the GC (in ppm), fis the
flow rate of CO, gas (in mL/min), F is the faradaic constant (96,485
C/mol), n; is the number of electrons transferred to a given product
(unitless), i is the average current in 1 min (A), V,, is the volume of 1
mol gas at reaction temperature and pressure (24,451 mL/mol).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00129.

The Supporting Information contains experimental
details on sample preparation, instrument settings and
data handling procedures. Additional figures on catalyst
characterization (SEM, XRD) and Raman spectra
(including PCA and k-means clustering details) as well
as a table containing a summary of Raman peak
assignments in eCO,RR on copper (PDF)
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