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ABSTRACT: The electroreduction of CO, (CO,RR) is a promising strategy toward
sustainable fuels. Cu is the only Earth-abundant and pure metal capable of catalyzing CO,-
to-hydrocarbons conversion with signi cant Faradaic e ciencies; yet, its dynamic structure
under operando CO,RR conditions remains unknown. Here, we track the Cu structure
operando by electrochemical scanning tunneling microscopy and Raman spectroscopy.
Surprisingly, polycrystalline Cu surfaces reconstruct forming Cu nanocuboids whose size
can be controlled by the polarization potential and the time employed in their in situ
synthesis, without the assistance of organic surfactants and/or halide anions. If the Cu
surface is covered by a graphene monolayer, smaller features with enhanced catalytic activity
for CO,RR can be prepared. The graphene-protecting layer softens the 3D morphological
changes that Cu-based catalysts su er when exposed to aggressive electrochemical
environments and allows us to track the kinetic roughening process. This novel strategy is
promising for improving Cu long-term stability, and consequently, it could be used as a

platform to ultimately control product selectivity.
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he electrochemical reduction of CO, (CO,RR), via

which carbon dioxide is converted to hydrocarbons, is a
highly promising solution for the production of renewable
fuels." One of the drawbacks of this technology is that most
catalysts are not selective toward energy-rich C,, fuels, and
therefore, their e ciencies are limited. Cu is the only Earth-
abundant CO,RR catalyst capable of converting CO, into
hydrocarbons with signi cant Faradaic e ciencies.” * Initial
optimization toward enhanced ethylene production relies on a
morphology-selectivity relationship highlighting (100) facets>®
as ideal geometry for C C coupling. This re ects in an
outstanding interest in the synthesis of Cu nanocuboids
(CuNCs) through colloidal chemistry,” electrodeposition,®
electrochemical cycling,” reduction of thermally grown,® or
electrochemically grown Cu oxides and halides.**

However, this morphology-selectivity trend based on ex situ,
post-mortem studies ignores the morphological evolution* of
the catalysts during CO,RR. Cu-based catalysts are highly
dynamic: nanostructured electrocatalysts undergo fragmenta-
tion"® and coarsening,"* while earlier studies report on surface
reconstructions™ '’ at the atomic scale on polycrystalline Cu
surfaces. These morphological changes greatly a ect the
catalysts’ long-term stability (in terms of their catalytic activity
and product selectivity)."®*® The goal of operando studies
investigating surface dynamics is thus 3-fold: (i) to gain insight
into the formation of CuNCs; (ii) to correlate operando surface
dynamics with the trends reported in product evolution over
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time; (iii) to explore possible strategies for morphology
conservation bal for example, covering the catalyst surface with
2D materials.”

In this Communication, we show the morphological
transformation that polycrystalline Cu (p-Cu) and graphene-
covered polycrystalline Cu (g-Cu) surfaces undergo during
potentiostatic polarization at CO,RR potentials over, at least, 4
h (Figure 1la c). In situ electrochemical scanning tunneling
microscopy (EC-STM) experiments reveal the dynamics of
morphological evolution. Because Cu catalysts are highly prone
to poisoning and deactivation during the rst 30 min working
at CO,RR regimes, g-Cu represents an ideal substrate for these
studies as graphene could act as a protective barrier.?*
Moreover, fresh g-Cu samples are oxide-free.” The thermal
annealing of Cu foils under a reductive environment,
performed as the pretreatment step to CVD graphene growth,
results in smooth surfaces,”® hence allowing high-resolution
EC-STM imaging over an enlarged potential window.

To validate the choice of g-Cu as the model system for
operando studies of Cu-based CO,RR catalysts, we rst

Received:
Revised:

November 27, 2020
February 17, 2021

https://dx.doi.org/10.1021/acs.nanolett.0c04703
Nano Lett. XXXX, XXX, XXX XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thanh+Hai+Phan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karla+Banjac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+P.+Cometto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Dattila"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rodrigo+Garci%CC%81a-Muelas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+J.+Raaijman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+J.+Raaijman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chunmiao+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+T.+M.+Koper"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nu%CC%81ria+Lo%CC%81pez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magali%CC%81+Lingenfelder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.0c04703&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?fig=tgr1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04703?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
https://creativecommons.org/licenses/by-nc-nd/4.0/

Nano Letters

pubs.acs.org/NanoLett

h
€
c
=
2 Y
° 05 1.0 15
Distance / um
d) T T T T T T
80 + -
X T
~ 60 -—v—cCo
w
—4—HCOOH
‘40 ¥ /{ 1——cn.
; ——C,H,
20 - o A
® — —
04 v—+4 — —3
1 T

T T T T
41 -10 -09 -08 -07 -06
Potential vs RHE / V

Figure 1. (a c¢) Scheme and ex situ AFM images with corresponding
height pro les showing the CuNCs formed on a pristine polycrystal-
line Cu-foil (p-Cu) and a graphene-covered (g-Cu) after polarization
at 1V vsa Pt pseudoreference electrode in a 0.1 M CO,-saturated
KHCO; solution for 4 h. (d) Potential-dependent product analysis on
g-Cu performed using gas chromatography and high-performance
liquid chromatography after chronoamperometric polarization in 0.1
M CO,-saturated KHCOs.

performed potential-dependent product analysis using gas
chromatography and high-performance liquid chromatography
(Figure 1d). In contrast with other graphitic-Cu electrodes,
where oxygen and nitrogen defects a ect the reaction pathways
of CO,RR,*** we found remarkably similar trends in product
selectivity on g-Cu (Figure 1d) and p-Cu earlier reported by
Kuhl et al.,* suggesting similar CO,RR reaction pathways on
the Cu surface. Furthermore, the resemblance in CO,RR
product selectivity between g-Cu and p-Cu allows us to focus
our studies on the morphological changes that both g-Cu and
p-Cu undergo at CO,RR potentials (shown in Figure 1a c).

CuNCs, reported earlier in the literature, were synthesized
by electroreduction of Cu oxide or halide Ims, electro-
deposition, or colloidal chemistry (protected by organic
surfactants).****"*8 To the best of our knowledge, this is
the rst report on CuNCs preparation by the one-step massive
reconstruction of a Cu surface to cuboids, that are up to 400
nm in width, upon 4 h potentiostatic polarization in a halide-
free electrolyte. Here, CUNCs growth during CO,RR is related

to a surface reconstruction mainly governed by the polarization
of the substrate, in agreement with the reports on surface
reconstructions of p-Cu to Cu(100).*>*" In order to exclude
the role of CO, on the mechanism of CUNC formation, the
same preparation protocol was conducted in an electrolyte
saturated with N,: similar CuUNCs were observed (Figure S2).
This further supports that surface reconstruction leading to
CuNC formation after prolonged exposure is mainly driven by
interfacial polarization.

To gain knowledge on the surface reconstruction dynamics,
we performed a series of in situ EC-STM experiments to follow
the transformation of the p-Cu surface underneath graphene.
STM o ers the unique possibility to monitor preferentially
either the graphene layer or the Cu surface underneath by
changing the STM bias conditions (Figure 2a). The EC-
polarization potential, located at a more negative value than
the Cu,O reduction potentials, is kept constant at the positive
edge of CO,RR and the hydrogen evolution reaction (HER)
regime to avoid bubble evolution and interference of the
Faradaic currents (crucial for in situ EC-STM experiments). A
dynamic observation of the di erent stages of the surface
nanostructuring was followed by in situ EC-STM on g-Cu
(Figures 2b i and S3). The initial stages of this process
(Figure 2b d) show how the polycrystalline Cu underneath
the graphene is initially reconstructed to Cu mesocrystals
within the rst hour. Then, further reconstruction leads to
formation of a few nanometers-wide Cu(100) facets (Figure
2e, f). Figure 2f shows that the graphene layer is still present
during this reconstruction.

Small cuboid-features gradually grow on top of the Cu(100)
facets; their size is gradually reducing as a function of time (as
seen in Figures 2g i), reaching an average edge length of ca. 4
+ 1 nm after 4 h of polarization. The CuNCs size and the
kinetics of formation can be tuned by changing the
potentiostatic polarization time or applying more negative
potential values (the more negative the potential value, the
smaller the cuboids and the shorter the time employed to
appear, Figure S5). Density functional theory (DFT) modeling
supports that surface reconstruction is mostly driven by surface
polarization, see Supporting Discussion 6. Open facets such as
Cu(100) store electrostatic energy more e ectively than
Cu(111) due to the low coordination of surface Cu atoms
(Figures S6 and S7); therefore, at very negative potentials, they
are more stable than the closed-packed domains (Figure S8).
By having a shorter principal radius of curvature, smaller
structures experience a higher electric potential across them
than at surroundings; thus, they undergo further reconstruc-
tion toward nanocuboid features with even lower Cu
coordination. The role of adsorbed species, in particular H,
was not explored in this model; therefore, we cannot discard
that they might play a synergetic role in this process.?®

Operando Raman spectra (Figure 2j) show the absence of
native copper oxides during the morphological evolution. The
peaks attributed to Cu,O species’*® ( 410 500 cm ! for
Cu,0 and 621 cm ! for CuO, respectively) disappear at the
beginning of reconstruction, indicating that the native oxide
layer present in air-exposed g-Cu surfaces was fully reduced
(see more details in Supplementary Discussion 4).%° This is in
agreement with our EC-STM measurements showing smooth
metallic Cu terraces (Figure 2b ).

Interestingly, the graphene remains almost invariant on top
of the as-prepared CuNCs (Figures 2j and S4). Figure 3a, b
shows ex situ STM images of g-Cu surfaces before and after EC
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Figure 2. (a) Schemes illustrating STM imaging of g-Cu: by changing the STM scanning parameters, we visualize either the Cu surface underneath
graphene or the atomic lattice of the graphene overlayer. (b 1) Series of EC-STM images showing the morphological evolution of a g-Cu surface
during CO,RR in 0.1 M CO,-saturated KHCOg: (b f) from polycrystalline Cu to Cu(100) facets and (g i) to nanocuboids. U, = 1.0 V vs Pt
pseudo-RE, Uy;,s =328 mV, | = 1.75 nA. (f ) Atomic lattice of the graphene overlayer recorded on top of Cu(100) facets con rming the presence of
graphene during reconstruction. (j) Operando Raman spectra of g-Cu obtained during reconstruction, illustrated in EC-STM images from panels
b i, showing the immediate reduction of native Cu,O to metallic Cu and the presence of graphene during CuNC formation on g-Cu.

treatment, respectively. It can be observed that the hexagonal
lattice of graphene is still present on top of the CuNCs. This
suggests that the graphene layer remains intact during the in
situ synthesis of the NCs. The persistence of the graphene layer
was also con rmed by both operando (Figure 2j) and ex situ
Raman spectroscopy (Figure 3c), where ex situ spectra were
collected on the same g-Cu sample before and after CUNC

formation. All spectra exhibit typical graphene peaks at 1591
cm ! (the G band) and 2721 cm * (the 2D band).*® The
absence of the D band ( 1350 cm 1) on all spectra con rms
the presence of a defect-free graphene layer before (i.e., on
pristine g-Cu), during and after CUNC formation. This further
con rms that the as-formed CuNCs are covered with graphene
(g-CuNCs).

https://dx.doi.org/10.1021/acs.nanolett.0c04703
Nano Lett. XXXX, XXX, XXX XXX


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04703?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04703?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Figure 3. Ex situ STM images showing graphene (a) before and (b) after reconstruction to g-CuNCs. Uy, = 0.1 mV, | = 10.5 nA. (¢) Ex situ
Raman spectra of pristine g-Cu and g-CuNCs. The gray band highlights the wavenumber where the D band is usually observed. (d) ECSA-
corrected linear sweep voltammograms obtained for pristine g-Cu, g-CuNCs, and HOPG.

Following the same procedure, similar scenarios were
observed on p-Cu. That is, initially, polycrystalline Cu evolves
gradually to mesocrystals, Cu(100) facets, and cuboids (Figure
S9). These results indicate that di erent Cu surfaces form
nanocuboids after prolonged exposition to CO,RR potentials
(e.9., Cu foil, polished Cu, g-Cu, Cu functionalized with
molecular additives,* etc.).

Even if the cuboid structures once formed conserve their
morphology ex situ at least for several days (Figure 1b, c), a
detailed analysis of the rst steps in the formation of
nanocuboid features points toward a Kinetic roughening
process, where multiterrace islands ( ve-layered mounds,
Figure S10) arise as a consequence of step-edge (Ehrlich
Schwoebel or ES) barriers,*** inhibiting downward transport
of adatoms.

The fact that these are far-from-equilibrium structures is
consistent with the sharp and straight step edges (Figure S10)
along [010] and [001] Cu(001) directions, in contrast to the
edge-rounded equilibrium structures seen after homoepitaxy of
Cu on Cu(001).>** Moreover, the absence of fuzzy g-CuNCs
step edges points toward the absence of adsorbates at the Cu
edges during the potential-driven roughening process (see
Supplementary Discussion 5 for more details). The formation
of g-CuNCs happens underneath graphene (as shown in
Figure 1c and illustrated in Figures 1a and 2a) during CO,RR
at negative potentials, at which no redeposition of electro-
chemically dissolved atoms is expected.*® Therefore, the
adatoms nucleating in the upper terraces might originate and
di use from the grain boundaries. Further studies looking at

the kinetics of the process under di erent electrolytes and pH
conditions are underway to assess if potential-driven
reconstructions®’ as a kinetic phenomenon might be a general
explanation for surface transformations observed on Cu and
other metals during HER/CO,RR*®

Finally, we performed a preliminary study comparing the
CO,RR/HER performance of the g-CuNCs to a highly-
oriented pyrolytic graphite (HOPG) substrate (as a
representative model system of the graphene layer) and to a
pristine g-Cu sample. Linear sweep voltammograms corrected
for the electrochemically active surface area (ECSA) ina 0.1 M
CO,-saturated KHCO; are shown in Figure 3d. At negative
potentials, cathodic current densities increase exponentially
due to the CO,RR and the parasitic HER. This e ect is
especially pronounced for g-CuNCs, where the presence of
CuNCs underneath graphene leads to a shift in the HER/
CO,RR onset potentials to more positive values and increases
the current density more than twice compared to the pristine
g-Cu sample. These preliminary experiments hint that as-
prepared g-CuNCs could show an enhanced HER/CO,RR
performance due to the unique combination of the (100)
facets and con nement e ects®*“° at the Cu/graphene
interface.

In conclusion, we show that Cu surfaces su er a drastic
reconstruction under long exposure to negative potentials,
evolving from polycrystalline Cu to nanocuboids, even in
halide-free electrolytes. To prevent this massive reconstruction
under operando conditions, we demonstrate the protective
character of a single graphene layer on the Cu catalysts. The
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size of the nanocuboids can be tuned by the applied potential
and/or the polarization time; e.g., 4 £1 nm g-CuNCs can be
prepared after 4 h of polarization at 1V vs Pt pseudo-RE. A
dynamic observation of the gradual surface reconstruction
from polycrystalline Cu to nanocuboids is reported by in situ
EC-STM. As STM measurements cannot be performed in
massively reconstructed Cu, this model system is ideal for in
situ studies. By both operando and ex situ Raman spectroscopy,
we show that the graphene layer on g-Cu remains intact during
this process. This study opens new avenues to reinterpret the
mechanism of nanostructured Cu-based materials without the
presence of oxidized Cu species nor halides. In particular, it
sheds light on the fact that Cu catalysts, when normalized by
the electrochemically active surface area, show similar intrinsic
activity;*® most likely because the surface morphology
(although highly dynamic) and step density under operando
conditions are very similar at the atomic scale: the scale where
ultimately CO,RR occurs.
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