UC Berkeley
UC Berkeley Previously Published Works

Title
Operando Electrochemical Liquid-Cell 4D-STEM Studies of Dynamic Evolution of Cu
Nanocatalysts for CO2 Reduction

Permalink
https://escholarship.org/uc/item/39d447x8

Journal
Microscopy and Microanalysis, 29(Supplement_1)

ISSN
1431-9276

Authors

Yang, Yao
Shao, Yu-Tsun
Abruna, Héctor D

Publication Date
2023-07-22

DOI
10.1093/micmic/0zad067.665

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/39d447x8
https://escholarship.org/uc/item/39d447x8#author
https://escholarship.org
http://www.cdlib.org/

Operando studies reveal active Cu nanograins for CQO:; electroreduction
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Abstract:

CO2 electroreduction facilitates the sustainable synthesis of fuels and chemicals'. Although Cu
enables CO2-to-multicarbon product (Cz+) conversion, the nature of the active sites under operating
conditions remains elusive’. Importantly, identifying active sites of high-performance Cu
nanocatalysts necessitates nanoscale, time-resolved operando techniques®>. Here, we present a
comprehensive investigation of the structural dynamics during the life cycle of Cu nanocatalysts.
A 7 nm Cu nanoparticle ensemble evolves into metallic Cu nanograins during electrolysis, before
completely oxidizing to single-crystal Cu2O nanocubes upon post-electrolysis air exposure.
Operando analytical and four-dimensional (4D) electrochemical liquid-cell scanning transmission
electron microscopy (EC-STEM) reveals the presence of metallic Cu nanograins under CO2
reduction conditions. Correlated high-energy-resolution time-resolved X-ray spectroscopy
suggests that metallic Cu, rich in nanograin boundaries, supports undercoordinated active sites for
C-C coupling. The quantitative structure-activity correlation shows a higher fraction of metallic
Cu nanograins leads to higher Cz+ selectivity. A 7 nm Cu nanoparticle ensemble, with a unity
fraction of active Cu nanograins, exhibits 6 times higher Cz+ selectivity than the 18 nm counterpart
with one-third of active Cu nanograins. The correlation of multi-modal operando techniques serves
as a powerful platform to advance our fundamental understanding of the complex structural
evolution of nanocatalysts under electrochemical conditions.

Main text:

Copper remains the only heterogeneous electrocatalyst to selectively catalyze CO2 reduction
reaction (CO2RR) to multicarbon (Cz2+) products, including ethylene, ethanol, and propanol at
appreciable rates'?. Recent developments in operando/in situ methods, including advanced
electron microscopy and synchrotron-based X-ray methods, provide powerful non-destructive
tools to probe active sites and structural changes of electrocatalysts under reaction conditions’>.
However, there remains a lingering debate over the active state of Cu catalysts, regarding valence
state or coordination environments under CO2RR. For instance, some reports have proposed Cu*
species and subsurface oxide as possible active sites of oxide-derived Cu electrocatalysts®”, while
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others suggested the active state of bulk Cu catalysts is metallic'’!'? as subsurface oxides are not

stable under negative potentials'®>"'>. Another possible structural descriptor of locally enhanced
CO:2RR activity has been reported to be micrometer-sized grain boundaries (GBs) on bulk metal
electrodes'*"!®. Those studies probed the local activity at GBs with a pm-level spatial resolution,
only suitable for bulk electrodes. Since Ca+ product formation involves a C-C coupling step over
multiple atomic Cu sites in close proximity?, resolving catalytically active sites at or close to sub-
nanometer resolution is necessary to uncover the structural origin of CO2RR-active surfaces. In
particular, operando methods with high spatiotemporal resolutions are instrumental in elucidating
active sites of Cu nanoparticle (NP) electrocatalysts (<100 nm) among many other nanocatalysts'®.

This study presents a comprehensive structural picture of the life cycle for a family of high-
performance Cu NP ensemble electrocatalysts, building upon our previous studies, which provided
a baseline understanding of their structures?**>. An ensemble of monodisperse Cu NPs undergoes
a structural transformation process (i.e., “electrochemical scrambling”) where the surface oxide is
reduced, followed by ligand desorption and formation of aggregated/disordered Cu structures that
correlate with the formation of catalytically active sites for CO2RR (Fig. 1a). The active Cu
structures rapidly evolve into single-crystal Cu2O nanocubes upon air exposure. Herein, we
propose that active Cu nanograins play a critical role in the reduction/oxidation life cycle of these
Cu nanocatalysts: (1) active sites for selectively reducing CO2-to-Cz+ products, and (2) highly
reactive sites for breaking O=0 bonds and inserting O atoms in the tetrahedral sites of Cu lattice.

A family of Cu NP (7, 10, and 18 nm) ensembles was studied to investigate the size dependence
on their structural evolution dynamics. High-angle annular dark-field (HAADF) STEM images
show the synthesized Cu NPs with narrow size distributions (Supplementary Fig. 1). Atomic-scale
STEM image and corresponding electron energy loss spectroscopy (EELS) mapping of as-
synthesized fresh 7 nm NPs exhibit a Cu@Cu20 core-shell structure with a metallic Cu core
surrounded by ~2 nm oxide shell (Extended Data Figs. 1a,b and Supplementary Fig. 2). The 7 nm
Cu NPs oxidized to Cu20 NPs after air exposure for >5 h post-synthesis (Supplementary Figs. 3-
4). We note that, whether 7 nm NPs are partially or fully oxidized, it does not impact the catalytic
performance, since they likely reach a comparable active state during electrolysis (Supplementary
Fig. 5). In contrast, both 10 and 18 nm NPs maintain a stable Cu@Cu20 core-shell structure over
extended air exposure, suggesting that a minimum particle size of ~10 nm is required to form a
self-passivated surface oxide layer (Extended Data Figs. 1c-f and Supplementary Figs. 6-10). This
ex situ analysis of pristine Cu nanocatalysts provides necessary guidance for further operando
electrochemical STEM (EC-STEM) studies (vide infra).

To track the dynamic morphological and structural evolution of Cu nanocatalysts and elucidate
the nature of Cu active sites, we employed operando EC-STEM and four-dimensional (4D) STEM
diffraction imaging. The operando EC-STEM cell encapsulates a liquid pocket with a three-
electrode configuration, including Cu NPs deposited on the carbon working electrode, Pt counter
and Pt pseudo-reference electrodes (WE, CE and RE)**?° (Fig. 1b). The redox potential and current
density measured in the operando EC-STEM cell indicate the Cu NPs electrochemically behave
consistently with standard H-cell measurements (Supplementary Figs. 11-13). A potential of -0.8
V versus reversible hydrogen electrode (RHE, all potentials are referenced to the RHE scale unless
noted otherwise) was applied on the 7 nm NPs in the EC-STEM cell to simulate the optimal
CO2RR potential for Ca+ product formation (Supplementary Fig. 14). The as-prepared EC-STEM
cell has a liquid thickness of 500 nm or thicker?, which is often too thick to resolve NPs <10 nm
(Supplementary Fig. 15). Thus, we adopted a “thin liquid” strategy?’-*%, performing a single linear
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sweep voltammetry (LSV) scan from 0.4 to 0 V to trigger the hydrogen evolution reaction
(typically co-existent during CO2RR). The electrogenerated H> bubbles enable a thinner liquid
film of ~100 nm, as quantified by liquid-cell EELS (Supplementary Fig. 16), leading to a
significantly enhanced spatial resolution for tracking individual NPs in liquids (Supplementary Fig.
17 and Video 1). We observed that parts of the NP ensemble (lower part below the dashed line)
already experienced noticeable particle aggregation right after the LSV scan (Fig. 1¢). This points
to the high reactivity/mobility of small Cu NPs even at potentials more positive than the onset of
the CO2RR (-0.4 V). Operando EC-STEM images captured at 0 V at an identical location show
the dramatic aggregation of the remaining 7 nm NPs into Cu nanograins with sizes of 50-100 nm
(Figs. 1d-e). Upon air exposure, small Cu nanograins (<50 nm) evolved into Cu20 nanocubes
while some large Cu nanoclusters (>100 nm) maintained an irregular morphology, possibly due to
the loss of reactivity of bulk Cu with O2*. Figures lc-e serve as an overview of the
electroreduction/oxidation life cycle of the 7 nm Cu NP ensemble.

To resolve the initial stage of the Cu nanograins formation, a mild potential of 0 V was applied
on the 7 nm NP ensemble (Figs. 1-1). Operando EC-STEM videos in this study were first recorded
without applied potentials as control experiments to ensure no beam-induced damage occurred
(Supplementary Video 2). After the initial LSV scan, Cu nanograins are observed and the
remaining 7 nm Cu NPs experience rapid structural transformation, leading to the formation of
new Cu nanograins and additional particle growth (Figs. 1f-h). A false-color STEM image of 0
and 24 s (red vs. green) illustrates the difference with the inset highlighting the particle growth
process on existing Cu nanograins (Fig. 11 and Supplementary Fig. 18). At the C2+optimal potential
(-0.8 V), more dramatic particle movement occurred in the first 8 s, followed by progressive
particle aggregation/coalescence (8-32 s) in Figs. 1j-m and Supplementary Video 3). Cu
nanograins of 50-100 nm formed at -0.8 V approached a steady-state structure after an extended
electroreduction for 90 s (Supplementary Fig. 19). Upon airflow, Cu nanograins rapidly evolved
into ~100 nm well-defined Cu20O nanocubes, similar to those formed after H-cell measurements
(Supplementary Figs. 20, 21). In summary, operando EC-STEM of the 7 nm Cu NP ensemble
identified two types of morphologies, loosely connected small Cu nanograins and closely packed
large Cu nanograins, which may serve as active sites for CO2RR.

Operando 4D-STEM diffraction imaging in liquid provides unique structural information
beyond the traditional S/TEM imaging of morphological changes®’. 4D-STEM uses a newly
developed electron microscope pixel array detector (EMPAD), which can rapidly record a 2D
electron diffraction pattern over a 2D grid of probe positions®*~?. 4D-STEM with high sensitivity
and dynamic range can significantly lower electron dose while retrieving nm-scale
crystallographic information, which is indispensable for beam-sensitive materials in liquid. We
focus on the structural transformation of the most active 7 nm NPs from the initial stage to the
steady state of Cu nanograins followed by the post-electrolysis Cu2O nanocubes formed upon air
exposure (Fig. 2, left scheme). The HAADF-STEM image in Fig. 2a shows the 7 nm NP-derived
loosely connected Cu nanograins formed at 0 V. A virtual bright-field (BF) STEM image, retrieved
from 4D-STEM datasets, better reveals the fine granular features of Cu nanograins (Fig. 2b). One
particular domain (Fig. 2¢) was selected to show a diffraction pattern of a metallic Cu domain with
Cu{l111} (2.1 A) and Cu{200} (1.8 A) close to the Cu[110] zone axis. 4D-STEM dark-field
imaging, based on diffraction spots of 1 (red), 2 (green) and 3 (blue), yielded a false-color map
showing crystal domains with the same/similar crystal orientations resembling those three
diffraction spots. 4D-STEM composite maps in Fig. 2d clearly show the highly polycrystalline



nature of active Cu with fine nanograins. Two particular regions highlight the nanograin
boundaries which are either loosely connected (Fig. 2e) or closely overlapped (Fig. 2f). The Cu
grains revealed in Figs. 2e-f are around 5-10 nm, which are comparable to that of pristine 7 nm Cu
NPs. It indicates that pristine 7 nm Cu NPs serve as building blocks for forming nanograin
boundaries, which are likely rich in defects and dislocations after the initial stage electroreduction
at 0 V. Similar metallic Cu nanograins were widely observed in other 4D-STEM maps
(Supplementary Fig. 22). To the best of our knowledge, this observation represents the first report
of sub-10 nm nanograin boundaries supporting possible Cu active sites, at an unprecedented spatial
resolution enabled by a probe size of ~1 nm.

After electroreduction at -0.8 V, the metallic Cu nanograins (50-100 nm) achieved a steady-
state closely packed structure (Fig. 2g). A majority of diffraction patterns from Cu domains
indicate polycrystalline metallic Cu (Fig. 2h). Few domains show a single-crystal-like metallic Cu
feature close to the Cu[110] zone axis (Fig, 21). It indicates that some Cu nanograins have sufficient
driving force to reconstruct into highly crystalline Cu domains during the electroreduction at -0.8
V. False-color dark-field 4D-STEM maps, based on three diffraction spots in Fig. 21, show that
the majority of Cu nanograins are composed of individual grains separated by grain boundaries
and/or stacking faults (white arrows, Fig. 2j). Interestingly, the Cu nanograins magnified in the
dashed box in Fig. 2j show the predominant crystal orientation in green, resembling the diffraction
spot 2 in Fig. 21, and some metallic Cu nanograins on the surface with other crystal orientations in
red, resembling the diffraction spot 1. This in-depth structural analysis indicates that the dominant
active Cu sites, formed at -0.8 V, are closely packed and highly polycrystalline metallic Cu
nanograins, relative to loosely connected Cu nanograins formed at 0 V.

Upon airflow to repel electrolyte, metallic Cu nanograins at the same location in the EC-STEM
cell rapidly evolved into well-defined Cu20 nanocubes (Fig. 2k). 4D-STEM diffraction patterns
in Figs. 21-n show that the Cu20 nanocubes are single crystals with edge lengths of ~60-120 nm.
We hypothesize that metallic Cu nanograins formed under bias are highly defective/disordered,
which can be especially reactive to O2 molecules. O=0 bonds can dissociate and allow the
spontaneous insertion of O atoms in the Cu lattice. In addition, operando EC-STEM of post-
synthesis Cu20 nanocubes under bias shows the fragmentation of large cubes (~100 nm) and
redeposition of small nanoclusters (<20 nm), which is drastically different from the structure of
metallic Cu nanograins (50-100 nm) formed at -0.8 V (Supplementary Fig. 23 and Video 4). This
suggests that metallic Cu nanograins can only be derived from the 7 nm Cu NP ensemble and
cannot be reversibly obtained from post-electrolysis Cu20 nanocubes. As demonstrated by the loss
of Cz+ selectivity/activity upon utilizing these post-electrolysis nanocubes (Supplementary Fig.
24), only the metallic Cu nanograins obtained through the assembly and reconstruction of self-
assembled Cu NPs can serve as the supporting structure for CO2RR-active undercoordinated Cu
sites. In summary, operando EC-STEM suggests the 7 nm Cu NP ensemble evolves into
polycrystalline/disordered Cu nanograins, and transforms into single-crystal Cu20 nanocubes
post-electrolysis.

Similar to 7 nm NPs, 10 nm NPs experienced substantial particle movement/aggregation during
the first 8 s at -0.8 V and continued to grow into larger Cu nanograins (50-100 nm) (Fig. 3a-d,
Supplementary Figs. 25-26 and Video 5). Meanwhile, the 18 nm Cu NP ensemble displayed a
distinctly different structural evolution. After an initial LSV to 0 V, 18 nm Cu NPs on the carbon
WE partially aggregated and formed intriguing “melting” features at the initial stage (Figs. 3e-f).
Subsequent air exposure led to the transformation of the metallic nanograins into well-defined
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Cu20 nanocubes while the nearby unreacted 18 nm Cu NPs remained unchanged (Fig. 3g,
Supplementary Fig. 27). At -0.8 V, 18 nm Cu NPs experienced progressive particle reconstruction
and migration (Figs. 3i-k) and agglomerated into large Cu nanograins over ~4 min (Supplementary
Fig. 28 and Video 6). The limited and slower structural reconstruction of the larger NPs likely
originates form their intrinsically lower surface energy. Additionally, larger NPs are packed less
closely due to restricted interdigitation of their surface ligands in comparison to the smaller NP
ensemble®***, As a result, the initial aggregation of 10 and 18 nm Cu NPs is less dramatic than the
7 nm Cu NPs, leading to a lower density of nanograin boundaries and less active undercoordinated
Cu sites. This hypothesis is corroborated by Pb underpotential deposition (UPD) that indicates a
higher density of undercoordination sites on the 7 nm Cu NP ensemble (Supplementary Fig. 29).

The particle aggregation dynamics of 18 nm Cu NPs are illustrated in the structural model in
Fig. 3h. We posit that the surface oxide of 18 nm Cu NPs is reduced and the NPs form metallic Cu
nanograins with surface-active sites (Cu@Cu?®) in a more closely packed structure. This hypothesis
was supported by operando resonant soft X-ray scattering (RSoXS)** using the same liquid-cell
setup as operando EC-STEM (Fig. 31). At 0 V, the X-ray scattering intensity of Cu increased
dramatically, relative to the pristine 18 nm Cu NP ensembles. This indicates a higher level of
aggregation of Cu NPs per unit area, leading to stronger X-ray scattering, which is consistent with
the formation of denser “melting” feature in EC-STEM (Fig. 3f). At -0.8 V, the X-ray intensity
remained at a similar level but exhibited a noticeable shift of the first minimum to a higher Q value,
which corresponds to an average grain size smaller than pristine 18 nm Cu NPs by 2.9 + 0.2 A
(one monolayer) (Supplementary Fig. 30). It suggests that although 18 nm Cu NPs, as building
blocks, aggregated to form active Cu nanograins, only the surface 2 nm oxide layer participated in
forming a lower density of nanograin boundaries, thus resulting in a smaller contribution of active
undercoordinated Cu sites. Operando RSoXS provides a statistically robust analysis of
aggregation dynamics of Cu NPs complementing the operando EC-STEM studies.

Operando high-energy resolution fluorescence detected (HERFD) X-ray absorption
spectroscopy (XAS) was then used to elucidate the valence state and coordination environment of
the Cu NP ensemble under CO2RR conditions and upon air exposure (Fig. 4). The electrochemical
behavior of the Cu nanocatalysts was comparable in both the customized X-ray cell and H-cell
without observation of beam damage on the Cu NPs in electrolyte (Supplementary Figs. 31-33).
HERFD XAS enables a significantly higher energy resolution (~1 eV) than conventional solid-
state fluorescence detector (50-200 eV),!%-1233-3 enabling the detection of fine features in XANES
pre-edge regions (Supplementary Figs. 34-36). HERFD XANES of the 7 nm Cu NP ensemble
revealed the same pre-edge energy as bulk Cu20 (Fig. 4a), supporting the NPs are fully oxidized
after being stored in air as previously shown by EELS (Supplementary Fig. 3). The chemical state
of the Cu NPs was then investigated under CO2RR. At -0.8 V, the NP ensemble displayed similar
edge features to Cu foil. The observed transition to metallic Cu is consistent with the formation of
the Cu nanograins observed with 4D-STEM (Fig. 2). Upon post-electrolysis air exposure, the NPs
completely re-oxidize to Cu20. The high energy resolution of HERFD XANES enabled us to carry
out an accurate quantitative analysis of the valence states achieved throughout the NPs life cycle
(Supplementary Figs. 37-39). The oxide volume fractions of NP ensembles, determined by XAS,
are consistent with the oxide shell thickness in EELS analysis (Supplementary Fig. 40). The
quantitative valence analysis over the course of electrolysis revealed the metallic Cu fraction
increases from 0 to 100% over 1 h (Fig. 4b and Supplementary Fig. 41), which was corroborated
by second-level tracking of electroreduction/oxidation kinetics at a constant photon energy



(Supplementary Figs. 42-43). These measurements testify that the electroreduction of the 7 nm Cu
NPs was completed within ~30 min at -0.8 V.

HERFD XANES of 18 nm Cu NPs indicated an average composition of ~70% metallic Cu in
the core and ~30% Cu20 in the shell. These larger NPs experienced a similar transition to metallic
Cu under electroreduction though less dramatic relative to the smaller NPs (Fig. 4c and
Supplementary Fig. 44). In addition, the pre-edge peak after post-electrolysis air exposure
suggested that 18 nm Cu NPs evolved into a mixed Cu and Cu20 phase, matching the partial
formation of nanocubes from EC-STEM studies (Fig. 3g). Quantitative valence analysis suggested
that the electroreduction of 18 nm Cu NPs was confined to the surface Cu20 layer and took a
shorter time (~10 min) than their 7 nm NP counterparts (~30 min) while the partial reoxidation of
metallic Cu occurred progressively over 1 hour (Fig. 4d, Supplementary Fig. 45).

Given all three types of Cu NP ensembles (7, 10, and 18 nm) show the complete conversion
from partially/fully oxidized pristine NPs to fully metallic Cu nanograins (Supplementary Figs. 37
and 45-46), the fraction of active Cu nanograins is defined as the relative fraction of the pristine
Cu NP ensemble that can be converted to metallic Cu active sites under electrochemical potentials
(Fig. 41). This quantitative value was then correlated to the CO2RR performance of the different
Cu NP ensembles (Fig. 4f-g, Supplementary Tables 1-2). The resulting structure-activity
correlation suggests that a higher fraction of active Cu nanograins leads to a higher Ca+ selectivity.
In particular, the 7 nm Cu NP ensemble with 100% Cu nanograins shows a Cz+ selectivity six times
as high as the 18 nm Cu NP ensemble with only 32% Cu nanograins at -0.8 V. The activity and
stability of these nanograins was also tested in a gas-diffusion electrode where the 7 nm Cu NP
ensemble displayed a higher Cz+ faradaic efficiency of (~57%) at a much higher current density of
300 mA/cm?, relative to H-cell (~44%) at 15 mA/cm? (Supplementary Table 3). This demonstrates
the 7 nm Cu NP-derived nanograins can also perform under industrially relevant conditions.

Further EXAFS analysis of the Cu NP ensembles provides additional details on their active
structure (Fig. 4e, Supplementary Figs. 47-50). The scattering amplitude of the Cu-Cu peak for the
7 nm Cu NPs after 1 h electroreduction was noticeably lower than that of a standard Cu foil in Fig.
4e. Specifically, EXAFS fitting of the nanocatalyst after 1 h CO2RR yields an average nearest Cu-
Cu coordination number (CN) of ~8, suggesting the presence of undercoordinated Cu sites
(Supplementary Fig. 50). Eventually, after 4 hours of electroreduction, the Cu-Cu CN approached
a steady-state value of 12 comparable to that of Cu foil. Such an increase likely results from the
continuous aggregation/coalescence of smaller Cu nanograins into fully grown Cu nanograins (50-
100 nm) with a negligible contribution from undercoordinated surface Cu sites®’ (Supplementary
Fig. 47). We hypothesize that while surface and bulk Cu become spectroscopically
indistinguishable, since EXAFS is more sensitive to bulk than surface, undercoordinated sites are
still present within the steady-state structure of the Cu nanocatalysts. This is corroborated by Pb
UPD measurements indicating the presence of stronger binding sites formed on the 7 nm Cu NP
ensemble (Supplementary Fig. 29).

Although our EXAFS results suggest that the slow structural change in the NP ensemble would
lead to a variation of the nanocatalyst catalytic activity, we note that only the signal obtained after
4 hours is associated with the catalyst steady-state structure. Such slow kinetics result from the
operando X-ray cell configuration and are otherwise much faster in the H-cell as demonstrated by
the CO2RR activity stabilized within 20 min and maintained for 4 hours onward (Supplementary
Fig. 51). We further narrow down the time frame when the Cu NP ensemble structural
transformation leads to the formation of C-C coupling active sites with operando differential



electrochemical mass spectrometry (DEMS) measurements with high temporal resolution, enabled
by a dual thin-layer flow cell*®. Specifically, C2H4 production reaches a steady state within the first
2.5 seconds in a DEMS flow-cell configuration, which is sufficiently fast compared to the ~20 min
necessary to reach the steady-state structure and C2Ha production in an H-cell (Supplementary Fig.
52). The early-stage C2+ production demonstrated by DEMS ties back with the formation of Cu
nanograins observed within the first few seconds under applied potentials in the EC-STEM cell.
Meanwhile, the steady-state structure identified by operando XAS can be correlated to the steady-
state activity measured in the H-cell (Supplementary Fig. 51). Overall, we can chronologically
establish a structure-activity correlation that supports the catalytic significance of
undercoordinated sites supported on Cu nanograins relevant to Cz+ production.

In summary, this correlated operando study offers a comprehensive picture on the
electroreduction/reoxidation life cycle of Cu nanocatalysts. Metallic Cu nanograins, rich in grain
boundaries, support a high density of active undercoordinated sites that enhances the Ca+ selectivity
of the 7 nm Cu NP ensemble. This study represents a milestone towards spatially resolving the
complex nature of active Cu sites for CO2RR. Further statistical analysis of grain boundary
density'®*°, grain-grain distance*’, and relative grain orientations** will provide additional insights
on what structural factors of Cu nanograins are beneficial to C2+ formation. Inspired by the active
Cu nanograins formation via rapid NP evolution, various approaches can be devised to utilize such
structural transformation to generate nanocatalysts with higher Cz+ intrinsic activity. For instance,
smaller nanoparticles, clusters, or molecular complexes can be employed as smaller building
blocks to generate a higher density of nanograin boundaries supporting undercoordinated active
Cu sites. As proof of concept, a smaller sized Cu NP ensemble (~5 nm) was synthesized and
demonstrated a distinctly higher Ca+ selectivity (55%) at a lower Cu mass loading, relative to the
7 nm counterpart (44%, see Supplementary Note, Figs. 53-57, Video 7 and Table 4). We anticipate
that correlation of operando structural studies with electron and X-ray probes and additional
molecular-level spectroscopical methods will be necessary to unravel what intermediates bind and
undergo C-C coupling on the active sites supported on those nanograin boundaries. This study
emphasizes the importance and prospects of employing correlative operando methods to
contribute to the rational design of future nanoscale electrocatalysts.
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Figure 1. Scheme of the electroreduction/reoxidation life cycle of Cu nanocatalysts and
operando EC-STEM studies of dynamic morphological changes of 7 nm nanocatalysts under
various applied potentials. (a) Conventional ex sifu methods are limited to the study of
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nanocatalysts before/after CO2RR. In contrast, operando/in situ methods used in this study,
including EC-STEM and X-ray spectroscopy, uncover the dynamic changes in morphology,
composition, and structure under real-time catalytically relevant conditions. An ensemble of
monodisperse Cu NPs undergo a structural transformation during which the surface oxide is
reduced, ligand are desorbed, and a progressive coalescence/aggregation leads to the formation of
active metallic Cu nanograins. We propose those highly polycrystalline Cu nanograins are made
of disordered grain boundaries that support undercoordinated Cu active sites for C2+ formation.
Upon air exposure, Cu nanograins are also highly reactive for the O2 bond breaking and insertion
in the Cu lattice to form Cu20. (b) Schematic of operando EC-STEM and 4D-STEM with the
capability to enable electrochemical measurements and simultaneously track morphological and
structural changes under CO2RR relevant conditions. (c-e) Overview of the life cycle of the 7 nm
Cu nanocatalysts revealed by EC-STEM images of the initial growth after a single negative-going
LSV scan from 0.4 to 0 V (¢), further growth under CA at 0 V (d) and the post-electrolysis
formation of Cu20 cubes (marked by the arrow) upon air exposure at the identical location (e). (f-
i) Morphological evolution of 7 nm NPs at 0 V vs. RHE. The false-color images in the inset of (i)
highlight the newly formed regions in green after 24 s growth. (j-m) Further particle aggregation
of 7nm NPs at -0.8 V for 32 s with significant changes highlighted in the white box.
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Figure 2. Operando 4D-STEM diffraction imaging of metallic Cu nanograins. The left scheme
serves as a visual guide of the structural evolution from initial stage of loosely connected (a-e) to
steady-state closely packed (g-i) Cu nanograins followed by the formation of Cu20 cubes (k-n)
when exposed to air. (a) HAADF-STEM images of co-existing 7 nm NPs and loosely connected
active Cu nanograins after the initial growth at 0 V. (b) Virtual bright-field (BF) STEM image of
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Cu nanograins reconstructed from 4D-STEM datasets of the dashed box region in (a). (¢) A
representative electron diffraction pattern of one Cu domain in (a) showing the fcc metallic Cu
with Cu{200} (1.8 A) and Cu{111} (2.1 A) close to [110] zone axis. (d) False-color dark-field
4D-STEM maps showing Cu nanograins with diffraction spots resembling those three marked as
1 (red), 2 (green) and 3 (blue), respectively, in (b). (e) Two particular regions, extracted from the
dashed box in (d), showing the loosely connected Cu nanograins (e) and overlapping nanograin
boundaries (f). (g) HAADF-STEM images of closely packed Cu nanograins formed at -0.8 V. (h-
i) Representative diffraction patterns of highly polycrystalline Cu (h) and single-crystal-like Cu
nanograins (i). (j) False-color dark-field 4D-STEM maps showing highly crystalline Cu
nanograins with diffraction spots resembling those three marked as 1, 2, 3 in (i). (k) HAADF-
STEM image of Cu20 nanocubes formed upon air exposure. (I-n) Selective diffraction patterns of
single-crystal Cu20 cubes with d-spacings of {200} (2.1 A), {111} (2.5 A), or {110} (3.0 A).
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Figure 3. Operando EC-STEM studies of dynamic morphological changes of 10 and 18 nm
NPs. (a-d) Selected operando EC-STEM video frames of the evolution of 10 nm NPs at -0.8 V.
(e-f) EC-STEM image showing 18 nm NPs partially “melted” into Cu nanograins after initial
growth after one LSV scan from 0.4 to 0 V. (g) STEM images of Cu20 nanocubes formed from
those Cu nanograins upon air exposure with nearby unreacted 18 nm NPs maintained the pristine
morphology. (i-k) Operando EC-STEM images of the slower dynamic evolution of 18 nm NPs at
-0.8 V for an extended time of 4 min, relative to 7 nm NPs. (h, 1) Structural models showing the
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transformation from 18 nm Cu NP ensembles to metallic Cu nanograins with surface Cu sites
(Cu@Cu®) and an average grain size smaller than pristine NPs by ~3 A, which was supported by
operando resonant soft X-ray scattering studies using the same liquid-cell TEM holder.
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Figure 4. Operando HERFD XAS studies of the valence state and coordination environment
of Cu nanocatalysts during their electroreduction/reoxidation life cycle. (a) Operando
HERFD XANES spectra of pristine 7 nm NPs, metallic Cu formed at -0.8 V under CO2RR
conditions and Cu20 cubes formed upon post-electrolysis air exposure, along with the standard
references of bulk Cu and Cu20 in dashed lines. (b) Quantitative analysis of relative fraction of
metallic Cu showing the conversion from Cu2O NPs to fully metallic Cu nanograins and the
reoxidation of Cu nanograins to Cu20 nanocubes upon air exposure. (¢-d) Operando HERFD
XANES and corresponding quantitative analysis of 18 nm NPs at -0.8 V showing the
transformation from Cu@Cu20 NPs to fully metallic Cu nanograins and the reoxidation of those
Cu nanograins to mixed phases of Cu/Cu20 upon air exposure. The electroreduction/reoxidation
cycle was confined to the surface oxide layer. (e) Operando HERFD EXAFS of 7 nm under
CO2RR conditions and upon air exposure with EXAFS after 1 h electroreduction, suggesting the
presence of undercoordinated Cu sites as highlighted by the red asterisk. (f) Structure-activity
correlation of relative fraction of active Cu nanograins and Cz+ faradaic efficiency of the Cu NP
ensembles with three different NP sizes. (g) Faradaic efficiency for all CO2RR products grouped
as Cz+, C1 products, and Hz obtained from ensembles of three different Cu NP sizes at -0.8 V in an
H-cell.
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Methods

Synthesis. 7 nm copper nanoparticles (NPs) were synthesized as previously reported by our
group.?! For larger nanoparticles, size was controlled by tuning the mole ratio of
tetradecylphosphonic acid (TDPA) to copper(I) acetate (CuAc) precursors, where higher ratios
resulted in larger particles. Specifically, to synthesize 7, 10, and 18 nm NPs, ratios of 0.5, 0.7, and
1.2, respectively, were used while maintaining the absolute concentration of CuAc (1 mmol).
Synthesis of the 5 nm Cu NPs was adapted from a previous hot-injection method.*! Additional
synthesis details can be found in Supplementary Information.

Electrochemical measurements in H-cell. One monolayer of densely packed 7 nm NPs was
achieved with a mass loading of 68.9 pg deposited on 1 cm? carbon paper (Sigracet 29AA, Fuel
Cell Store). The design of the H-cell used in this study was described in detail previously?'**.
Electrochemical measurements were performed in 0.1 M KHCO3 at a COz2 flow rate of 20 mL/min
using a Biologic potentiostat, with Cu NPs supported on carbon paper as the working electrode
(WE), Ag/AgCl (3 M KCl) as the reference electrode (RE) and a Pt wire as the counter electrode
(CE), which was separated from the WE by an anion exchange membrane (Selemion AMV). All
Faradaic efficiencies (FEs) reported herein are normalized while total FEs before normalization
are in the range between 90 to 100%. Pb UPD measurement was conducted in a solution of 0.1 M
NaClO4, 10 mM HCIlO4, and 3 mM Pb(I1)(C104)2.#3

Operando EC-STEM and 4D-STEM measurements. Operando EC-STEM imaging was
performed in COz-sat. 0.1 M KHCO3 with a regular liquid thickness (~500 nm) in a Tecnai F-20
STEM. A Protochips Poseidon liquid-cell holder and Gamry potentiostatic were used for
electrochemical measurements in EC-STEM. Operando EC-STEM image was acquired at a speed
of 4 s/frame (1024x1024 pixels with a dwell time of 3 ps/pixel) at a beam dose of ~50 e/nm? per
frame (dose rate of ~12.5 e/nm?s). The low dose is critical to ensure no beam-induced damage so
as to reliably track electrochemical reactions. A beam dose control experiment was routinely
performed before each dynamic videos to ensure no evidence of beam damage. 4D-STEM
experiments were performed using an electron microscope pixel array detector (EMPAD), by
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recording a 2D diffraction pattern at each probe position, resulting in 4D datasets. The 4D-STEM
diffraction imaging was performed with a probe size of ~1.3 nm in the full-width at half-maximum
and 256x256 pixels at a dose of ~2,000 e/nm? (dose rate of ~6 e/nm?s). Additional details can be
found in Supplementary Information.

Ex situ STEM-EELS measurements. Ex sifu atomic-scale HAADF-STEM imaging and EELS
were performed in a fifth-order aberration-corrected STEM (Nion UltraSTEM) operated at 100
keV with a semi-convergence angle of 30 mrad. EELS spectrum images were acquired with a 0.25
eV/channel energy dispersion in a Gatan spectrometer with a size of 100~200 pixels and an
acquisition time of 10-20 ms/pixel. The Cu and O elemental maps were extracted using Cu L3
and O K edges from EELS spectrum images and processed using principal component analysis
and the linear combination of power law (LCPL) to subtract the background in ImageJ software.
Operando HERFD XAS measurements. Cu K-edge XANES and EXAFS were acquired in
HERFD mode at the PIPOXS beamline of the Cornell High Energy Synchrotron Source (CHESS)
under ring conditions of 100 mA at 6 GeV. The incident energy was selected using a cryogenically-
cooled Si(311) monochromator and focused using a pair of Rh-coated mirrors. The HERFD XAS
selects one particular fluorescence decay channel, the Cu Ko emission line at 8048 eV>%7 by
Si{444} single crystals in Rowland geometry. The sample was placed at an angle of 45° relative
to the incident beam and fluorescence was detected using a Pilatus 100K detector, enabling the
isolation of a decay transition from a single orbital with a much longer core hole lifetime. Given
the energy-time uncertainty principle, it enables a significantly enhanced energy resolution on the
order of 1 eV, relative to the typical 50-200 eV of conventional solid-sate fluorescence detector.
The design of customized X-ray cell can be found in our previous report’’. Cu NP catalysts were
deposited on carbon paper as the working electrode with the same Cu loading as H-cell
measurements. The reference electrode (Ag/AgCl (sat. KCl)) was placed (via a salt bridge) at the
bottom of the cell to minimize the iR drop during electrochemical testing. Additional details can
be found in Supplementary Information.

Operando resonant soft X-ray scattering measurements. Soft X-ray measurements were
performed in the same type of liquid cell setup (Protochips Inc.) as the operando EC-STEM holder
with a liquid thickness of ~1 um. Soft X-ray data were collected at the Advanced Light Source
(ALS) beamline 11.0.1.2 with a back-illuminated Princeton PI-MTE CCD cooled to -45 °C.
Scattering patterns of 18 nm NPs were collected for 0.6 s to minimize soft X-ray beam damage.
RSo0XS data fitting was conducted using software package Scatter.**

Operando DEMS measurements. Electrochemical measurements were performed with an EG&G
Model 173 potentiostat/galvanostat, an EG&G Model 175 universal programmer and a DEMS
setup. A monolayer of 7 nm NPs on a glassy carbon electrode (diameter = 1.0 cm) served as the
working electrode with a mass loading of 8.14 pug/cm?. Two Pt wires were employed as dual
counter electrodes to minimize iR-drop. A Ag/AgCl (sat. KCI) was used as the reference electrode.
DEMS measurements were performed in a dual thin-layer flow cell at a flow rate of 10 puL/s. A
detailed description of the DEMS setup can be found in our previous work>®.
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Extended Data Figure 1. Atomic-scale microstructures and chemical compositions of a
family of Cu NP ensembles (7, 10, 18 nm). (a-b) HAADF-STEM image and EELS composite
map of fresh 7 nm NPs with metallic Cu core (red) and ~2 nm oxide shell (green), which were
oxidized to Cu20 NPs after brief air exposure (Supplementary Fig. 3). (¢) STEM image of 10 nm
Cu@Cu20 NPs with multi-domain Cu core close to the [110] zone axis surrounded by the Cu20
shell with characteristic d-spacings of Cuz0{111} (2.5 A). (d) STEM-EELS composite map of 10
nm Cu@Cu20 NPs with ~2 nm oxide shell. (e-f) STEM image of 18 nm Cu@Cu20 NPs and EELS
composite map showing the ~2 nm oxide shell.
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	Figure 3. Operando EC-STEM studies of dynamic morphological changes of 10 and 18 nm NPs. (a-d) Selected operando EC-STEM video frames of the evolution of 10 nm NPs at -0.8 V. (e-f) EC-STEM image showing 18 nm NPs partially “melted” into Cu nanograins ...



