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Pulsed electrolysis is known to enhance the stability of electrochemical CO; reduction (ECO2R) on copper, yet
the mechanistic origin of this effect remains poorly understood. Using identical-location electron microscopy in
combination with operando impedance spectroscopy, we show that pulsed operation induces continuous and
dynamic restructuring of the copper surface. Over 23h of electrolysis, the catalyst evolved from its initial
morphology into a grain-like architecture decorated with dendritic features enriched in high-index facets. This

structural evolution was accompanied by a steady increase in the ethylene-to-hydrogen selectivity ratio.
Quantitative analysis of the electrolyte during pulsed electrolysis revealed an approximately 30-fold increase in
dissolved copper species compared to static operation, identifying redirected dissolution-redeposition of copper
as the central mechanistic pathway by which pulsing governs morphology evolution and, consequently, ECO2R

selectivity.

The limited stability of electrochemical CO; reduction (ECO2R) re-
mains a major bottleneck for industrial implementation [1], with
copper-based catalysts being both the most promising [2] and the most
problematic [3,4]. During ECO2R, copper undergoes continuous
restructuring [5-25], mainly by dissolution-redeposition [9,14,26,27],
which alters both activity and selectivity, typically leading to a gradual
loss of the desired product formation [5-13,28-41]. Although recent
advances have demonstrated stable operation of >100h [33,42-44],
this is still far from the > 50,000 h required for commercial viability
[45], highlighting the urgency of addressing the intrinsic morphological
instability of copper [3].

Pulsed ECO2R is a promising strategy for extending the lifetime of
copper catalysts [38,46-50], with reports showing stability improve-
ments by several orders of magnitude [12,13,34-37,50-54]. The
approach periodically interrupts the reductive bias with a lower over-
potential, dynamically modulating the electrode—electrolyte interfacial
equilibria [47,48,55]. Since no special synthesis or electrolyte is

required, pulsed operation provides a straightforward route to prolong
the ECO2R [47,48,56,57]. Yet, despite its broad appeal, the mechanistic
origin of the performance enhancement remains unclear [47]. Among
proposed explanations [47], experimental observations also report that
pulsed electrolysis reshapes copper morphology during ECO2R [13,36,
40,50,51,55,58-62]. Since surface structure critically determines
selectivity and activity in ECO2R [42,63-66], it is plausible that pulses
prolong operational stability by dynamically redirecting the evolution of
copper morphology. This arises from the fact that pulse potentials usu-
ally oscillate between the copper oxidation and reduction regimes [12,
47,61,62], initiating an oxidation-reduction-driven cycle of
dissolution-redeposition [9,67-70]. This dissolution-redeposition
pathway importantly differs from the one dominating under solely a
reductive bias: (i) reductive dissolution is proposed to occur via the
complexation of copper with ECO:R intermediates [26], whereas
oxidative dissolution is expected according to the Pourbaix diagram [9,
711, (ii) reductive dissolution occurs in the range of 10-ppb [9,34], while
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oxidative dissolution exceeds 100 ppb [9,68,71], and (iii) redeposition
under constant reductive bias occurs at the applied potential on an
intermediate-covered surface, whereas during pulsing it takes place
under a transient potential bias and thus altered surface coverage.
Consequently, we hypothesized that pulsed ECO2R activates a distinct
dissolution-redeposition process that counteracts the deactivation
pathways of static operation, leading to modified copper morphology
and a divergent evolution of catalytic performance.

Furthermore, previous reports showed that variations in pulse pa-
rameters can yield distinct copper morphologies, activities, and selec-
tivities [36,40,60], closely resembling those obtained through diverse
ECO,R pretreatment protocols [9,71-73]. The concept also parallels
broader electrochemical synthesis strategies in which electrodeposition
via potential cycling tailors material morphologies [48], for instance,
copper nanocubes [74].

While these insights suggest that pulsing controls copper restruc-
turing via oxidation-reduction dissolution-redeposition to extend cata-
lyst stability, direct evidence of this link has, to the best of our
knowledge, remained unresolved in the field. Here, we provide clear
experimental proof of controlled copper restructuring during pulsed
electrolysis and establish its direct connection to changes in selectivity,
activity, and stability, offering a mechanistic foundation for future ef-
forts to extend ECO2R durability.

To define a baseline, a copper foil (Sigma-Aldrich, 0.25mm,
99.98 %) was subjected to prolonged ECO5R at —1.0V vs. reversible
hydrogen electrode (RHE) in static mode (Fig. la-c). Liquid products
were quantified by nuclear magnetic resonance following the protocol
presented in ref. [9], while other experimental parameters were the
same as those reported in ref. [34]. Within three hours, both the geo-
metric current density (jgeo) and ethylene selectivity decreased by more
than half. Operando electrochemical impedance spectroscopy (EIS) [34]

a ry b Others C 24 -
Allyt alcohal [ Yl
40 \. n-Propanol = a ’*:J‘ i
e Acetic acid & h T et Rl
N I Y L
o _lex /‘"'—'\. e Ethanol E 31 wlingf o .
30 4 - NG N Formic acid | < R = \} [ *
£ et/ = U
§ - !l Bl L
w [~ —Hydrogen 20 . & “ .{J
w 20 1 ‘ co = | Js
3 —»— Methane J\J
\./k\ [—=— Ethylene 10 Sh"
10 — B .
Ny d
- / > e
0 Py » \’_V,_,_,_Vb—b\,_p 0 50 /.
0.0 05 1.0 1.5 20 25 3.0 Total T ol
Time [h] & 40- e o
= m /\-
o n/ 1
30 4 =
/./
L - - -
20 4 Raw Data [
e —=— Moving Average
_ 50 4 'Y
| NA
= - ‘/‘-\
404 N N\
‘\L.
| [XECSA

Journal of CO2 Utilization 105 (2026) 103358

revealed pronounced changes of the catalysts-electrolyte interface
(Fig. 1d,e): an increase in charge-transfer resistance (Rcr) indicated
more sluggish reaction kinetics, while a drop in double-layer capaci-
tance (cpy) revealed a loss of electrochemical surface area (ECSA).
Scanning electron microscopy (SEM) images before and after electrol-
ysis showed a pronounced morphological restructuring during this
process, dominated by the formation of ~100nm particles (Fig. 1f).
Overall, these results show that performance loss arose from interfacial
changes, with copper restructuring being the most apparent cause,
resembling the literature presented in the introduction.

To counter the deactivation, we applied pulsed electrolysis consist-
ing of 2s-long oxidative pulses at + 1 mA every 2 min (Fig. 2a). Each
pulse drove the potential above 0.6 V vs. RHE, which had previously
been identified as optimal for Cy, formation over the hydrogen evolu-
tion reaction (HER) [60]. Under this operation, ECO,R stability was
maintained for 23 h without loss of Cy selectivity (Fig. 2b) or activity
(Fig. 2¢). Ethylene Faradaic efficiency (FE) increased fourfold, methane
sixfold, ethanol doubled, while n-propanol FE rose slightly (Figure S1).
In contrast, the FE for hydrogen, CO, and formic acid decreased by
factors of 2, 7, and 5, respectively. Apart from fluctuations, jgeo
remained constant over the entire period. The conditions and the evo-
lution of selectivity provided an ideal platform to confirm the hypoth-
eses on the mechanistic basis of pulsed ECO2R: (i) no performance loss
over 23 h with increased selectivity for products characteristic of copper
catalysts and a decreased selectivity for products favored on other cat-
alysts, (ii) changes evolving over a long period of time and at different
rates, (iii) pulse parameters consistent with those commonly reported,
and (iv) a pulse potential greater than 0.6 V vs. RHE, which triggers the
oxidation-reduction and dissolution-redeposition of copper.

To confirm the altered morphological evolution, intermittent iden-
tical location SEM (IL-SEM) [9,71,75,76] was employed. The
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Fig. 1. (a) Evolution of gaseous product selectivity during ECO,R at a constant potential of -1.0 V vs. RHE with dynamic IR compensation [94] in 0.1 M KHCO3 on
copper foil. (b) Selectivity for liquid products over the 3-hour reaction. Time-dependent (c) jgeo, (d) Rcr, and (e) cpy, (xECSA) from operando EIS [34]. (f) SEM images

of the copper surface before and after electrolysis.
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Fig. 2. (a) Applied potential and jg., during pulsed electrolysis on copper foil; 2 s oxidative pulses at + 1 mA interrupting the —1 V vs. RHE reductive bias every
2 min. The yellow dashed line represents 0.6 V vs. RHE. (b) Time-resolved ECO,R; shaded regions indicate standard deviations. The evolution of liquid products is
provided in Fig. S1. (¢) jgeo, (d) Rer, and (e) cpy, evolution over 23 h of pulsed operation with operando IR compensation [94] and EIS interface monitoring [34]. ()
IL-SEM images of the copper catalyst at the indicated times. Imaging procedure: electrolyte removal, electrolysis stopped, cell disassembled, sample imaged, cell
reassembled, fresh electrolyte introduced, electrolysis restarted. Electrolyte was also exchanged under potential control at hours 7, 9, 12, 14, 17, and 20 to obtain
time-resolved liquid product distributions shown in Fig. S1. Images taken with different SEM detectors, magnification, and sample positions are provided in the
Supporting Information.
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morphological inhomogeneity of copper foil served as markers for
repositioning to the same location, while their variability provided a
platform to observe how different copper morphologies restructure
under the same conditions. Additionally, operando EIS was employed to
monitor the changes in the properties of the catalyst-electrolyte inter-
face [34]. As expected, IL-SEM revealed pronounced but gradual
changes in the architecture of the catalyst surface, while operando EIS
revealed progressive alterations of the interface during operation
(Fig. 2d-f). From the data, three interrelated mechanisms could be
recognized that reshape copper morphology, interfacial parameters, and
selectivity on different time scales, each providing evidence on the
proposed mechanism.

Within the first ~2.5 h, R¢r decreased by more than 1.5-fold, espe-
cially at the end of this period (Fig. 2d), indicating faster reaction ki-
netics, while cp;, dropped slightly (Fig. 2e), reflecting a small loss in
ECSA. IL-SEM revealed evident surface modification during this period
(Fig. 2f), characterized by the dissolution of exposed features and the
emergence of spherical structures in their place (Fig. 3a). Selectivity and
activity changed only slightly at first, with pronounced transitions
occurring after the 2nd hour, indicating the change of the restructuring
mechanism. This initial phase confirmed that copper undergoes active
restructuring during pulsed electrolysis; however, it did not yet show
any obvious correlations with the ECO2R selectivity.

Between the ~2nd and ~5th hour, a significant progression in
selectivity occurred (Fig. 2b), with the FE for ethylene exceeding the
HER FE and reaching 30 %. During this period, Rcr remained within
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experimental error, while cp; decreased (Fig. 2d,e), indicating a
decrease in ECSA. IL-SEM showed that the surface gradually became
flatter due to the disappearance of polishing scratches (Figures S10 and
S11), accompanied by the nucleation and growth of spherical features.
These motifs were observed across the whole catalyst exposed to the
electrolyte (Figure S14). On average, these changes contribute to the
reduction in surface area (Figure S12). Since ECSA reflects the active
ECO3R copper surface area and its decrease paralleled the morpholog-
ical polishing, this relationship strongly suggests that the evolving
ECO2R selectivity during this period resulted from the evolution of the
catalyst surface.

After the second period, the changes in selectivity continued, but at a
much slower rate. This indicates that a different mechanism occurred
from the ~5th to the ~23rd hour. During this period, the catalyst
became even more efficient, reaching a final FE of 40 % for ethylene,
while the FE for HER dropped to almost 20 %. Operando EIS showed no
discernible drift in Rct, while cpy, increased steadily over time. The near-
linear increase in ECSA mirrored the linear trends in selectivity of
ECO3R products and HER, indicating a close correlation. IL-SEM showed
extensive surface reconstruction (Fig. 2f): the surface developed 3D
grain-like features (Figs. 3b, S12, S13, S15, and S16), while copper
dendrites gradually formed (Figs. 3c, S13b, and S17). While similar
grain-like features were observed across the entire catalyst surface
exposed to the electrolyte, larger dendritic structures formed at the
bottom of the catalyst, whereas smaller ones were present toward the
top (Figure S15). Similar to the correlation between ECSA and

11.3x ethylene | 1.2x HER!
|

~Rer 1x1.3 ECSA

Fig. 3. (a-c) IL-SEM images from Fig. 2 f showing three distinct copper morphology restructuring phenomena occurring at different scales and rates. Red marks
denote identifiable features that persist during the pulsed ECO,R. (d) Schematic representation of these processes over two time periods with corresponding changes

in selectivity and reaction parameters.
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selectivity, this gradual restructuring of morphology increased the
active surface area and mirrored the ECSA trend (Fig. 3d). Together,
these two correlations form the morphology-ECSA-ECO2R selectivity
relationship.

The three separate but intertwined mechanisms operating in three
different periods therefore support the hypothesis that pulse control
over copper surface features is the dominant factor in maintaining
ECO4R selectivity. In the first period, selectivity was likely more con-
stant as surface motifs remained similar through the dissolution of
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exposed features. In the subsequent period, surface restructuring began
to substantially alter the catalyst active sites, resulting in a substantial
shift in selectivity. Following the second period, the slow formation of
dendrites and a grain-like surface led to a further slight improvement of
selectivity for ethylene over HER. Furthermore, by comparing the sur-
face species formed after 3 h of pulsed electrolysis with the ~100 nm
particles formed in the constant potential experiment (Figure S18), it is
clear that pulses restructure the copper catalyst differently, supporting
the hypothesized mechanistic model.

(111) Cu

(111) Cu,0

ool ol oo

-221

-331 -220

Fig. 4. (a) SEM image of a grain-like surface formed in Fig. 2 experiment, showing a high population of pyramidal features. The image in the bottom right corner
showecases a larger pyramid formed at another location. (b) TEM image of a copper dendrite transferred from the Fig. 2 sample onto a TEM grid. (c) SAED ring pattern
of a copper dendrite branch, revealing multiple grain formation. (d) ADF image illustrating planar defects along the (111) planes of the copper crystallites that
constitute the dendrites. (e) High-resolution ADF image of a copper dendrite branch tip crystallite oriented along the [110] zone axis, displaying Cu and Cu,O in a
core-shell structure. (f) High-resolution ADF image of the surface of a copper dendrite edge with high-index facets visible on the Cu core edge. FFT corresponding to
different locations marked by arrows. (g) Atomic models of typical high-index facets observed on the surface.
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To understand the enhanced reactivity of the formed surface species
after Fig. 2 experiment, the catalyst was additionally analyzed. Upon
closer inspection of the grain-like surface, several localized pyramid-like
features are observed on the copper catalyst (Fig. 4a). These features are
reminiscent of faceting motifs associated with (n10) planes, as recently
reported for pulsed ECO2R on Cu(100) by Tanase et. al. [61]. However,
because SEM alone does not allow unambiguous facet assignment, the
presence of such (n10)-type facets in the present system can only be
hypothesized. On the other hand, the high selectivity is further sup-
ported by previous reports identifying copper dendrites as excellent
catalysts for ethylene formation [77,78]. To reveal the crystallographic
composition of these species, transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) were employed by trans-
ferring copper dendrites onto a TEM grid.

TEM revealed that the copper dendrites formed under pulsed elec-
trolysis exhibit a complex, defect-rich crystalline architecture rather
than a single preferential orientation. A representative dendrite dis-
playing the characteristic fractal morphology [79] is shown in Fig. 4b.
SAED patterns acquired from the structure (Fig. 4c) indicate that the
dendrites are composed of multiple crystalline grains, consistent with
growth governed by repeated dissolution-redeposition events rather
than kinetically locked, single-crystal propagation. Annular dark-field
(ADF) imaging further revealed the presence of planar defects within
individual copper crystallites (Fig. 4d), which can be attributed to
growth accidents occurring preferentially along close-packed (111)
planes [80].

At the surface of individual dendritic branches, a thin Cuy0 layer was
frequently observed, forming a core-shell-like structure atop a metallic
Cu core, oriented in the [110] zone axis (Fig. 4e,f). The two distinct
phases were confirmed by localized fast Fourier transform (FFT) pat-
terns acquired from the shell and the underlying core. An oxide shell is
expected due to unavoidable exposure and subsequent oxidation under
ambient conditions, while the growth-entrapped metallic core indicates
that the dendrites were predominantly metallic under reductive reaction
conditions. Importantly, high-resolution ADF imaging and FFT analysis
revealed that the dendrite branch edge surfaces are dominated by high-
index facets, most commonly indexed as (—553), (—221), (—331), and
(—220), which alternate across the surface (Fig. 4f,g). These facets
introduce a heterogeneous coordination environment rich in steps,
kinks, and low-coordination copper atoms, providing a plausible struc-
tural origin for the enhanced C-C coupling and increased Cy selectivity
observed during prolonged pulsed electrolysis [81].

IL-SEM, supported by complementary TEM analysis, revealed two
distinct surface structures formed during potential pulsing. To further
probe the stability of these structures, the pulsed-electrolysis-prepared
sample was subsequently subjected to static electrolysis (Figure S19).
Although the decay of ethylene selectivity and the drop in jge, were
temporarily slowed (Figure S19a,b), static operation ultimately failed to
sustain favorable ECO5R efficiency. This observation demonstrates that
pulsed electrolysis not only enhances catalytic activity and selectivity
but is also required to retain them over extended operation. IL-SEM
analysis revealed that the fine dendritic surface structure progressively
deteriorated under static electrolysis, breaking down into smaller cop-
per features (Figure S19f), which is in close analogy to degradation
pathways previously reported for copper nanoparticles [9]. In contrast,
the grain-like surface morphology remained largely preserved
(Figure S19e). These observations indicate that pulsed electrolysis in-
duces both quasi-reversible and irreversible restructuring processes.
Importantly, this selective degradation strongly suggests that the den-
dritic structures constitute the most catalytically active sites for Cy.
formation and that their growth under pulsed electrolysis is the under-
lying origin of the pronounced selectivity enhancement observed in
Fig. 2.

In addition to the morphological restructuring induced by pulsed
electrolysis, we also investigated whether this operating regime pre-
serves a significant population of copper oxide species. X-ray
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photoelectron spectroscopy (XPS) was performed on the sample shown
in Fig. 2 after 23 h of pulsed electrolysis. The Cu L3M45sM45 Auger
spectra were successfully reproduced by convolution of reference
spectra corresponding to Cu(0) and Cu(I) [82], indicating that only these
two copper species were present after electrolysis (Figure S20a).
Quantitative analysis yielded relative contributions of 62.5 % Cu(0) and
37.5 % Cu(l). For comparison, XPS spectra were recorded for a sample
after 15 min of static electrolysis at —1 V vs. RHE. Quantitative analysis
yielded relative contributions of 56.7 % from Cu(0) and 43.3 %
(Figure S20b). Therefore, in the case example of this study, the pulse
regime didn’t retain a substantial amount of copper oxides vs. static
electrolysis, reinforcing the hypothesis on the controlled copper
morphology. However, due to partial copper oxides formation upon air
exposure (Fig. 4e,f), operando analysis of copper valence states would
need to be performed for the 2 s oxidation 2 min reduction pulse regime
used in this study.

As outlined in the Introduction, the observed morphological evolu-
tion of the copper surface is underpinned by the physical transport of
copper via dissolution-redeposition processes. The hypothesis that
pulsed electrolysis operates predominantly through oxidative-reductive
dissolution-redeposition is supported by the observation that the
morphological features formed under pulsed electrolysis are indistin-
guishable from those obtained under static electrolysis (Figure S18).
This interpretation is further corroborated by the anodic bias applied
during the pulses (Fig. 2a), which exceeded 0.6 V vs. RHE—conditions
under which copper oxides readily form and dissolve into the electro-
lyte. Moreover, the emergence of copper dendrites is a characteristic
feature of electrodeposition processes [79,83-87].

To experimentally validate this hypothesis, quasi in situ inductively
coupled plasma mass spectroscopy (ICP-MS) was employed by sampling
aliquots of the electrolyte during electrolysis (Fig. 5a). The experimental
protocol was the same as in ref. [71]. Baseline measurements under
static electrolysis revealed 6.8 + 3.7 ppb of dissolved copper species,
consistent with previous reports [9,34]. In contrast, electrolyte analysis
under pulsed operation showed a substantially higher concentration of
dissolved copper (259 + 61 ppb), indicating a markedly enhanced dis-
solution-redeposition process compared to static conditions. Notably,
dissolved copper concentrations on the order of 100 ppb have previously
been associated with oxidative-reductive dissolution-redeposition
mechanisms [9,68,71], providing further support for this interpretation.

Additional evidence for pulse-induced copper dissolution was ob-
tained by sampling the electrolyte at different time points within indi-
vidual pulses (Fig. 5b). An increase in dissolved copper concentration
was observed during the oxidative segment of the pulse, reaching a
maximum at approximately 10 s of the reductive segment. This behavior
indicates dissolution of the oxide layer formed during the anodic phase
of the pulse [61]. Beyond the ~10 s mark, a rapid decrease of approx-
imately 100 ppb in dissolved copper concentration was detected, after
which the concentration gradually declined with time. Following pulsed
operation, the catalyst was held under static electrolysis for 20 min
(Fig. 5a), during which the concentration of dissolved copper species
continued to decrease. This trend suggests a gradual transition toward a
reductive redeposition-dominated regime, in which dissolved copper
species are progressively reincorporated onto the catalyst.

Collectively, the results and findings presented here establish the
following relationship (Fig. 5c): (i) pulsed electrolysis induces the
oxidation-reduction dissolution-redeposition of copper, (ii) this mech-
anism drives the restructuring of the copper surface in a different di-
rection than under constant conditions, and (iii) the formation of the
new surface morphology regulates the ECO2R selectivity via a structure-
performance relationship. Thus, the stability improvements under
pulsed conditions are achieved by the redirected dynamics of the copper
species. Interestingly, although pulsed electrolysis aimed to stabilize the
copper morphology, our results show that it induces even more insta-
bility compared to static operation. However, by steering the restruc-
turing in a different direction, Cy, favorable copper sites are formed and
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Fig. 5. (a) Dissolved copper quantified by ICP-MS under different electrolysis regimes, as indicated by the potential profiles shown below the plot. For static
electrolysis, catholyte samples were collected under potential control from three independent experiments after 15 min, 1 h, and 3 h at a constant potential of —1.0 V
vs RHE. For pulsed electrolysis, the catholyte was sampled every two cycles under potential control at defined times within the pulse sequence. After each sampling
event, the withdrawn electrolyte volume was immediately replaced with an equal volume of fresh electrolyte. Following 13 measurements acquired over approx-
imately 1 h under pulsed operation, the system was switched to static electrolysis for 20 min, after which the catholyte was sampled again under potential control. (b)
Time-resolved copper dissolution was extracted by sampling the electrolyte at distinct moments within the pulse, revealing pulse-dependent dissolution dynamics. (c)
Schematic illustration of the dissolution-redeposition mechanism identified in this study.

preserved under the pulse-driven dissolution-redeposition. Therefore,
we can refer to this phenomenon as a dynamically stable active copper
surface sites, similarly to how it was termed for the oxygen evolution
reaction hydr(oxy)oxide surfaces [88,89].

Previous studies have demonstrated that distinct ECO2R selectivities
and catalyst morphologies can be achieved under different pulsed
electrolysis regimes, including variations in pulse duration, applied
potential, frequency, and waveform of the oxidative and reductive steps
[59,60,90]. In our earlier work, we showed that oxidative dissolution is
strongly governed by the duration of the open-circuit potential, while
variations in the applied reductive bias lead to the development of
markedly different copper morphologies [9,71]. Building on these ob-
servations, and given that pulsed operation in the present study was
shown to proceed via the same underlying principles, we propose that
the mechanistic origin of the observed differences in ECO2R selectivity
and morphology under different pulsed regimes arise from
pulse-induced modulation of the oxidative-reductive dis-
solution-redeposition dynamics of copper. Moreover, the knowledge of
these redirected copper dynamics under ECO2R conditions is directly
transferable to other copper-catalyzed pulsed electrosynthesis processes,
e.g., NH3 production from NOg3 [91], formaldehyde oxidation [92], etc
[93].

In summary, IL-SEM and operando EIS demonstrate that pulsed
electrolysis profoundly alters copper morphology during ECOsR. The
observed correlations between surface restructuring, interfacial prop-
erties, and selectivity identify redirected catalyst restructuring as the
primary effect of electrochemical pulsing. Copper oxidation-reduction

dissolution-redeposition is established as the underlying mechanism,
whose regulation accounts for the improved stability and the emergence
of distinct ECO2R selectivities. Rather than suppressing catalyst insta-
bility, pulsed electrolysis exploits it to steer morphology toward
dynamically stable, selective CO2 reduction. More broadly, these find-
ings highlight dynamic restructuring as a general concept in
electrocatalysis.
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