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ABSTRACT: Understanding dynamic catalyst evolution, particularly Cu-based R e A X4
single-atom catalysts, faces tremendous challenges of tracking rapid and {} N — Og0 — ‘Q
nanoscale evolution and uncontrolled catalyst reoxidation during post-reaction {:x:w \ v tee
air exposure. Although ex situ/in situ studies have indirectly indicated the Cu-SAC-NC - [Cu-COI Cu nanograins 3§
structural reconstruction of single-atom catalysts, direct probing of single-atom
catalyst evolution requires time-resolved nanoscale operando methods. Here, we
present direct experimental evidence of dynamic evolution from single-atom
catalysts to Cu nanostructures rich in active nanograins, based on a conductive
metal—organic framework-based Cu single-atom catalyst (Cu-SAC). Operando
synchrotron-based high-energy-resolution X-ray spectroscopy and IR absorp-
tion spectroscopy quantitatively tracked the structural and molecular finger- ‘ ;
prints during single-atom-to-nanograin evolution. Cu-SAC supported on  F¥fra ies 7 Mo fradio:‘:%)
nanocarbon (Cu-SAC-NC) with nearly 100% metallic Cu nanograins achieved

a 5-fold increase in multicarbon Faradaic efficiency (C,, FE), relative to the Cu-SAC control group with less than half metallic Cu
nanograins. Cu-SAC-NC, with superior electronic conductivity provided by the nanocarbon, facilitated the formation of dense
copper carbonyl (Cu—CO) intermediates, leading to a larger fraction of active metallic Cu nanograins for effective C—C coupling
and significantly enhanced C,, selectivity. Operando electrochemical liquid-cell scanning transmission electron microscopy (EC-
STEM) directly captured real-time movies of dynamic structure evolution from isolated Cu single atoms to metallic Cu nanograins
under the CO,RR. Operando electrochemical four-dimensional (4D) STEM reveals the complex polycrystalline Cu nanostructures
rich in metallic nanograin boundaries, serving as catalytically active sites. This study paves the way for the design of a new generation
of single-atom catalysts based on their operando active structures instead of pristine structures.

o1

Bl INTRODUCTION

One of the grand challenges of catalysts is identifying the active
sites and capturing real-time “movies” of catalytic processes,
i.e., watching catalysis in action.'™* It is increasingly evident
that pristine and post-mortem electrocatalysts, characterized ex
situ, most likely do not maintain the same active structures,
particularly under strong electrochemical driving force
(strongly reducing/oxidizing potentials), such as CO,
reduction to liquid fuels,”™® N, or NO,;~ reduction to

study reveals that sub-10 nm Cu nanoparticles (NPs) undergo
dynamic structural evolution into metallic Cu nanograins
under CO,RR via electrochemical reconstruction, with the
resulting nanoscale grain (nanograin) boundaries serving as
active sites for C—C coupling.” More recent studies employing
Cu-based nanocube and nanowire catalysts revealed size-
dependent formation kinetics of nanograins from nanocubes,
driven by the migration of Cu—CO (copper—carbonyl)
species.24’25

NH3,10_12 oxygen reduction/evolution reactions in fuel cells/
water electrolyzers,”">~"” or organic electrosynthesis.'* >’ The
need to establish structure—(re)activity correlations in electro-
catalysis motivates the development of operando (operating)
and in situ (on-site) methods.”'™** Electrochemical CO,
reduction reaction (CO,RR) with renewable energy has
emerged as a key technology to produce value-added chemicals
and fuels with the potential to close the carbon cycle. Copper
(Cu)-based electrocatalysts are well-known for their unique
ability to promote C—C coupling reactions, which influences
the multicarbon (C,,) product activity/selectivity. A previous
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Single-atom catalysts have emerged as an important family
of catalysts for the CO,RR due to the atomic-level control of
the identity and density of the metal center and molecular
tunability of supported structures with N, O, C, or other
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Figure 1. (a) Structure scheme of Cu;(HITP), (denoted as Cu single-atom catalyst, Cu-SAC), (b) Atomic-scale HAADF-STEM images of
Cuy(HITP), with selected Cu atoms highlighted in dashed yellow circle, (c) Experimental and simulated X-ray diffraction patterns, and (d)
HERFD XAS spectra of Cus(HITP), along with the spectra of various references.

neighboring atoms. Several early ex situ or in situ studies
indicated that Cu-single-atom catalysts experienced structural
reconstruction under CO, electrolysis, wherein isolated Cu
sites convert into few-atom Cu clusters or metallic Cu
nanoparticles.”*">’ For instance, in situ attenuated total
reflection surface enhanced infrared absorption spectroscopy
(ATR-SEIRAS) analysis of Cu-single-atom catalysts supported
on C;N, catalysts confirmed the evolution toward metallic Cu,
identified as the active phase for C,, product formation.”®
However, the carbon structures in these studies are typically
low-crystallinity N-doped carbon networks derived from high-
temperature pyrolysis. The presence of various nitrogen
conﬁgurations in such structures results in a heterogeneous
Cu—N coordination environment, making it challenging to
identify the origin of the structural evolution.’”*" Another class
of Cu-single-atom catalyst features well-defined Cu—N
coordination structures, as found in crystalline organic
molecules such as Cu phthalocyanine (CuPc).”**”**** These
molecular-based Cu single-atom catalysts inherently show poor
electrical conductivity, which typically requires the addition of
conductive nanocarbon support. A shift in the product
selectivity ratio of C,, to C; products has been observed
depending on the mixing ratio between CuPc and commercial
carbon, such as Vulcan XC-72 carbon (VC).*”** This indicates
that nanocarbons not only enhance conductivity but also may
play a role in tuning catalytic selectivity. Therefore,
constructing well-ordered conductive Cu-single-atom catalysts
would allow for a more systematic investigation of the
structural evolution and the role of nanocarbon during
CO,RR.

Cuy(HITP), (HITP = 2,3,6,7,10,11-hexaiminotriphenylene)
is a well-known conductive metal—organic framework (MOF),
where a single Cu atom is coordinated in a square-planar
geometry with N, sites.”* Owing to its high electrical
conductivity and chemical stability, it has been widely
employed in electrochemical applications, including energy
storage and conversion reactions.”> >’ Although previous ex
situ and in situ studies reported the application of Cu;(HITP),
in CO,RR,” the direct probing of single-atom-to-nanograin
evolution of this type of catalyst remains unexplored. These
properties make Cu;(HITP), a model system for investigating
the structural evolution kinetics and active sites under the
CO,RR.

Herein, we designed Cu;(HITP), as a model single-atom
catalyst (denoted as Cu-SAC) for the CO,RR and compared it
with a Cuy(HITP), electrode physically mixed with nano-
carbon (denoted as Cu-SAC-NC) to investigate structure—
activity relationships. The CO,RR performance of Cu-SAC-
NC showed a significantly enhanced Faradaic efficiency (FE)
for C,, products, reaching more than 50%, compared to ~10%
for Cu-SAC. Our multimodal operando approaches, including
high-energy-resolution X-ray absorption spectroscopy (XAS)
and ATR-SEIRAS, observed the faster structural evolution of
Cu-SAC-NC forming a large fraction of metallic Cu nanograins
compared with Cu-SAC. Furthermore, operando electro-
chemical liquid-cell scanning transmission electron microscopy
(EC-STEM) and four-dimensional STEM (4D-STEM)
analyses of Cu-SAC-NC demonstrated the migration of Cu—
CO species and their growth into polycrystalline Cu with
various nanograin boundaries, which serve as active sites for
C—C coupling. Our study underscores the dynamic structural
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Figure 2. Gas product distributions of CO,RR on (a) Cu-SAC and (b) Cu-SAC-NC at various applied potentials in CO,-saturated 0.1 M KHCO,.
(c) All product distributions of both catalysts at an applied potential of —1.0S V vs RHE with iR correction and (d) Structure—activity correlations
of major C,, products (n-PrOH, EtOH, and C,H,) distributions and quantitative X-ray analysis of the relative fraction of metallic Cu for both

catalysts at —1.05 V vs RHE with iR correction.

evolution of Cu single atoms as a key factor in C—C coupling
activity and provides new insight into the role of carbon
support under the CO,RR.

B RESULTS AND DISCUSSION

To systematically investigate the dynamic structural evolution
of Cu single-atom catalysts (Cu-SAC) during the CO,RR, we
focused on developing a Cu-SAC model system which has two
key properties: (1) a well-defined Cu—N binding structure and
(2) high electrical conductivity for the CO,RR. To this end, we
synthesized electrically conductive metal—organic frameworks
(MOFs) based on a conjugated linker, HATP (HATP
2,3,6,7,10,11-hexaaminotriphenylene). First, the HATP linker,
coordinated with the Cu®* metal node, was used to construct
Cuy(HITP), (HITP: 2,3,6,7,10,11-hexaiminotriphenylene) as
the model Cu-SAC.** The linker was confirmed by 'H NMR
(Figure S1). Schematic illustration presented in Figure la
indicates a two-dimensional molecular structure linked by Cu?*
ions with a square planar coordination geometry, and its in-
plane d—p conjugation between HITP ligands and Cu nodes
enables effective charge transport. Cuy(HITP), exhibits an
electrical conductivity of 0.68 S cm™ via the four-point probe
method at room temperature, which is comparable to that of
conventional Cu-based electrocatalysts (Cu,O or CuO
films).”* As shown in Figure S2, bright-field transmission
electron microscopy (TEM) images of Cu;(HITP), show the
nanorod-like structure. The presence of Cu atoms is further
verified by an atomic-scale high-angle annular dark-field
scanning transmission electron microscopy (HADDF-STEM)
image, where individual Cu atoms (marked in dashed yellow
circles) clearly exist in the MOF structure in Figure 1b. The
high crystallinity of Cu;(HITP), was investigated by powder
X-ray diffraction pattern (XRD) analysis and refined using the
Pawley fit. The experimental XRD pattern matched well with
the simulated structure, with an of 3.89%, suggesting a
well-defined single-phase structurgk‘ﬁzigure Ic). Cuy(HITP),

shows sharp diffraction patterns and two peaks at 4.56° and
27.6°, which are ascribed to the (100) and (001) planes,
respectively, confirming the 2D stacked structure. High energy-
resolution fluorescence-detected (HERFD) XAS was con-
ducted to further provide the coordination environment of
Cu,(HITP),. HERFD XAS detects Cu K,; emission lines and
enables resolution of the pre-edge features in X-ray absorption
near-edge structure (XANES) with a much higher energy
resolution (ca. 0.5 eV) than conventional XAS (ca. 1.5 V) in
fluorescence mode.”’~** Highly sensitive HERFD XANES of
Cuy(HITP), shows two distinct peaks in the adsorption
regions (Figure 1d, inset). A pre-edge peak I, which overlaps
with the CuPc feature at 8978.0 eV, is characteristic of Cu**—
N coordination, and a near-edge peak II at 8980.5 eV, located
between the Cu metal and Cu,O features, suggests Cu”*
oxidation states that are possibly due to defects in the HITP
ligand.**** As shown in Figure S3, extended X-ray absorption
fine structure (EXAFS) shows a peak at R+A 1.44 A
corresponding to the Cu—N bond of Cus(HITP),. Further-
more, the high-resolution XPS Cu 2p;/, spectrum of
Cuy(HITP), shows a peak at 932.8 eV, which is associated
with Cu”” species, and another peak at 934.7 eV, which is
attributed to Cu®" species (Figure S4a). High-resolution X-ray
photoelectron spectroscopy (XPS) spectra of C 1s and N 1Is
also confirm the intact conjugated structure of the HITP linker
within the framework (Figures S4b and 4c). Overall, these
results demonstrate the highly ordered and electrically
conductive nature of Cuy(HITP), as a pristine single-atom
catalyst (Cu-SAC).

Electrochemical CO, reduction reaction (CO,RR) of Cu-
SAC was carried out in an H-cell system, and we further
fabricated an electrode consisting of Cu-SAC and nanocarbon
support (denoted as Cu-SAC-NC, see Experimental section for
detailed information on nanocarbon). Scanning electron
microscopy (SEM) images of the Cu-SAC-NC electrode
show a well-dispersed physical mixture of nanocarbon and Cu-
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Figure 3. Operando HERFD XANES spectra of (a) Cu-SAC-NC and (d) Cu-SAC at various applied potentials (the dashed vertical lines mark the
range of the LCF analysis). Quantitative valence state analysis of the relative fraction of metallic Cu of (b) Cu-SAC-NC and (e) Cu-SAC. Operando
EXAFS spectra of (c) Cu-SAC-NC and (f) Cu-SAC at various applied potentials.

SAC (indicated by a white arrow) in Figure SS. Furthermore,
TEM images of Cu-SAC-NC indicate that Cu-SAC and NC
are well mixed at the nanoscale, forming numerous intimate
interfaces (Figure S6). These thin mixture layers observed in
TEM images, which stack into multilayer structures on the Cu-
SAC-NC electrode, are consistent with the morphology
observed in SEM images. HERFD XAS of Cu-SAC-NC
shows the pronounced white line at 8996.7 eV (marked as A),
which appears along with the enhanced ligand effect
manifested as peak B at 8986.5 eV (Figure S7a).** The
slightly lower intensity observed at peaks A and B for Cu-SAC-
NC compared to Cu-SAC suggests that the 7—7 interaction
between the Cu?* and the nanocarbon enhances the core-hole
screening effect.*> However, the near-edge region of both
catalysts shows nearly the same characteristic spectra,
indicating that the physical mixing with NC does not change
the chemical state or electronic structure of Cu (Figure S7b).
CO,RR performances were measured in 0.1 M KHCO,
electrolyte at the potential ranges of —0.90 to —1.20 V vs
reversible hydrogen electrode (RHE) (Figure 2a and 2b). All
potentials are referred to the RHE scale, unless otherwise
noted.

As the applied potential changed from —0.90 to —1.20 V, the
total current density increased from —1.6 to —16.7 mA cm™2,
while the FE of C,H, showed a nonmonotonic change. The
Cu-SAC-NC revealed the highest FE for C,H, of 21.1% at
—1.05 V, significantly higher than that of Cu-SAC (4.5%)
under the same potential. Cu-SAC-NC also exhibits a higher
current density of 4.6 mA cm™> compared to Cu-SAC (1.71
mA cm™?). Figure 2c shows that the total C,, FE of Cu-SAC-
NC reaches 51.6% at —1.05 V, higher than that of Cu-SAC
(10.9%). These results imply that the enhanced C—C coupling
reactions observed for Cu-SAC-NC cannot be simply
explained by the improved charge transport of Cu-SAC arising
from the nanocarbon matrix. As further shown in Figure 2d,

the major C,, product yield of Cu-SAC-NC is increased by
more than 5.4 times compared to that of Cu-SAC. The C,, FE
performance of Cu-SAC-NC is among the highest in Cu-based
single-atom catalysts and is comparable to Cu nanoparticle-
derived nanograin catalysts (Table S1). Linear combination
fitting (LCF) analysis, determined by operando HERFD
XANES, was performed for quantification of the relative
fraction of metallic Cu. The LCF results indicate that Cu-SAC-
NC exhibits a higher fraction of metallic Cu of 96.2% =+ 0.3%
at —1.05 V compared to that of Cu-SAC (40.7% =+ 1.2%). This
suggests that the enhanced C,, selectivity could be explained
by the higher fraction of metallic Cu, which will be discussed in
detail (vide infra).

Operando HERFD XAS reveals the dynamic structural
evolution kinetics for Cu single atoms under the CO,RR as the
applied potential increases from —0.2 to —1.05 V (Figure 3).
Operando HERFD XANES spectra of Cu-SAC-NC show a
pronounced peak corresponding to metallic Cu, which emerges
at around 8980 eV at an applied potential of —0.2 V (Figure
3a). It becomes more prominent with increasing potential and
is accompanied by an increase in the postedge at around 9024
eV (Figure S8a). The LCF results of the relative metallic Cu
content indicate that the structural evolution kinetics are rapid,
with 59.9% metallic Cu formed at —0.2 V and reaching up to
96.2% at —1.05 V in Figure 3b. The corresponding Fourier
transform k*-weighted extended X-ray absorption fine structure
(EXAFS) analysis further reveals a distinct Cu—Cu peak for
metallic Cu at 2.2 A (radial distance with no phase correction)
at —0.2 V (Figure 3c). Moreover, the scattering of Cu—N is
absent at —1.05 V, indicating a nearly complete structural
evolution from Cu-SAC to metallic Cu nanograins, consistent
with the XANES quantification (Figure 3c). However, Cu-SAC
shows a slower rate of structural evolution compared to Cu-
SAC-NC, and no observable metallic Cu feature in the
postedge region even at —1.05 V (Figures 3d and S8b). The
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Figure 4. Operando time-resolved ATR-SEIRAS of (a) Cu-SAC-NC and (d) Cu-SAC during the CO,RR and the ATR-SEIRAS spectra of (b) Cu-
SAC-NC and (e) Cu-SAC. Potential-dependent integrated *CO adsorption intensity of (c) Cu-SAC-NC and (f) Cu-SAC.

LCF analysis of Cu-SAC exhibits a modest increase of metallic
Cu fraction from 8.8% at —0.2 V to approach only 40.7% at
—1.05 V, confirming slow metallic Cu formation from the
single atom sites in Figure 3e. This is further supported by the
corresponding EXAFS results, which reveal a remaining Cu—N
bond at —1.05 V (Figures 3f and S9). Furthermore, the average
coordination number (CN) was quantified through the EXAFS
fitting process (Table S2). At —1.05 V, the average CN of Cu-
SAC-NC shows around 12, comparable to that of bulk Cu.*” In
contrast, the EXAFS fitting of Cu-SAC shows the CN for
around 3.0 at —1.05 V (Figure S9). This suggests that few-
atom Cu clusters are predominantly formed and that such low-
coordinated clusters are more effective for producing C,
product or H, under CO,RR.*® As shown in Figure S10a,
the postelectrolysis ex situ HAADF-STEM image of Cu-SAC
confirms the presence of sub-1 nm Cu clusters, consistent with
the LCF fitting results indicating the formation of a few-
nanometer-sized Cu clusters. However, around 6 nm-sized Cu
NPs were also observed in the post-CO,RR Cu-SAC, which
are surrounded by the remaining single Cu atoms loosely
attached to their surfaces (Figure S10b). This indicates that
the active sites for C—C coupling reaction are likely Cu
nanoclusters/nanograins rather than pristine Cu-SAC, which is
consistent with our recent operando study of metallic Cu
nanograins derived from copper phthalocyanine molecular
catalysts.”* Furthermore, this study elucidates the formation of
polycrystalline Cu nanograins enriched with grain boundaries,
which can act as favorable motifs for C—C coupling, leading to
C,, products. Therefore, although both Cu-SAC and Cu-SAC-
NC undergo structural evolution toward metallic Cu clusters,
the higher C,, selectivity of Cu-SAC-NC can be attributed to a
larger fraction of metallic Cu nanograins, which serve as
abundant active sites for effective C—C coupling reactions.”
Notably, these results suggest that the nanocarbon forming
an intimate interface with Cu-SAC significantly influences its
dynamic structural evolution under the CO,RR, highlighting
the need for a more detailed mechanistic understanding of the

effect of nanocarbon. If the carbon support itself contributes
directly to the formation of metallic Cu, we hypothesized that a
similar particle growth pathway would also occur under a N,
atmosphere. Accordingly, Cu-SAC-NC was further observed
by operando HERFD XANES to track the structural evolution
kinetics under N, as shown in Figure S11. A noticeable
transformation toward Cu(I) was observed under N, condition
at the applied potential of —0.2 V. This behavior distinctly
contrasts with the CO,RR condition, where CO induces the
ejection of single Cu atoms and drives the migration of mobile
Cu—CO complexes, leading to the formation of metallic Cu.**
Under N, conditions, however, in the absence of CO, the
structural evolution is possibly governed by the dissolution/
deposition of Cu ions followed by the formation of surface
Cu(I) species.”” At —1.05 V, the LCF fitting extracted from the
XANES region shows that Cu-SAC-NC approaches a metallic
Cu fraction of 96.9%, which is comparable to the structural
evolution observed under CO,RR. As shown in Figure S12,
EXAFS analysis also reveals a distinct Cu—Cu peak
corresponding to metallic Cu. A fitted average CN of 11.3 is
statistically identical with the CN of 12.0 obtained under
CO,RR within the uncertainty of the EXAFS measurements. In
summary, these observations suggest that nanocarbon plays a
significant role beyond merely enhancing electronic con-
ductivity. It promotes the formation of a high-concentration
Cu—CO complex to facilitate the evolution of metallic Cu
clusters into large metallic Cu nanograins.

In situ time-resolved attenuated total reflection surface
enhanced infrared absorption spectroscopy (ATR-SEIRAS)
analysis was employed to track the electrochemically driven
formation of metallic Cu as the applied potential increased
(Figure 4). At the onset potential of —0.6 V, the band near
2092 cm™' observed on Cu-SAC-NC was assigned to atop-
bound *CO on metallic Cu sites with increasing intensity at
more negative potentials (* stands for surface adsorption). It
suggests high-density Cu—CO complexes migrations associ-
ated with the growth of metallic Cu NPs (Figure 4a-c).”"**
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The red shift of the atop *CO bands from 2092 to 2078 cm ™
in the potential range from —0.6 V to —0.8 V suggested a
noticeable Stark effect (70 cm V') adsorbed on the catalyst
surface.”® It is notable that no observable *CO signal appears
at the applied potential of —0.2 V, where the formation of
metallic Cu from single Cu sites was previously confirmed by
operando HERFD XAS. This implies that the detectable atop
*CO signal emerges after the formation of larger Cu NPs at
the highly applied potential. In contrast, no discernible *CO
signal is observed on Cu-SAC, which supports that a distinct
CO adsorption band appears once most few-nanometer Cu
clusters evolve into larger NPs (Figure 4d-f). In the potential
range from —0.6 to —0.8 V, the hydrogen evolution reaction
(HER) dominates on both catalysts in Figure S13.
Furthermore, the signal near 3500 cm™ is attributed to
interfacial water in the electric double layer (EDL), appearing
at 3487 cm ™' for Cu-SAC and 3515 cm™ for Cu-SAC-NC at 0
V, respectively (Figure S14).* As the potential increases to

—0.8 V, Cu-SAC-NC shows a milder red-shift to 3467 cm™! in
this region, whereas Cu-SAC exhibits a noticeable red shift to
3348 cm™' and a shoulder peak near 3200 cm™". The stable
interfacial water band in Cu-SAC-NC can be attributed to the
influence of the nanocarbon support since the evolution from
Cu-SAC to metallic Cu nanograins is also observed by
operando HERFD XAS analysis. Furthermore, a control
sample, Cu-SAC-NC,,, was prepared by reducing the
nanocarbon content to 0.1 (10%) of that in Cu-SAC-NC.
Under CO,RR, a weak *CO intensity was observed at the
onset potential of —0.65 V (Figure S15a and S15b), and no
obvious shift in the interfacial water band was detected, similar
to the feature of Cu-SAC-NC (Figure S15c), supporting that
the nanocarbon may contribute to maintaining a stable
interfacial water environment. The presence of metallic Cu
for C—C coupling reactions was also revealed by the
distribution of the CO,RR product in Figure S15d. To explore
whether the high electrical conductivity alone is responsible for
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the formation of metallic Cu from Cu-SAC, we carried out a
control experiment using titanium nitride (TiN) NPs with an
average size of 20 nm (Figure S16a) as a conductive but
CO,RR-inactive catalyst substrate.”” As shown in the gas
product distributions (Figure S16b), Cu-SAC-TiN exhibited
H, FE of over 60% throughout the CO,RR performances, with
low C,H, FE (2.5%) during the CO,RR for 60 min, in sharp
contrast to Cu-SAC-NC with C,H, FE over 20%. Further-
more, time-resolved ATR-SEIRAS revealed no detectable CO
adsorption signals on Cu-SAC-TiN within the applied
potential range of —0.4 to —0.8 V vs RHE (Figure S16¢ and
S16d), consistent with the sluggish kinetics of metallic Cu
formation. These results suggest that the nanocarbon facilitates
the formation of Cu—CO complexes, promoting the evolution
of metallic Cu species. However, the effect of interfacial water
structures in Cu—CO complex migration kinetics within the
EDL and their influence on subsequent particle growth is
under current investigation and will be included in our future
study.”' ~*

Operando electrochemical liquid-cell STEM (EC-STEM)
was employed to directly capture real-time movies of the
structural evolution of Cu-SAC-NC under CO,RR conditions
(Figure S and Movie S1). The liquid-cell consisted of a three-
electrode system with Cu-SAC-NC deposited on a glassy
carbon working electrode (WE) and a Pt counter and a
pseudoreference electrode (RE) (Figures Sa and S17). The
liquid cell was filled with the CO,-saturated 0.1 M KHCO;

electrolyte under electrochemical potentials to simulate the
CO,RR process. This setup was integrated with a four-
dimensional STEM (4D-STEM) detector (Figure Sa), which
enables the capturing of a 2D electron diffraction pattern at
each pixel in a real-space 2D scan of the sample. 4D-STEM,
based on the unique electron microscope pixel array detector
(EMPAD), achieves single-electron sensitivity and a fast frame
rate of 10,000 frames/second.>* We have demonstrated that
4D-STEM is indispensable for achieving structural mapping of
beam-sensitive catalytic active nanostructures in liquid at a low
beam dose of 1—10 e-/A? or lower.>®

Operando EC-STEM images clearly show the evolution from
Cu-SAC-NC to metallic Cu nanograins with tens of nanome-
ters along the carbon supports during the CO,RR for 120 s
(Figure Sb, Sc). It should be noted that the structural evolution
in EC-STEM is accelerated by the stronger electrical field in
confined liquid space, relative to hours-long benchtop
experiments (Figure S18).”* Consistent with the results of
operando HERFD XAS and ex situ STEM analysis, 4D-STEM
electron diffraction analysis demonstrated that they are
metallic Cu nanoparticles (Figure S19). Closer examination
of selected regions shows that the particle sizes gradually
increase during the CO,RR (Figure S5d-f). A higher
magnification image of ‘Area D-1" at 120 s, in which contrast
was enhanced through the machine-learning-based algorithm
(Figure $20),°° captured that numerous few-nm Cu nano-
clusters are distributed near the larger particles (Figure Sg).
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Moreover, the larger particles exhibit polycrystalline features
with rough surfaces and multiple grains (Figure Sg). The
representative EC-STEM images at 30, 60, and 120 s,
displayed as Figures S21a and S21b, were binarized, allowing
for the quantification of time-series structural evolutions. The
size distributions of Cu nanoparticles formed from Cu-SAC-
NC at each time frame shift toward larger sizes with extended
reaction time, indicating the particle growth during CO,RR
(Figure S21c), which is supported by the increasing trend of
mean particle sizes from ~13 to ~23 nm as the reaction
proceeds from 30 to 120 s (Figure S21d). Moreover, the
proportion of particles larger than 30 nm substantially
increases (Figure S21c). Given that the amount of Cu required
for the growth of larger particles increases exponentially, the
large particles observed in the histogram at 120 s indicate that
the Cu nanoparticles grow through the coalescence of smaller
Cu clusters. The decrease in the mean particle circularity at
120 s indicates that particle shapes change from spherical to
elliptical or dumbbell-like forms (Figure S2le), supporting
particle growth via coalescence (Figure Sg). These findings
indicate that the Cu nanograins grow through the coalescence
of smaller Cu clusters, resulting in polycrystalline Cu
nanoparticles with multigrain structures. Additionally, focused
examinations of local regions of ‘Area F’, where the images
were color-coded for enhanced visibility, show that a nanorod-
like Cu-SAC is gradually consumed while Cu nanograins are
formed in the surrounding area (Figures Sf, Sh, and S$22).
Operando EC-STEM directly visualizes and complements
operando HERFD XAS analysis, where the ejection of single
Cu atoms by CO drives the migration of mobile Cu—CO
complexes, leading to the formation of metallic Cu nanograins
(Figure 3). Consistently, when Cu-SAC-NC was prereduced
under N, for 60 min prior to CO,RR, the subsequent C,H,
selectivity (FE of 11.7%) of Cu-SAC-NC was lower than that
of direct CO,RR (FE of 21.1%), indicating that nanograins
form less effectively under N, preconditioning (Figure S23).
These results reinforce the idea that the abundant nanograins
generated via Cu—CO intermediates under CO, are critical for
driving efficient C—C coupling. To the best of our knowledge,
this study represents the first direct nanoscale imaging
evidence showing the evolution from single-atom catalysts to
active nanostructures under electrochemical conditions.

The 4D-STEM measurement of the liquid-cell enables the
crystal orientation mapping of individual metallic Cu nano-
grains, providing pixelated orientation information on a 2D
real-space image (Figure 6). A virtual bright field (v-BF)
STEM image was obtained by reconstruction of center disk
signals of 2D diffraction patterns where the unscattered beam
passed through, which exhibit metallic Cu nanograins with a
darker contrast (Figure 6a). Using the 2D diffraction patterns
acquired at each pixel of the v-BF image, pixelated crystal
orientations of the Cu nanoparticles were obtained through the
ACOM package with py4DSTEM (Figure 6b).>”*® This
computational algorithm compares the experimental diffraction
patterns with simulated diffraction patterns of Cu metal for all
possible orientations to determine the corresponding crystal
orientations, which are displayed as distinct colored pixels (see
the experimental section for details). In each enlarged crystal
orientation map of three local regions, marked with yellow
dashed boxes in Figure 6a, diffraction patterns of two adjacent
pixels, where the images were color-coded for enhanced
visibility, are presented and overlaid with simulated diffraction
patterns from the matched crystal orientations (Figure 6c-e).

These enlarged maps clearly reveal that individual Cu
nanograins consist of various colored pixels, indicating their
polycrystalline feature with multiple nanograins. Note that
certain pixels contain overlapping diffraction patterns from
multiple orientations, which directly indicate the polycrystal-
line structures of Cu nanograins (Figure $24).

B CONCLUSION

In conclusion, we introduced a well-defined Cu-SAC to
systematically investigate the structural—activity relationships
under CO,RR conditions through multimodal operando
methods. Operando HERFD XAS revealed that Cu-SAC-NC
exhibits faster structural evolution kinetics toward metallic Cu
than Cu-SAC, forming larger Cu NPs. Combined with
operando ATR-SEIRAS, we propose that nanocarbons do not
directly promote the growth of metallic Cu but rather facilitate
the formation of a high density of Cu—CO (copper carbonyl)
complexes, which act as key intermediates for structural
evolution. The dynamic migration of Cu—CO complexes and
their growth into metallic Cu nanograins were directly
captured by operando EC-STEM. Furthermore, 4D-STEM
crystal orientation mapping confirmed the formation of
numerous polycrystalline Cu nanograin boundaries, which
serve as active sites for C—C coupling. Therefore, using
correlative operando techniques, this work provided structural
and molecular insights into the dynamic structural evolution of
the well-defined Cu-SAC and uniquely uncovered the critical
role of nanocarbon in forming a larger fraction of nanograin
boundaries as key for C—C coupling and resulting in enhanced
multicarbon selectivity.
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