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Abstract:

Nanowires have emerged as an important family of one-dimensional (1D) nanomaterials owing to
their exceptional optical, electrical, and chemical properties. In particular, Cu nanowires (NWs)
show promising applications in catalyzing the challenging electrochemical CO; reduction reaction
(CO2RR) to valuable chemical fuels. Despite early reports showing morphological changes of Cu
NWs after CO2RR processes, their structural evolution and the resulting exact nature of active Cu
sites remain largely elusive, which calls for the development of multimodal operando time-
resolved nm-scale methods. Here, we report that well-defined 1D copper nanowires, with a
diameter of around 30 nm, have a metallic 5-fold twinned Cu core and around 4 nm CuO shell.
Operando electrochemical liquid-cell scanning transmission electron microscopy (EC-STEM)
showed that as-synthesized Cu@CuO NWs experienced electroreduction of surface CuxO to
disordered (spongy) metallic Cu shell (Cu@Cu® NWs) under CO:RR relevant conditions.
Cu@Cu® NWs further underwent a CO-driven Cu migration leading to a complete evolution to
polycrystalline metallic Cu nanograins. Operando electrochemical four-dimensional (4D) STEM
in liquid, assisted by machine learning, interrogates the complex structures of Cu nanograin
boundaries. Correlative operando synchrotron-based high-energy-resolution X-ray absorption
spectroscopy unambiguously probes the electroreduction of Cu@Cu20O to fully metallic Cu
nanograins followed by partial reoxidation of surface Cu during post-electrolysis air exposure.
This study shows that Cu nanowires evolve into completely different metallic Cu nanograin
structures supporting the operando (operating) active sites for the CO2RR.
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Introduction:

Nanowires are one-dimensional (1D) nanostructures with a diameter of 1-100 nm and a large
aspect ratio. Over the past three decades, nanowires have emerged as one of three major families
of nanomaterials: 0D nanocrystals (e.g. quantum dots, Cso), 1D nanowires and carbon nanotubes,
and 2D materials (e.g. graphene).!” Nanowires, with their unique size- and dimensionality-
dependent physical and chemical properties, have demonstrated a wide range of promising
applications in nanolasers,* photonics,” electronics,’ energy storage (batteries)’ and
(photo)electrochemical catalysis.>’ Elucidating the reaction mechanisms and structures of
electrocatalysts is crucial for advancing renewable energy technologies, in particular the
electrochemical CO; reduction reaction (CO2RR), which offers a direct route to reducing
greenhouse gases to valuable chemical fuels.!®!" The primary challenge facing the CO2RR is to
develop low-overpotential and high-selectivity electrocatalysts.'? Cu nanocatalysts are among the
few catalyst candidates that can produce multicarbon products at appreciable rates.!* Early studies
on Cu nanowires with diameters from hundreds of nanometers to micrometers explored their
applications in the CO2RR to CO or hydrocarbon products.!*!” In 2017, our group reported the
first example of Cu nanowires (diameter < 100 nm) for the CO>RR.!® Pristine ultrathin Cu
nanowires with a diameter of ~20 nm and well-defined twin grain boundary, showed a mild
structural fracturing while Cu nanowires, wrapped with a graphene oxide protection layer, showed
no morphological change after long-term CO2RR electrolysis. Recent studies on Cu nanowires
have shown structural evolution after the electrochemical activation process.!” Although those ex
situ studies indicate some levels of structural changes of Cu nanowires after the CO2RR, the
dynamic evolution from pristine Cu nanowires to active Cu sites warrants an operando study of
electrocatalysts under the reaction conditions.?’?! Operando electrochemical liquid-cell scanning
transmission electron microscopy (EC-STEM) enables quantitative electrochemistry and

quantitative STEM-based imaging, spectroscopy, and diffraction analysis.’>*

Operando
electrochemical 4D-STEM in liquid shows the potential to resolve complex structures of dynamic
catalysts under reaction conditions.”* Correlative synchrotron-based X-ray methods can track
dynamic changes in valence state during the -electroreduction-reoxidation cycle of
electrocatalysts.>>*® Here, we apply multimodal operando methods to investigate the structural

evolution and active structure of Cu NWs.

Results & Discussion:

Fig. 1a schematically summarizes the key findings in stepwise evolution pathways of Cu NWs
under CO2RR-relevant conditions. As-prepared Cu NWs, when exposed to air, have a CuxO shell
(labeled as Cu@Cu>0O NWs), which undergo electroreduction to disordered (spongy) metallic Cu
shell (Cu@Cu®) (Stages 1-2). Cu migrates from surface Cu shell to nucleate and grow into seeds
of Cu nanograins (Stages 3-4) followed by continuous growth with Cu atoms from the metallic Cu
NW core materials (Stage 5). Overall, pristine Cu@Cu20 NWs experience complete structural
evolution to polycrystalline metallic Cu nanograins under CO>RR-relevant conditions.



Copper nanowires (NWs) were prepared by colloidal synthesis as a model system to investigate
the dynamic evolution of 1D nanocatalysts under electrochemical conditions. High-angle annular
dark-field STEM (HAADF-STEM) images of as-synthesized copper NWs show a diameter of 30
+ 10 nm and a length over 3 um with an aspect ratio of over 100 (Figs. 1b, S1). Atomic-scale
HAADF-STEM images exhibit a metallic Cu core with d-spacings of Cu{200} (1.8 A) surrounded
by polycrystalline Cu2O shell with d-spacings of Cu20{111} (2.5 A) (Figs. 1c, S1-S2). Enlarged
atomic-scale STEM images of the Cu core demonstrate the hexagonal symmetry of the face-
centered cubic (fcc) Cu near the [110] zone axis (Figs. 1d, S2). The corresponding Fourier
transform shows typical d-spacings of metallic {111} (2.1 A) and Cu{002} (1.8 A) (Fig. le). Those
atomic-scale STEM images of the metallic Cu NW core match well the typical 5-fold twinned
structure of Cu NWs with {100} side facets along the <110> axial growth direction (Fig. 1f).
STEM based electron energy loss spectroscopy (EELS) was performed to measure the thickness
and electronic structure of surface oxide shell (Figs. 1g-1). STEM-EELS elemental maps show a
uniform oxide shell in green around the metallic Cu core in yellow. The corresponding EELS line
profile, extracted from the dashed white box in Fig. 1g, measures an oxide shell of around 4 nm,
i.e. Cu@Cu20 NWs have the Cu core with an average diameter of around 22 nm surrounded by
around 4 nm oxide shell (Figs. 1g, S3-S5). EELS spectra analyze the electronic structure and
unambiguously show that the Cu core is metallic with a lower L3 edge and a delayed L, edge due
to the fully occupied d orbitals?” while the shell is CuxO with a pronounced L edge at ~960 eV
(labeled with asterisk, Figs. 1h, S6). Both EELS and synchrotron X-ray spectroscopy in later
discussions rule out the presence of CuO in pristine copper NWs (Figs. S6, S23). Those atomic-
scale STEM images and EELS analysis of as-synthesized copper NWs show a Cu@CuzO core-
shell structure with an average diameter of 30 nm and about 4 nm CuO shell.

The CO2RR performance of Cu@Cu0 NWs exhibits an activation period with the Faradaic
efficiency (FE) of CoHa4 reaching a steady state after 1 h CO2RR electrolysis in an H-cell (Fig.
S7a). The CO2RR product distribution and potential-dependent FE were summarized in Figs. S7b-
c. Ex situ SEM images showed that Cu@Cu,0 NWs experienced a complete evolution to Cu
nanograins at adjacent locations after CO2RR electrolysis in an H-cell for 1 h (Fig. S8). Those ex-
situ measurements of copper NWs before and after CO2RR electrolysis provide a baseline
understanding for in-depth operando studies of the dynamic evolution of Cu NWs under reaction
conditions. Operando EC-STEM imaging was performed to investigate dynamic morphological
changes of Cu@Cu>O NWs under electrochemical conditions. A cyclic voltammetric (CV) profile
of Cu@Cux0O NWs shows a well-defined redox couple of Cu/Cu,0 in the EC-STEM setup (Fig.
S9) and matches well with the results of Cu nanocatalysts in a standard H-cell.'? A linear sweep
voltammetry (LSV) from 0.4 to around 0 V vs. RHE was performed to trigger the formation of H»
bubbles (a natural side product during the CO2RR, Fig. S7b). The electrogenerated H» bubbles
enable a thin-liquid configuration (~100 nm), which significantly improves spatial resolution while
allowing electrolytes to remain electrochemically accessible for subsequent operando EC-STEM
studies under CO>RR-relevant conditions.?® Control experiments showed that Cu@Cu20 NWs,
located on the carbon WE, experienced -electroreduction of the surface Cu,O to



disordered/amorphous (spongy) Cu shell (labeled as Cu@Cu®, Fig. S10). In comparison,
Cu@Cu0, located off the carbon WE, remained largely unchanged, suggesting that the evolution
from Cu@Cuz0 to Cu@Cu® was driven by electrochemical potentials rather than beam-induced
damage. Correlative operando X-ray absorption spectroscopy of Cu@Cu,O NWs provides
compelling evidence that surface CuxO of NWs was reduced to metallic Cu at 0 V (Fig. S11),
which indicates the spongy Cu shell observed in EC-STEM achieved a fully metallic state at 0 V
and remained metallic through the course of CO2RR.

Operando EC-STEM movies were acquired to track the dynamic evolution of Cu@Cu® under
electrochemical conditions. Given the rapid morphological evolution of Cu NWs, operando EC-
STEM was performed at a mild chronoamperometric (CA) experiment under a constant potential
of 0 V to capture structural changes in detail (Fig. 2). A beam-dose control experiment was
routinely performed to acquire EC-STEM movies without applying electrochemical potentials,
corresponding to the “counting-down” time of -40 to 0 s in Movie S1. A reducing potential was
applied at 0 s to initiate the dynamic evolution of Cu@Cu® NWs (Fig. 2a). During the first 4 s, Cu
nanograins started nucleating at adjacent locations as shown in two Cu nanograin seeds in the
dashed circle and hexagon with Cu@Cu® showing little morphological changes (Fig. 2b). From 4
to 20 s, Cu@Cu® showed a progressive and mild fragmentation with nearby Cu nanograins
continuing to grow in both sizes and numbers (Figs. 2b-f). From 20 to 40 s, Cu@Cu® experienced
a significant fragmentation of the spongy Cu shell and the Cu NW core with Cu migration to
adjacent newly formed as well as existing Cu nanograins (Figs. 2f-k). From 40 to 120 s, Cu@Cu®
achieved a complete evolution to metallic Cu nanograins with no significant further change; This
steady-state structure is shown in the false-color comparison of initial Cu@Cu® NWs in red and
Cu nanograins in green (Fig. 21). Operando EC-STEM images were acquired in another region
before and after the CA experiment without acquiring continuous EC-STEM movies thus
minimizing beam exposure to two imaging frames, which also showed a complete evolution from
Cu@Cu® NWs to polycrystalline Cu nanograins (Fig. S12). Additional operando EC-STEM
images acquired at -1 V showed that Cu nanograins achieved a steady-state polycrystalline
structure with a size of around 50 nm (Figs. S13). A close examination of Cu nanograins formed
at -1 V in operando EC-STEM shows a high degree of similarity to Cu nanograins observed in ex
situ STEM and SEM images of NW-derived Cu nanograins after the CO2RR electrolysis in H-cell
(Figs. S14, S8). It indicates that the dynamic evolution of Cu NWs in operando EC-STEM can
faithfully represent the overall structural changes of Cu NWs in a realistic CO2RR electrolysis
device. It should be noted that operando EC-STEM experiments occurred on a significantly shorter
timescale (around 1 min) in Fig. 2, when compared to hour-long operation required for Cu@CuO
NWs to achieve a steady-state performance in a standard H-cell (Fig. S7), which is likely due to a
much stronger electrical field in the confined environment of the EC-STEM.?*3°

The complex polycrystalline structures of NW-derived Cu nanograins require an in-depth
structural analysis in liquid under reaction conditions since Cu nanograins will not maintain the
same metallic phase under post-electrolysis air exposure. Four-dimensional (4D) STEM, enabled



by a new-generation electron microscope pixel array detector (EMPAD),*!*? records a 2D
reciprocal-space electron diffraction pattern rapidly at each pixel of the 2D real-space image with
a single-electron sensitivity and high dynamic range (Movie S2). Operando electrochemical 4D-
STEM can reliably retrieve structural information of those NW-derived Cu nanograins at a low
beam dose of ~20 ¢/A? in liquid under reaction conditions.’* Large 4D-STEM datasets were
segmented as different clusters through an unsupervised machine learning method, a K-means
based hierarchical clustering method,**-** which shed light into the extremely complex structures
of nanograin boundaries. Although HAADF-STEM image of the Cu@Cu® NWs shows a similar
image contrast between the Cu core and surface spongy Cu shell (Fig. 3a), the false-color 4D-
STEM clustering map of the Cu@Cu® NWs reveals a clear heterogeneous distribution of Cu
nanograins along the Cu@Cu® wires (Fig. 3b). The colors of black and grey with numbers of 0
and 1, respectively, represent the SiNx/liquid background and amorphous region on the samples,
respectively (Fig. 3¢). Other colors from purple to yellow with numbers from 2 to 9 represent
crystalline Cu nanograins with different crystal orientations. A region enlarged from the white box
(Fig. 3b, inset) highlights an example of one nanograin boundary between two grains with different
crystal orientations, grain 1 (Gl) in red and grain 2 (G2) in blue, which are surrounded by
disordered and spongy Cu shell (Cu@Cu®). A detailed analysis of nanograin boundaries and
corresponding electron diffraction patterns of grain boundaries at each pixel were included in Figs.
S15-S16. 4D-STEM clustering map in another region shows various nanograin boundaries
surrounded by a thicker disordered and spongy Cu shell (Fig. S17). Although Cu nanograins in
colors of 2 to 9 are crystalline, relative to those disordered nanograins in grey with a number of 1,
the number of 9 does not necessarily represent a higher order of crystallinity than that of 2. To
quantify the relative degree of crystallinity, the fluctuation electron microscopy (FEM) analysis
was performed by measuring the medium-range ordering (MRO) and calculating the level of
fluctuations (standard deviation) of the diffraction intensity.*> The FEM map of Cu@Cu® clearly
shows a more crystalline Cu NW core surrounded by a disordered and spongy Cu shell (Figs. S17-
18).

Operando electrochemical 4D-STEM was further performed on NW-derived Cu nanograins
after achieving a steady-state structure under electrochemical conditions (Figs. 3d-g, S19). Three
Cu nanograins were selected to highlight the heterogeneous grain distributions among the complex
structures of polycrystalline Cu nanograins. Three regions of the Cu nanograin in Fig. 3e were
labeled with red, green, and orange boxes. In particular, the four individual Cu sub-domains at
each pixel within the red box in Fig. 3e show distinctly different crystal orientations. The FEM
analysis of the same Cu nanograin (e) suggests that Cu domains in colors from purple to orange
(numbers from 2 to 6) show a higher degree of crystallinity (Fig. S20). A similar 4D-STEM
clustering and FEM analysis were performed on Cu nanograins (f) and (g) (Figs. 3f-g, S21-22). In
summary, operando EC-STEM and machine-learning-driven 4D-STEM clustering analysis offer
a reliable structural analysis of individual Cu nanograins under CO2RR-relevant conditions.
Cu@Cu® NWs have crystalline NW core surrounded by disordered and spongy shells and the



steady-state NW-derived Cu nanograins are polycrystalline metallic active sites with various
nanograin boundaries.

This study further advances our understanding of the dynamic evolution of Cu nanowires by
performing operando synchrotron-based X-ray spectroscopy (XAS) studies of a large ensemble of
Cu@Cu20 NWs (Fig. 4). High-energy-resolution fluorescence-detected (HERFD) XAS is capable
of resolving the pre-edge regions of X-ray absorption near-edge structure (XANES) with a
significantly higher energy resolution (around 0.5 eV) of first-row transition metals, when
compared to around 1.5 eV energy resolution of conventional XAS in transmission or fluorescence
mode (Fig. S23).2 HERFD XANES of pristine Cu@Cu.0 NWs suggest a mixed phase of Cu and
Cu0 without the presence of CuO (Fig. S23). The quantitative linear combination fitting (LCF)
analysis of pristine Cu@Cu20 NWs calculates a relative fraction of 68% Cu and 32% Cu2O with
a fitting error of 3% (Fig. S24a). To validate the XAS quantification of the oxide fraction, a
simplified calculation based on the core-shell geometry of NWs predicts an oxide shell of around
3 nm, which is consistent with the experimental STEM-EELS mapping of around 4 nm CuxO shell
(Fig. S24b). Operando HERFD XANES of Cu@Cu20 NWs under CO2RR at -1 V shows the
electroreduction of surface Cuz0 to metallic Cu based on a negative shift of the pre-edge energy
at around 8980 eV (dashed black box) as well as an increase of the post-edge feature at around
9024 eV (Figs. 4a, S25a). Ex situ HERFD XANES spectra of NW-derived Cu nanograins show
the progressive reoxidation of surface metallic Cu to Cu2O under post-electrolysis air exposure
(Fig. 4b, S25b). HERFD XANES spectra of the dynamic electroreduction-reoxidation cycle of
Cu@Cu0 NWs are summarized together with bulk Cu and CuxO reference spectra in Figs. 4c.
The corresponding quantification of the relative fraction of metallic Cu suggests that Cu@CuxO
NWs achieves fully metallic Cu nanograins with a metallic Cu fraction of 100 + 1% under CO2RR
at -1 V after 30 min (Fig. 4d), which is consistent with the 1 h timescale of achieving a steady-
state CO2RR performance (Fig. S7). Quantification of post-electrolysis HERFD XANES suggests
a decrease in the relative fraction metallic Cu to 79 + 2% after 40 min air exposure. A relative
fraction of 21% Cu20 of NW-derived Cu nanograins after air exposure is lower than 32% CuxO
of pristine Cu@Cu20 NWs, which is consistent with a relatively smaller contribution of surface
oxide of a larger size of NW-derived Cu nanograins (~50 nm) when compared to the diameter of
pristine NWs (~30 nm). Operando extended X-ray absorption fine structure (EXAFS) provides
additional information on the coordination environment of Cu as a response to the
electroreduction-reoxidation cycle (Fig. S26). To resolve the fast dynamic electroreduction of
Cu@Cu20 NWs,*® X-ray photon energy was fixed at 8979.5 eV where the change of XANES pre-
edge intensity achieved a maximum value and was recorded at a temporal resolution of one second
per X-ray acquisition event (Fig. S27). The majority of the 4 nm CuxO shell of 1D Cu NWs with
a diameter of 30 nm was reduced to metallic Cu after 260 s. In comparison, 0D Cu nanocrystals,
with a comparable size of around 30 nm but a thinner CuxO shell of around 2 nm require
significantly less time of 90 s to reduce the majority of oxide shell (Figs. S27-S28). This
comparison indicates that the relative thickness of the CuxO shell determines its electroreduction
kinetics. In summary, as illustrated in the schematic in Fig. 4d, Cu@Cu,0O NWs experienced a



complete electroreduction of surface CuxO to Cu@Cu® NWs followed by a significant
reconstruction to form metallic Cu nanograins under the CO2RR followed by a partial reoxidation
of surface Cu during post-electrolysis air exposure.

In conclusion, this work employed a suite of operando methods to elucidate that pristine
Cu@Cu20 NWs experienced the electroreduction of surface Cu20 shell to a disordered and spongy
shell (Cu@Cu® NWs) followed by a complete evolution to polycrystalline metallic Cu nanograins.
As this study reveals how 1D Cu NWs evolve into active Cu nanograins during the CO2RR, one
fundamental challenge facing the development of Cu nanocatalysts is to resolve the molecular
picture regarding why Cu atoms migrate during the CO,RR. We hypothesize that key reaction
intermediates, such as adsorbed CO, can trigger CO-driven formation and migration of Cu atoms,’’
leading to a significant structural evolution to polycrystalline Cu nanograins. In this work,
operando EC-STEM is emerging as a powerful analytical method to enable reliable
electrochemistry and simultaneously STEM based imaging and diffraction techniques. Operando
electrochemical 4D-STEM in liquid, coupled with a machine learning based automated data
process, provides valuable insights into the structural analysis of Cu nanograin boundaries.
Correlative synchrotron-based X-ray methods provide complementary information on large
ensembles of nanocatalysts. We acknowledge that the 4D-STEM clustering is still performed at
nanometer-scale in this work to faithfully rule out any undesirable beam damage that may occur
at a higher beam dose required for a higher spatial resolution. Operando 4D-STEM at/near-atomic
scale will provide further information on quantitative analysis of nanograin boundaries and grain
size distributions. We anticipate that multimodal operando methods can serve as a powerful
toolbox to probe complex structures of dynamic catalysts under electrochemical conditions.
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Figure 1. Schematic of structural evolution and atomic-scale STEM-EELS characterizations
of Cu@Cu20 NWs. (a) Schematic of dynamic evolution of Cu NWs under CO2RR relevant
conditions. (b) HAADF-STEM image of Cu NWs with a diameter of around 30 nm and a length
over 3 um (aspect ratio > 100). (c) Atomic-scale STEM image of metallic Cu core with {200} d-
spacings (1.8 A) surrounded by polycrystalline CuxO shell with {111} d-spacings (2.5 A). (d-e)



Selected atomic-scale STEM image and corresponding Fourier transform (FT) of metallic Cu core
with near the [110] zone axis. (f) Schematic showing the typical fivefold twinned structures with
{100} side facets. (g-h) STEM-EELS composite mapping and corresponding EELS line profile of
Cu@Cu20 NWs showing around 4 nm oxide shell. (1) EELS spectra of Cu L3 edges showing the
signatures of metallic Cu core in yellow and Cu,O shell in green.

Figure 2. Operando EC-STEM images of dynamic evolution of Cu NWs. (a-f) Nucleation of
initial growth of Cu nanograins from metallic Cu NW core surrounded by the spongy Cu shell
(Cu@Cu®) from 0 to 20 s with two Cu nanograin seeds in dashed boxes. (g-k) Significant Cu
migration from Cu NWs to form Cu nanograins at adjacent locations from 24 to 40 s. (I) False-
color overlay of STEM images acquired at 0 s (red) and after reaching steady-state structures at
120 s (green). The dashed arrows in Figs. f-i mark the non-uniform contrast caused by liquid flow.
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Figure 3. Operando electrochemical 4D-STEM in liquid with machine-learning assisted
clustering analysis of Cu NWs derived nanograins. (a-b) Operando HAADF-STEM image and
the corresponding 4D-STEM clustering map of complex structures of Cu NWs. The false-color
4D-STEM map show of Cu@Cu® that the crystalline Cu NW core are surrounded by spongy
(disordered) Cu shell. (d) Operando 4D-STEM clustering map of Cu NWs derived polycrystalline
metallic Cu nanograins with selected three Cu nanograins (e-g) for analysis of nanograin
boundaries. (e-g) Cu nanograins and corresponding electron diffraction patterns in red, blue and
orange regions showing different crystal orientations across grain boundaries.
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Figure 4. Operando high-energy-resolution X-ray absorption spectroscopy studies of
dynamic evolution of Cu NWs. (a) Operando HERFD XANES pre-edge spectra of Cu@CuxO
NWs at the OCP and under steady-state CO2RR at -1.0 V vs. RHE. Dashed red arrows suggest the
progressive increase in pre-edge intensity and negative shift in edge energy values, corresponding
to the electroreduction of Cu@Cu,0 NWs to metallic Cu nanograins. (b) Ex situ HERFD XANES
pre-edge spectra show the partial surface reoxidation of Cu nanograins under post-electrolysis air
exposure. (c) Selected XANES spectra of Cu@Cu20 NWs at the OCP, under the CO2RR and upon
air exposure when compared to bulk Cu and CuyO references. (d) Quantitative analysis of the
relative fraction of metallic Cu and simplified schematic showing the electroreduction from
Cu@Cu20 NWs, respectively, to fully metallic Cu nanograins followed by subsequent partial

oxidation of surface Cu.
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