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CO, Reduction on Copper-Nitrogen-Doped Carbon Catalysts
Tuned by Pulsed Potential Electrolysis: Effect of Pulse

Potential

Dorottya Hursdn, Janis Timoshenko, Andrea Martini, Hyo Sang Jeon, Eduardo Ortega,
Martina Riischer, Arno Bergmann, Aram Yoon, Uta Hejral, Antonia Herzog,
Clara Rettenmaier, Felix T. Haase, Philipp Grosse, and Beatriz Roldan Cuenya*

Pulsed electrolysis attracts attention as a simple tool for tuning the structure
and properties in many electrocatalytic systems. Here, pulsed reaction
protocols are used to control the structure and selectivity of copper and
nitrogen co-doped carbon (Cu-N-C) catalysts, employed for electrocatalytic
CO, reduction reaction (CO,RR). Specifically, while this catalyst is mostly
selective for hydrogen during potentiostatic reduction, as high as 82% Faradaic
efficiency for CO,RR products is reached by optimizing the pulse parameters.
It is found that the product distribution depends strongly on the values of both
the anodic and cathodic potentials, and the pulse parameter ranges for pref-
erential CO, CH,, and C,H, formation were identified. By performing detailed
in situ and operando spectroscopic analysis, it is found that i) pulsing creates
a favorable microenvironment for CO,RR by reducing the surface H-coverage
on the N-doped carbon support, and ii) the dynamic evolution of the Cu active
sites directs the selectivity toward hydrocarbons (CH,, C,H,). The periodic
application of increasingly more anodic potentials results in more efficient
redispersion of the metallic Cu clusters that are formed under cathodic poten-
tial. The C; /C,, selectivity ratio depends on the fraction of the stabilized Cu
single atoms and the size of the Cu particles formed under working conditions.

can directly convert this intermittent en-
ergy into valuable fuels and chemicals.
Electrochemical carbon dioxide reduction
(CO,RR) is a promising way to reach this
goal, with the added value of using a green-
house gas as feedstock, thus recycling waste
CO, to reach a circular carbon economy.
Notable progress has been made in recent
years, both in terms of fundamental un-
derstanding of the CO,RR reaction,!! as
well as catalyst design.”?) With the notable
progress made in the continuous-flow elec-
trolyzer technology, industrial implemen-
tation is becoming a reality.>*! Nonethe-
less, despite the massive advancement of
the field, several challenges must be tack-
led to fulfil high selectivity, current density,
energy efficiency, and long-term stability at
the same time.

High  selectivity  (>90%) under
practically-relevant conditions has so
far only been reached for C; products (CO,

1. Introduction

The steadily decreasing cost of renewable electricity is now un-
locking the possibility of developing innovative technologies that
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HCOOH), while the selective production

of high-value multicarbon products directly
from CO,, such as ethylene or ethanol, is still challenging.[s‘”
This is tightly related to the fact that Cu is the only metal capable
of producing C,, products with reasonable rates.®! Its selectivity
toward a specific product, however, is generally low, necessitating
downstream product separation, imposing extra costs.! There-
fore, steering the selectivity of Cu catalysts is at the forefront
of CO,RR research. Varying the applied potential is the most
straightforward way to control selectivity; 1l however, it is inher-
ently coupled to the rate of reaction {(current) and the energy effi-
ciency (overpotential). Accordingly, several strategies have been
employed to increase the Faradaic efhciency (FE) for a given
product, while maintaining high current density at low overpo-
tential. These include surface faceting,['*? nanostructuring,*3!
alloying,'*l electrolyte engineering!*>!%! or improving CO, trans-
port by the reactor design.*) Another versatile, yet simple method
is the pulsed CO,RR (p-CO,RR),!'"-2l where a unique reaction
environment is created by the periodic interruption of the reduc-
tion reaction through the application of a more positive (anodic)
potential.
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Although the concept of pulsed electrolysis dates back to the
beginning of the 19" century, and today is widely applied in the
field of electrochemical metal deposition (i.e., pulse plating),!*]
only recently it has gained increased interest in the context
of CO, reduction. Alternating between the cathodic (E.) and
anodic (E,) potential introduces changes on the catalyst surface
(e.g., oxidation, restructuring, roughening, dissolution), in the
electric double layer (modulation of the surface coverage and
intermediate binding energies), and in the electrolyte (reactant
replenishing).I”) Since these processes occur on different time
scales, not only the applied potentials!?®l but also the choice of the
pulse length!'7?7] and symmetry[?®] present a largely untapped
opportunity to enhance reaction selectivity or improve catalyst
durability. Taking advantage of these, p-CO,RR is widely studied
nowadays both from a fundamental and an application-oriented
perspective. For instance, potential pulsing has been shown to
enhance the stability of the CO,RR on Cu by mitigating cata-
lyst poisoning.['2% Furthermore, depending on the anodic po-
tential and pulse length, suppression of H, evolution (HER) and
an increase in hydrocarbon selectivity were also observed. These
were attributed to i) enhanced CO accumulation and hydrogen
desorption on the catalyst surface,[*¥22] ii) local pH-variations,[*”]
changes in catalyst iii) morphology,!?!] iv) oxidation statel?!l or
v) relative adsorbate coverage.[?”! These processes occur in par-
allel during p-CO,RR, and the observed selectivity shift results
from the interplay of such dynamic changes at the interface,
making it challenging to decouple the underlying mechanisms.
Nonetheless, p-CO,RR could potentially offer a way to selec-
tively produce different products on the same catalyst, thus al-
lowing for easy adjustment to market needs. Furthermore, con-
trol over the catalyst structure through pulsing can bypass time-
consuming synthesis work, accelerating the identification of
structure-performance correlations. Recently, the applicability of
p-CO,RR was demonstrated under practically relevant conditions
(i-e., in flow cells) too, showcasing the beneficial effect of this op-
erating mode in real-world applications.[263%]

Existing studies in the field of p-CO,RR have predominantly
focused on metals,[?!) particularly Cu electrodes.[?)] Recently,
however, metal-nitrogen-doped carbons (M-N-C) emerged as
promising catalysts for CO,RR.32°] These materials differ fun-
damentally from the bulk or even nanostructured metal elec-
trodes and, as a result, may exhibit markedly different selectiv-
ity compared to their metallic counterparts.!*3* In these sys-
tems, the active sites are considered to include both singly
dispersed metal sites,®*! and the nitrogen dopants distributed
in a conductive carbon matrix.3®/ The Cu-N-C catalyst sys-
tem is particularly interesting as several studies have demon-
strated the formation of metallic Cu clusters during CO,RR un-
der potentiostatic conditions.?37-*] Strikingly, this process is
completely“lreversible, and after exposure to air or oxidizing po-
tentials, the Cu clusters disappear as Cu species disperse again.
Although the exact mechanism is still under debate, several fac-
tors were suggested to play a role in the intriguing trends ob-
served for these materials under anodic potential conditions.
These include the strength of the metal-ligand (N/O) bond in the
as prepared catalysts,[**! interactions between the formed clus-
ters and the N-C support and/or electrolyte and reaction inter-
mediate species, as well as the thermodynamic instability of the
oxide clusters.l**#2] This surprising feature makes Cu-N-C cat-
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alysts particularly attractive candidates for p-CO,RR studies. In
our previous study, we demonstrated that by tuning the duration
of applied potential pulses, we can induce significant changes in
the Cu-N-C catalyst selectivity, reversibly switching from predom-
inantly H,-producing to CH,- and to CO-producing regimes.!?*]
We attributed this remarkable behavior of Cu-N-C catalyst to the
periodic formation and redispersion of metallic Cu clusters and
particles under pulsed CO,RR.

Nonetheless, many details of this phenomenon remain un-
clear. In particular, the dependency of this process on the specific
values of applied potential has not yet been investigated. Further-
more, potential pulsing can introduce changes not only in the
metal sites (e.g., cluster formation, oxidation, leaching), but also
in the nitrogen dopants and the carbon structure, which was not
studied previously. These effects could provide further possibili-
ties to steer the catalytic functionality of the catalyst on demand.

In this contribution, we build upon our previous work to fur-
ther demonstrate the tunability of the CO,RR selectivity by the
optimization of the potential pulse parameters employed, with a
particular focus on the values of the cathodic and anodic poten-
tial. By changing the potential values, the coordination number
and the fraction of singly dispersed Cu species can be controlled,
resulting in striking selectivity changes. We also contribute to
a more in-depth understanding of this complex Cu-N-C mate-
rial system dynamics via a thorough characterization, including
quasi in situ X-ray photoelectron spectroscopy (XPS) measure-
ments, time-resolved operando X-ray absorption fine structure
(XAFS) spectroscopy in quick XAFS (QXAFS) mode, operando
valence-to-core X-ray emission experiments (vtc-XES), and high-
energy resolution fluorescence detected (HERFD) XAS. In partic-
ular, the excellent time-resolution achieved in the QXAFS mode
(~1 s per spectrum) allowed us to track the changes in the oxi-
dation state and coordination environment of the copper active
sites during individual potential pulses, and, thus, to directly in-
terrogate the catalyst’s response to dynamic reaction conditions.

2. Results and Discussion

2.1. Catalytic Properties under Potentiostatic and Pulsed
Reaction Conditions

The Cu-N-C catalysts were synthesized by an impregnation-
calcination method, described in our previous work.[**! The suc-
cessful metal-doping of the N-doped carbon support was con-
firmed by XPS, and inductively coupled plasma mass spectrom-
etry (ICP-MS) measurements (Table S1, Figures S3 and S4, Sup-
porting Information). Besides Cu, the material contained Zn
dopants in comparable amounts, remaining from the ZIF-8 pre-
cursor. The Cu 2p XPS region (Figure S4, Supporting Informa-
tion) was dominated by Cu®*, with only a minor contribution
from Cu* or Cu’ species. XRD analysis (Figure S3, Support-
ing Information) and transmission electron microscopic (TEM)
imaging (Figure S3, Supporting Information) revealed the ab-
sence of metallic nanoparticles in the amorphous carbon ma-
trix for the as-prepared catalyst. High-resolution high-angle an-
nular dark field scanning transmission electron microscopy im-
ages (HAADF-STEM), however, clearly showed that heavier el-
ements (i.e., Cu and Zn) are present as single atoms in the as-
prepared samples. These measurements, supported by the X-ray
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Figure 1. CO,RR activity and selectivity of Cu-N-C and N-C under potentiostatic conditions in an H-type cell configuration. Measurements were per-
formed in a CO,-saturated 0.1 M KHCO; solution. Data points were recorded at the 80t minute of the electrolysis. A) Total current densities. B,C)
Faradaic efficiencies for Cu-N-C and N-C (Cu-free support). Error bars represent the standard deviation of measurements performed on at least three

separate but identically prepared samples.

absorption spectroscopic (XAS) analysis presented below, con-
firmed the single-atomic nature of the synthesized Cu-N-C cat-
alyst. We emphasize, however, that under reaction conditions,
singly dispersed metal sites are expected to be unstable and tend
to aggregate into metal clusters, as recently demonstrated by our
group.[?* Additionally, the formation of metallic Zn has also been
observed in these types of materials.[*"]

The CO,RR selectivity of Cu-N-C under potentiostatic condi-
tions is presented in Figure 1, and compared with that of the Cu-
free N-C catalyst. The incorporation of copper dopants led to ap-
proximately a 1.5-fold increase in the current density, compared
to the Cu-free sample. However, this enhancement in overall ac-
tivity was primarily attributed to an increased rate of the hydro-
gen evolution reaction (HER), rather than an improvement in
CO,RR performance. The main product of CO,RR was CO, ac-
companied by minor amounts of formate (HCOO~) and methane
(CH,); the latter being detected only on the Cu-containing cat-
alyst. While the Faradaic efficiency for CO on the Cu-N-C cat-
alyst ranged from 6% to 25%, the Cu-free N-C sample exhib-
ited higher CO selectivity, with FE., values between 23% and
57% within the studied potential window. A similar trend was ob-
served for HCOO™ formation, though with even lower Faradaic
efficiencies—4% for Cu-N-C versus 8% for N-C at —1.35 V. No-
tably, despite the significantly higher total current density mea-
sured on Cu-N-C, the CO formation rate (i.e., partial current den-
sity) was ~1.5-2 times lower than on the Cu-free N-C (Figure S8,
Supporting Information), clearly indicating that the Cu species
in the Cu-N-C sample are primarily selective for HER under
potentiostatic conditions. It is important to note that the wit-
nessed differences did not arise from the variations in the elec-
trochemical surface areas, as the double-layer capacitance val-
ues of the two catalysts were very close (Figure S9, Supporting
Information).

Next, we turned to pulsed conditions (p-CO,RR). We alternated
the potential between a cathodic (more negative) and an anodic
(less negative) value. We used 30 s symmetric pulses with equal
anodic (t,) and cathodic times (t.). A representative pulse profile
with the potential and current traces is presented in Figure S10
(Supporting Information). A pulse duration of 30 s was sufficient
to ensure that the majority of the current was utilized for faradaic
processes rather than double-layer charging (Figure S1 and Note
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S1, Supporting Information). Furthermore, based on our previ-
ous study,**! which investigated the effect of pulse length on the
structure and catalytic selectivity of Cu-N-C, pulsing under these
conditions leads to the formation of ultrasmall metallic Cu clus-
ters, accompanied by a reduction in the number of singly dis-
persed cationic copper sites. This leads to suppressed H, forma-
tion and enhanced CO,RR selectivity.

The Faradaic efficiencies under pulsed CO,RR conditions are
presented in Figure 2A and Figures S12 and S14 (Supporting
Information). Experiments were conducted using three cathodic
(=1.15, —=1.35, —=1.55 V vs RHE) and seven anodic (—0.16, 0.04,
0.24, 0.44, 0.64, and 0.84 V) potential values. Contour plots illus-
trating the changes in the Faradaic efficiency for the main prod-
ucts, relative to the potentiostatic CO, reduction conditions, are
shown in Figure 2 B-F. These plots clearly show that pulsing sig-
nificantly suppressed FE};, when the anodic potential exceeded
0.04 V. The suppression of H, formation was most pronounced
at intermediate anodic potentials, with the FE,;, dropping to as
low as 17.5% with the cathodic potential (E.) of —1.35 V and
the anodic potential (E,) of 0.34 V. This represents a remarkable,
roughly 75% decrease as compared to the corresponding poten-
tiostatic condition. Concurrently, both the selectivity and reaction
rate for CO,RR increased significantly under pulsed conditions
(see Figure 2A; Figure S14, Supporting Information). Unlike po-
tentiostatic CO, reduction, where CO was consistently the dom-
inant CO,RR product across the potential range, pulsed electrol-
ysis resulted in either CO or methane being the main product,
depending on the specific pulse conditions. The product distri-
bution was jointly governed by the values of applied anodic and
cathodic potentials. At the least negative cathodic potential (—1.15
V), CO was the primary product, whereas at the most nega-
tive potential (—1.55 V), methane became dominant-resembling
the known potential dependence of CO,RR products on metal-
lic Cu electrodes under static conditions.[®*3] Notably, the FE,
reached up to 50% at E. = —1.55 V and E, = 0.34 V pulse poten-
tials. At the intermediate cathodic potential (—1.35 V), however,
we observed comparable FE for methane and CO, with the an-
odic potential determining the favored product. More positive an-
odic potentials promoted methane formation over CO, reaching
nearly 50% FE(, at E. = —1.35 Vand E, = 0.84 V, which is a ~#15-
fold improvement compared to potentiostatic conditions. These
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Figure 2. A) Faradaic efficiency of pulsed CO,RR on Cu-N-C at a fixed cathodic potential (—1.35 V vs RHE) and varying anodic potentials. B-F) Relative
change of Faradaic efficiency during pulsed CO,RR compared to the potentiostatic reduction for the main products as a function of anodic and cathodic

potentials. (AFE = FEpjseq—FE

potentiostatic)

. Measurements were performed in a CO,-saturated 0.1 M KHCOj electrolyte, and products were analyzed after

1.4 h of electrolysis. A rectangular symmetric pulse profile was employed with t, = t. = 30s. Error bars represent standard deviations of measurements

performed on at least two separate samples.

findings suggest that pulsing enhances the binding strength for
the CO,4, intermediate, facilitating its further reduction to CH,.

Ethylene formation was also observed on the Cu-N-C catalyst
under pulsed conditions, whereas it was not detected under po-
tentiostatic operation. The most favorable conditions for ethy-
lene production were found at intermediate anodic potentials
(i-e., between 0.24 and 0.44 V) with a maximum FE of 12.8%
at E. = —1.35 V and E, = 0.24 V. Among the liquid-phase prod-
ucts (Figure S11, Supporting Information), formate was detected
in the highest quantities, with a similar anodic potential depen-
dence as CO, though with approximately three times lower FE.
Additionally, pulsed conditions enhanced the selectivity toward
C,. liquid products, although their cumulative FE remained be-
low 8%. Within this group, ethanol showed the highest individual
contribution, with a FE slightly exceeding 3%.

We also analyzed the partial current densities (j) of the major
products (Figure S14, Supporting Information), which exhibited
trends similar to those observed for the Faradaic efficiencies with
respect to anodic potential. The partial current density for H, (j;,)
decreased during pulsed CO,RR compared to potentiostatic re-
duction, while the partial current densities for CO,RR products
increased. This enhancement was particularly pronounced for
CH, as its partial current density continuously rose with increas-
ing anodic potential, reaching —15 mA cm~2 at E. = —1.55 V and
E, = 0.84 V—a 7.5-fold increase compared to the potentiostatic
reduction. Overall, this analysis demonstrated that pulsed elec-
trolysis enhances not only the Faradaic efficiencies but also the
production rates of individual CO,RR products compared to po-
tentiostatic reduction. Importantly, the observed improvements
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in the CO,RR FEs are not solely attributable to suppressed HER.
Rather, they reflect a genuine increase in CO, RR activity. These
findings highlight that, through the careful selection of anodic
and cathodic potentials, both the selectivity and current density
for a desired product can be effectively tuned using the same Cu—
N—C catalyst.

The possible restructuring of the Cu-N-C pre-catalyst samples
under both potentiostatic and pulsed CO,RR conditions was an-
alyzed via high-resolution TEM and energy-dispersive elemental
mapping (Figure 3; Figures S5-S7, Supporting Information). No-
tably, no crystalline particles were observed after reaction, except
for a few rare Cu nanoparticles detected following 1.4 h of poten-
tiostatic electrolysis at —1.55 V. In contrast, singly dispersed Cu
(and Zn) sites remained clearly visible and uniformly distributed
within the carbon matrix after reaction for both operating modes.

During the pulsed electrolysis experiments, we observed that
the catalytic performance gradually evolved over time. Specifi-
cally, the overall reduction current decreased progressively across
all applied potential values (Figure S15, Supporting Information),
which correlated with a gradual suppression of the hydrogen evo-
lution reaction (HER) (Figure 4A). In contrast, the CO,RR cur-
rent density remained stable throughout the timeframe of the
experiment (1.4 h). In fact, a slight increase in the CO,RR partial
current density was observed during the first £30 min of pulsed
electrolysis, primarily driven by the rise in the FE., over time
(Figure 4B). These observations suggest that there are relatively
slow structural or chemical changes taking place at the catalyst
under pulsed conditions, and mass transport effects (i.e., replen-
ishment of CO, at the electrode surface during anodic pulse)

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Pulsed

Figure 3. High-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images of the copper-nitrogen-doped carbon
(Cu-N-C) catalysts before and after CO, reduction (CO,RR). a) As-prepared sample, b) after applying —1.35 V constant potential, c) after pulsed CO,RR
with E. = =1.35V and E, = 0.44 V. Their corresponding high resolution (HR-STEM) images highlight the presence of single atom doping elements.

cannot solely be responsible for the selectivity shift. This assump-
tion is further supported by the observed dependence of the cat-
alytic selectivity on the anodic potential, as well as by the lack of
HER suppression at the most negative E, (—0.16 V) value. Thus,
we assume that pulsing induces changes in the interfacial ad-
sorbate coverage (binding energies and surface concentration of
reactants and/or intermediates), which happens gradually over
the course of hours. Such changes either arise from the dynamic
rearrangement of the electric double layer or structural changes
in the active sites (e.g., oxidation or hydroxylation, Cu dissolution
and subsequent redeposition/redispersion, cluster or nanoparti-
cle formation).

As a control, we evaluated the performance of the Cu-free N-C
catalyst in pulsed CO,RR (Figure S18, Supporting Information).
In this case, the product selectivity remained almost unchanged
compared to potentiostatic conditions (Figure 1C). Notably, nei-
ther methane nor C,, products were detected in the absence of
copper, clearly indicating that the effect of pulsing on Cu-N-C is
at least in part rooted in the dynamic evolution of the Cu-sites
and not solely due to changes in the N-C matrix induced by the
pulsing treatment.

To deeper understand the processes happening during the po-
tential pulsing, the reversibility of the process was studied. For
this purpose, a CO,RR sequence was performed consisting of an

A B C
—=—H, —— CO ——CH, C,H, ©
2 = CORR —= HER =X 60 C T 00l el S = | Aaiconl
4 E,=-1.35V ; 50 5., %I Propionaldehyde
o -4 _ p Acetaldehyde
c E,=0.44V e S 804 [ 1-ProH
o 9 © 40+ k) I EtoH
< 3 3] & 60 [ |MeOH
S & 30 9] Ao
~,-10; [} © 40 [ Hcoor
8 2] O 20 g [ JcH,
£° _g T 20 I cH,
=< _14] @ 101 © [ co
T 20 40 60 g 20 40 60 80 PS Pulee

-1.35V -1.35V/0.44V -1.35V

Time / min Time / min

Figure 4. A) Time-evolution of the HER and CO,RR current densities during p-CO,RR with E. = —1.35 V and E, = 0.44 V. The currents were recorded
at the end of the cathodic pulse. B) Time-evolution of the Faradaic efficiencies for H,, CO, CH, and C;H,. C) Faradaic efficiencies during a CO,RR
sequence measured on the same catalyst sample. The experiment started with a potentiostatic electrolysis, followed by pulsing (E. = =135V, E, =
0.44 V, t, = t. = 30 s), then again, a potentiostatic run (2 h each). The cathodic potential was —1.35 V, while the anodic potential was 0.44 V during
the p-CO,RR. Lines serve as a guide for the eye. Error bars represent the standard deviation of measurements performed on at least three individual
samples.
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initial 2-h potentiostatic reduction at—1.35 V, followed by a 2-h
pulsed electrolysis (E. = —1.35V and E, = 0.44 V), and concluding
with another 2-h potentiostatic reduction at —1.35 V (Figure 4C).
Notably, the selectivity observed during the second potentiostatic
phase differed from that of the initial static reduction on a fresh
electrode. Namely, the FE};, remained slightly lower, while the
FE(y, increased by a factor of ~7 relative to the first potentio-
static measurement. Additionally, the total CO,RR current was
also over 15% higher on the pre-pulsed sample (Figure S19, Sup-
porting Information). A similar trend was observed when we per-
formed the same experiment with 0.24 and 0.64 V anodic poten-
tials (Figure S20, Supporting Information). This implies that in
addition to reversible changes, pulsed potential CO,RR also in-
duces irreversible changes in the catalyst structure, which are not
fully recovered during a 2-h potentiostatic reduction. As a con-
trol, we also run a potentiostatic measurement for the same total
duration as the static—pulse-static sequence (6 h). In this case,
we observed a slow but steady increase in the FE.,, accom-
panied by a slight decrease in the FE, over time (Figure S21,
Supporting Information). However, by the end of the 6-h elec-
trolysis, FECH, only reached 11%, which is approximately half
the value observed at the end of the static—pulse—static protocol.
This proves that the increased CH,-selectivity on the pre-pulsed
sample is not merely a consequence of prolonged exposure to
the cathodic potential, e.g., to form metallic nanoparticles, but
that the periodic perturbation of the catalyst by potential pulses
plays a definitive role. The slight variations in the selectivity of
the pre-pulsed sample most likely stem from irreversible mor-
phological changes of the electrodes. Indeed, we found that the
electrochemical surface area of the Cu—N-C electrodes decreased
after both the potentiostatic and the pulsed reduction (Figure S37,
Supporting Information). The most notable changes were, how-
ever, observed when the anodic potential was between 0.24 and
0.64 V. This is an indication that the most significant morphologi-
cal changes occur under these conditions, which contribute to the
observed selectivity change and the non-complete reversibility of
the process.

The relatively slow recovery after pulsing inspired us to in-
crease the t_/t, ratio to 300 s/30 s from the above presented 30
$/30 s, therefore leading to practically more relevant conditions
by reducing the off-time (from 50% to 9%), where no product
formation takes place. In this case, we also observed suppression
of HER and an increase in both FE, and FE,,;, compared to
potentiostatic reduction (Figure S22, Supporting Information).
Although the effect of pulsing on CO,RR selectivity was evident
here as well, the Faradaic efficiency for H, was slightly higher
and that for CH, slightly lower after 2 h, compared to the results
obtained using symmetric pulses (t, = t. = 30 s). Moreover, the
time required to reach the enhanced selectivity was longer when
the t,/t. ratio was lower.

2.2. Quasi In Situ XPS

We performed quasi in situ XPS measurements to investigate
the chemical changes at the surface of the catalyst after CO,RR.
By using a custom-designed electrochemical cell directly attached
to the load-lock chamber of the ultrahigh vacuum system, we
were able to perform the sample transfer between the electro-
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chemistry setup and the vacuum chamber, without sample expo-
sure to air. In this way, the possible reoxidation of the catalyst is
minimized.

We performed the quasi in situ XPS measurements after per-
forming potentiostatic and p-CO,RR with E, = —1.35 V and vary-
ing E, values, and followed the changes in the N 1s region (Figure
5) of the catalyst. In this way, we were able to get insights into the
different N defects available on these samples, and their evolu-
tion during CO,RR, which also serve as anchoring defect sites
for the Cu single atoms. Before CO,RR we detected the follow-
ing distinct N functionalities: Imine N at 397.5 eV, pyridinic N
at 398.2 eV, metal-coordinated N (M-N,) and amine species cen-
tered at 399.3 eV, N—H (pyrrolic N + hydrogenated pyridinic
N) located at 400.7 eV, graphitic N at 402.0 eV, quaternary N at
403.3 eV and-N-O, species between 405 and 408 eV.*~*8] Af.
ter CO,RR, the intensity of the peaks attributed to oxidized N-
species (located above 405 eV) is suppressed, and not only for
the potentiostatic but, more surprisingly, for the pulsed reduction
too. This means that once these N-species are reduced during
the cathodic potential pulse, the periodic application of a more
positive potential (i.e., pulsing) does not result in their reoxida-
tion. On the other hand, after CO,RR, the ratio of the main N
broad feature at 400.2 eV increased relative to the one centered at
398.2 eV both for the pulsed and the static conditions. To quantify
this change, we fitted the spectra and calculated the ratio of the
peak areas for the different N species at higher binding energies
(Graphitic N at 402.0 eV + Quaternary N at 403.3 eV + Hydro-
genated N at 399.3 eV), to the N-species located at lower binding
energies:(Pyridinic N at 398.2 eV + Imine N at 397.5 eV). The
former high BE peaks have contributions from the protonated
and hydrogenated N-species, while the latter low BE peaks are
related to the non-protonated/non-hydrogenated N-moieties!*]
(see Figure S4, Supporting Information too). Therefore, a higher
ratio in the high BE/low BE components of the N spectrum rep-
resents a higher surface H-concentration on the N-doped carbon
support. The relative increase in this ratio was significantly lower
after pulsed CO,RR compared to the static reduction (Figure 5D),
suggesting that pulsing diminishes surface hydrogenation. Fur-
thermore, when plotting the partial current densities for H, ver-
sus the relative increase in the high BE/low BE peak ratio after
p-CO,RR, we discovered a positive correlation between these two
parameters (Figure SE). This finding indicates that the lower sur-
face H-coverage observed on the carbon support indeed might be
related to the suppressed H, evolution under pulsed conditions.
Nevertheless, this effect alone cannot account for the observed
selectivity trends, as a similarly strong suppression of the HER
would also be expected on the Cu-free N-C catalyst, which was not
the case. Instead, this observation suggests a marked influence
of the surface functionalization of the N-doped carbon support
on the catalytic behavior of the singly-dispersed Cu active sites.

2.3. Operando X-Ray Spectroscopies

To explain the observed trends in CO,RR selectivity under static
and pulsed conditions, we performed operando XAS measure-
ments in QXAFS mode. Our XAS results for the potentiostatic
CO,RR (Figure S24, Supporting Information) are in agreement
with our previous reports.[2*39] Specifically, the as-prepared sam-
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Figure 5. N1s XPS core-level spectra of Cu-N-C catalysts acquired before CO,RR (A), after potentiostatic CO,RR (B), and after pulsed CO,RR (C). In
(A), the as-prepared sample was exposed to air before the measurement. The quasi in situ XPS data in B and C were obtained after PS reduction at
—1.35 V vs RHE (B) and after p-CO,RR with E. = —1.35 V and E, = 0.24 V vs RHE (C), when the potential was stopped at the anodic value. In B
and C, the samples were transferred directly from the electrolysis cell under an Ar atmosphere to the load-lock chamber of the UHV system, to avoid
contact with air. The peaks in blue at the higher binding energy represent the protonated/hydrogenated N-species, while the ones colored in red are
the dehydrogenated N-moieties. D) Increment in the ratio of the high BE/low BE components after CO,RR with E. = —1.35 V and different E, values.
E) Correlation between the H, partial current density in p-CO,RR and the increment in high BE/low BE components after p-CO,RR.For the experiments,

a 0.1 M KHCOj electrolyte was used, and the CO,RR was performed for 1.4 h.

ples feature singly dispersed Cu?* species that predominantly
convert into metallic clusters under constant cathodic potential.
The transformation is reversible: after lifting the cathodic po-
tential, the aggregated metallic Cu species redisperse back into
cationic species that are spectroscopically very similar to the orig-
inal Cu species in the as-prepared Cu-N-C catalysts. To further
support our conclusion on the reversible formation and redis-
persion of metallic clusters, we carried out operando vtc-XES and
HERFD-XAFS measurements (Figure 6). These advanced tech-
niques provide better sensitivity to the presence of different lig-
ands around the central Cu species, and can help to resolve differ-
ent Cu species with low spectroscopic contrast.*** In particular,
the vtc-XES technique is attractive due to its ability to discrimi-
nate between neighboring atoms with similar photoelectron scat-
tering properties, facilitating the identification of active structural
motifs.[153

In our case, we observe that the HERFD-XANES and the vtc-
XES spectra collected before and after reaction resemble those
for octahedrally coordinated Cu?* species. Nonetheless, they are
distinct from the spectra of standard Cu reference materials.
We attribute this difference to the formation of in-plane Cu—N
bonds with the support, coexisting with axial Cu—O bonds.[2#*]
At the same time, the spectra collected during CO,RR strongly
resemble the corresponding spectra for metallic Cu, suggesting

Adv. Funct. Mater. 2026, 36, e10827 e10827 (7 of 15)

that the majority of Cu species is converted into metallic parti-
cles. The suppressed amplitude of post-edge oscillations in the
operando HERFD-XAS spectrum with respect to those in the
metallic Cu reference could be attributed to the very small sizes
of the formed Cu particles.>*] Taking together, our XAS, HERFD-
XAS, and vtc-XES data strongly support our model where singly
dispersed Cu species under cathodic potential are converted into
metallic Cu clusters. The latter, in turn, are redispersed after lift-
ing the cathodic potential and/or applying an anodic potential.
Importantly, the redispersion does not involve the formation of
new copper oxide or hydroxide species. Instead, the metallic clus-
ters return to a state which is spectroscopically indistinguishable
from the original one, thus attributed to singly dispersed Cu?*
cations anchored to N dopants in the carbon support.

Under pulsed reaction conditions, periodic switching between
cationic Cu and metallic Cu clusters is clearly visible in QXAFS
data (Figure 7). We can quantify these transformations by us-
ing linear combination analysis of XANES spectra to estimate
the fractions of metallic and cationic Cu species (Note S2, Sup-
porting Information), and principal component analysis (Note S3
and Figure S32, Supporting Information) to rule out the presence
of additional Cu species.[**! EXAFS data fitting is applied to ex-
tract information about average coordination numbers (Figure
S26 and Table S3, Supporting Information), hence, about the av-
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Figure 6. Cu K-edge HERFD-XANES (a) and vtc-XES (b) data collected for the as-prepared Cu-N-C catalyst and the same catalyst under potentiostatic
CO,RRat—1.35Vina0.1 M KHCO; electrolyte, as well as after CO,RR in air. Spectra collected during and after reaction conditions are collected at least
1 h after the onset of CO,RR. Reference spectra for Cu foil, Cu, O, CuO, and Cu(OH), are also shown.

erage sizes of the Cu clusters formed (Figure S27, Supporting  tion). Results for pulse sequences with E, values of —0.16, 0.44,
Information). Such an analysis suggests that under static reac-  and 0.84 V are shown here, while the results for pulse sequences
tion conditions (at —1.35 V), particles with a size of #1.5 nm  with E, values of 0.04, 0.24, and 0.64 V are shown in Figures
are formed (Note S4, Supporting Information). Under pulsed re-  S30 and S31 (Supporting Information). Representative fits of the
action conditions, in turn, we observe periodic changes in the = EXAFS spectra collected under the pulsed CO,RR are shown in
concentrations of metallic Cu species as well as in the average  Figure S33 (Supporting Information). Figure 8 shows the time-
Cu—Cu coordination numbers (Figures 7 and 8). The average  dependent evolution of the structure parameters and concentra-
values of these quantities and magnitudes of their oscillations  tions of different Cu species (Note S4, Supporting Information)
depend strongly on the values of the applied pulse potentials. as extracted from EXAFS fits.

Representative LCA-XANES fits of the QXAFS data collected From these data, one can see clear differences in the evolu-
under pulsed conditions are shown in Figure S29 (Supporting  tion of the Cu sites under pulsed CO,RR with different E, values.
Information), while the obtained time-dependent changes in the  The sustained, pronounced switching between states containing
fractions of singly dispersed Cu sites are shown in Figure 7b-d  mostly metallic species during the cathodic potential pulse, and
and, in more detail, in Figures S8 and S34 (Supporting Informa-  mostly singly dispersed species during the anodic potential pulse
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Figure 7. a) Cu K-edge XANES for the Cu-N-C catalyst under pulsed CO,RR with E. = —1.35 V and E, = 0.84 V. b—d) results of LCA-XANES for the
Cu-N-C catalyst under pulsed CO,RR with identical E. = —1.35 V and varying E, = 0.84 V (b), 0.44 V (c) —0.16 V (d). Evolution of the concentration of
singly-dispersed Cu sites is shown. The LCA-XANES results obtained for Cu-N-C catalyst under static CO,RR are also shown as a dashed magenta line
in (b=d).

Pulses: Ec=-1.35V; E,= -0.16 V
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Figure 8. Results of LCA-XANES and EXAFS data fitting for Cu-N-C catalyst under pulsed CO,RR with E. =—1.35V and E, =0.84V (a,d), 0.44 V (b,e), and
—0.16 V (c,f). (a—c) show the fraction of singly dispersed Cu species, as independently obtained from LCA-XANES and EXAFS-derived Cu-X coordination
numbers. d—f) show the true Cu—Cu coordination number (corrected for the presence of different Cu species) N¢,_c, = Ney_c,/ (1 = Xsingle)- Black
dashed lines in (d—f) mark the average true Cu—Cu coordination number at the end of the first 600 s under pulsed CO,RR.

takes place only at the higher E, values (0.64-0.84 V). Under such
potential pulses, the average concentration of singly dispersed
Cu sites is much higher than under potentiostatic CO,RR condi-
tions with the same negative applied potential (x5 = 0.67 under
pulses with E. = —1.35 V and E, = 0.84 V vs 0.06 at static con-
ditions at E, = —1.35 V). Importantly, even during the cathodic
pulse, the concentration of the single Cu sites is about three times
larger than under the static CO,RR conditions. Atlower E, values
(0.24-0.44 V), in turn, already after the first few potential pulses,
the sample is dominated by metallic Cu. The redispersion of Cu
sites under the anodic potential pulse has a continuously decreas-
ing magnitude, and is not visible anymore in our XAS data after
600 s. We attribute it to the fact that the redispersion of clusters is
slow at these anodic potentials. After the first 600 s, the composi-
tion of the catalyst remains stable for atleast 6 h, as demonstrated
in our extended duration XAS measurements (Figure S31, Sup-
porting Information), hence the observed catalytic performance
decrease shown in Figure S23 (Supporting Information) is not
related to leaching or structural changes of the Cu sites. We pro-
pose that the observed performance deterioration is more likely
due to degradation of the N-doped carbon support, either through
carbon corrosion (oxidation) or loss of hydrophobicity, which ul-
timately shifts the selectivity toward hydrogen evolution.

For even lower E, values (from —0.16 to +0.04 V), the cata-
lystis in a predominantly metallic state already after the first two
cathodic pulses, and further evolution of the catalyst resembles
strongly that under potentiostatic CO,RR. Useful clues for ex-
plaining such different behavior of our catalyst can be gained
from examining our EXAFS fitting results for the Cu—Cu bond
contribution (Figure 8d—f). As expected, the true Cu—Cu coordi-
nation number after the first potential pulse is similar for all E,
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values and is &4 in all cases. From Figure S27 (Supporting In-
formation), we can estimate that this corresponds to very small
Cu particles with 0.5 nm in size, namely, particles containing
less than 13 Cu atoms. If the E, values are sufficiently large,
these small particles are completely redispersed during the an-
odic pulse, and the process is repeated from scratch during the
next pulse cycle. The Cu—Cu coordination number thus oscillates
between 0 and ~4 in this case. For lower E, values, however, the
Cu clusters are not completely destroyed during the anodic pulse.
As a result, during the next pulse cycle, the surviving Cu clus-
ters can get increasingly larger. For the lowest E, values (e.g.,
E, =—0.16 V), the redispersion of the Cu clusters hardly takes
place, and the final Cu—Cu coordination number is ~8.8, which
corresponds to a particle size of ~1.4 nm, and is just slightly
smaller than that obtained under stationary CO,RR conditions
(Figure S27, Supporting Information). For intermediate E, val-
ues, in turn, the distribution of particle sizes is non-unimodal.
Indeed, here the larger Cu nanoparticles (with sizes similar to
those observed under stationary CO,RR) that are not redispersed
from the previous cycles coexist with ultrasmall Cu clusters re-
generated at each potential cycle.?] We also note that in all cases
the metallic Cu clusters coexist with remaining singly dispersed
cationic Cu sites, and even at the lowest E, values ~10% of the
Cu remains within these cationic Cu species (Figure S34b, Sup-
porting Information).

In contrast to the pronounced effect of the E, value on the
structure of the catalyst, the value of the cathodic potential E,
seems to affect less drastically the formation of metallic clus-
ters, at least in the potential range investigated and for the fixed
pulse durations (30 s) that we have chosen here. Indeed, al-
ready under potentiostatic CO,RR conditions, we observe that
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the evolution of the catalyst under —1.15, —1.35, and —1.55 V is
similar (Figure S35a, Supporting Information). This also agrees
with the conclusions of our previous work, where no strong
changes in the Cu-N-C catalyst evolution were observed under
different applied static potentials.*?) When exposed to pulsed
CO,RR conditions with different E, values (Figure S35b—e, Sup-
porting Information), the changes in the catalyst structure in-
duced by potential pulses seem to be similar, as long as the E,
value is kept the same. The selectivity shift from CO to methane,
thus in this case, is potential, rather than structure dependent,
and is associated with the change in the CO,,, intermediate bind-
ing strength altered by the cathodic potential, similarly as for the
potentiostatic reduction. Clearly, at even less negative E_ values
(i-e., > —=1.1 Viyg), a larger effect of E. on the catalyst structure
could be expected. However, these lower values of the working
potential are less relevant for CO,RR on Cu-N-C.

We note that under all pulsed conditions, the Cu fluorescence
signal, which is related to the concentration of Cu species in our
samples, decreases in intensity during pulsing (Figure S28, Sup-
porting Information). This loss takes place during the first 15
min but in almost all cases accounts for less than 30% after 1.4
h of pulsed CO,RR. Lack of further changes in the catalyst load-
ing, once the stationary state is reached, even in the presence of
strong periodic oscillations between the cationic and metallic cat-
alyst state, strongly suggests that the dissolution of metallic Cu
plays no significant role in the redispersion mechanism of Cu
clusters. Instead, it is likely to be driven by strong particle inter-
actions with the N-C support.[*!]

To check for the presence of other irreversible changes in the
catalyst structure (besides loss of catalyst), we performed mea-
surements under static CO,RR conditions (—1.35 V) for a
sample that was first exposed to pulsed CO,RR (E. = —1.35 Vg,
E, = 0.44 V) for 83 min (Figure S36, Supporting Information).
After 1 h of static CO,RR, the obtained XAS spectra are practically
indistinguishable from those collected after 1 h of static CO,RR
over a fresh sample. This strongly suggests that the aforemen-
tioned irreversible changes in the catalytic selectivity (Figure 4C)
are indeed linked to the changes in the N-C support itself, rather
than in the Cu local structure or chemical state.

2.4. Discussion

Based on the quasi in situ XPS and operando X-ray spectroscopy
results, we conclude that the Cu-N-C system under investiga-
tion is inherently complex, with multiple catalytic sites coexist-
ing and dynamically evolving during reaction. The observed se-
lectivity changes thus cannot be solely attributed to a single fac-
tor, but multiple processes must be considered. We propose the
following mechanisms to explain the observed catalytic activ-
ity/selectivity change during pulsed CO,RR on the Cu-N-C cat-
alysts. (i) Pulsing contributes to CO, replenishment.>! (ii) Puls-
ing the potential reduces the extent of surface hydrogenation on
the N-C support as suggested by XPS analysis. This diminished
surface H-coverage under pulsed conditions—compared to the
potentiostatic reduction—leads to a suppression of the hydrogen
evolution reaction (HER). We further propose that this decrease
in H,,, coverage is accompanied by an increase in the surface
concentration of adsorbed CO,4,. This altered surface function-
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ality of the N—C support strongly influences the catalytic activ-
ity of the Cu sites. This, in turn, enhances the rate of methane
formation and enables the onset of ethylene production even at
the lowest anodic potential studied (E, = —0.16 V), when the
average Cu—Cu coordination number (and, thus also the parti-
cle size) is very similar to that under the potentiostatic condi-
tions. (iii) Pulsing also alters the chemical state and structure of
the Cu active sites. The highest CO, RR selectivity was observed
within the anodic potential range of 0.24-0.44 V. In addition to
the more favorable surface functionality of the N-C support in
this anodic potential range, the Cu sites are also greatly affected
in this regime. These species are unambiguously responsible
for the formation of hydrocarbon and C,, oxygenate products,
since they were not detected in the absence of copper (bare N-C
catalyst) either under potentiostatic or under pulsed electrolysis
conditions.

Operando XAS, HERFD-XAS, and VtC-XES data indicate that
two distinct Cu species coexist in the Cu—N-C catalyst under both
static and pulsed CO, RR conditions: i) metallic Cu nanoparticles
or clusters of varying sizes, and ii) singly dispersed Cu sites. Both
of these species contribute to the overall catalytic functionality,
but they exhibit clearly distinct selectivities. Two factors distin-
guish the structure of the catalyst under pulsed CO,RR condi-
tions from that under static CO,RR conditions: i) a larger frac-
tion of singly dispersed Cu sites, and ii) the smaller sizes of the
metallic Cu clusters. Increasing the anodic potential amplifies
both these structural differences, as illustrated in Figure 9.

At lower E, values (—0.16 V), both the fraction of metallic Cu
clusters and their sizes are very similar to those under static
CO,RR. Consequently, the catalytic selectivity is also largely sim-
ilar. However, a slight enhancement in methane formation and
the emergence of ethylene can already be observed. We attribute
these changes to support effects and improved reactant replen-
ishment induced by the pulsing conditions. At higher E, values
(0.24-0.44 V), in contrast, the average coordination number of
metallic copper gradually decreases, while the fraction of singly
dispersed cationic copper increases. As found in our previous
work,[2*] where we investigated the effect of pulse durations on
Cu-N-C selectivity, larger Cu clusters favor CO and ethylene for-
mation, while on ultrasmall clusters, methane is the preferred
product. This parallels our present findings, where the decrease
in particle size is induced by applying a higher anodic potential
rather than shorter cathodic pulse durations. In both cases, when
the Cu—Cu coordination number is lower, the FE of methane in-
creases, at the expense of CO and ethylene. The fact that very
similar selectivity trends are observed in these two studies un-
derscores the universal and critical role of the Cu—Cu coordina-
tion number (or cluster/particle size) as a descriptor for Cu-N-C
selectivity trends, regardless of the exact mechanism of how the
decrease in Cu—Cu coordination number is achieved. Indeed, ex-
perimental evidence and DFT simulations in a recent work!>®l
suggest that undercoordinated Cu sites in ultrasmall Cu clus-
ters may favor the CO, conversion to methane due to a lower
reaction energy for the hydrogenation of CO,4. On the other
hand, we note here that previous reports in the literature sug-
gested that very small Cu particles favor HER over CO,RR, and
that the main CO,RR product for such particles is expected to
be CO.738] Nonetheless, these previous reports concern parti-
cles that are at least a few nanometers in size. Our present study
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Figure 9. A) Correlation between the average Cu coordination number, the fraction of singly dispersed Cu species, and the catalytic selectivity.
B) Schematic summarizing the changes in the catalyst structure with the applied anodic potential. The N-C support and the Cu species are separated

for better visibility.

allows us to probe the CO,RR functionality of particles that are
of subnanometer size, which may more strongly affect their cat-
alytic properties.[3”5]

Besides the formation of ultrasmall Cu clusters, a possible
smaller local pH at high anodic potentials (>0.44 V) may also
contribute to the increase in CH, and decrease in C,H, selectiv-
ity, as well as to the slight increment of HER, as suggested for
metallic Cu-electrodes previously.?®! In this case, the higher H*
concentration in the electrolyte close to the electrode surface will
favor protonation of CO,,, instead of C—C coupling. Finally, the
slight increase of HER observed at these highest anodic poten-
tials could also be related to the increased amount of singly dis-
persed Cu sites, which favor HER versus CO,RR.

In prior reports, high selectivity for C,, products on Cu sin-
gle atomic pre-catalysts during static CO,RR was also reported
and attributed to the formation of Cu clusters under reaction
conditions.*23#1 In our present work, even though Cu clusters
were present during static reduction with significantly larger size
(~1.5 nm) than under pulsed conditions (~0.7 nm at E, = 0.44
V), ethylene was only formed when HER was suppressed by puls-
ing. This observation strongly suggests that, beyond the size of
the operando formed Cu clusters, the morphology and surface
chemistry of the carbon support also play a major role. Further-
more, we assume that although the presence of Cu clusters is a
prerequisite for efficient C—C coupling, the remaining Cu single-
sites in their vicinity may also play a role. This could also explain
the large discrepancy in the literature regarding the CO,RR se-
lectivity of Cu-N-C catalysts.

Finally, we comment on the time-dependency of the catalytic
properties and their correlation to the evolution of the catalyst
structure. As can be seen from Figure 6, during the prolonged
exposure to pulsed conditions, the fraction of metallic Cu sites
increases. Major changes happen during the first 600 s of elec-
trolysis. Nonetheless, the product selectivity changes over a sig-
nificantly longer time scale (i.e., 1.4 h). Unfortunately, our experi-
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mental setup with gas chromatography used for the product anal-
ysis did not allow us to reliably analyze the FE of the products at
the beginning of the electrolysis (large headspace volume, thus
long equilibration time needed). Nonetheless, the Cu-content
and the chemical state of the Cu sites appear to be already sta-
bilized when we still observe significant selectivity changes. This
suggests that slow chemical /physical changes in the N-doped car-
bon structure might also take place, for instance, gradual sup-
pression of the surface hydrogen content which may be responsi-
ble for this time-dependent selectivity, instead of changes related
to the Cu sites. The continuous decrease of the selectivity toward
CO,RR products after 1.4 h can be presumably related to the loss
of hydrophobicity of the carbon-based catalyst and the carbon pa-
per support by electrowetting.

3. Conclusion

In summary, we found that pulsing the potential is an effective
way to tune the CO,RR selectivity of a Cu-N-C catalyst. While
under potentiostatic conditions, the catalyst produced mainly
hydrogen, a remarkable enhancement in the CO,RR selectivity
was achieved under pulsed conditions. The product distribution
largely varied with the applied anodic potential, as methane dom-
inated at the largest positive anodic values, meanwhile lower an-
odic potentials favored CO and C,, product formation. Although
the interplay of several processes contributes to the observed se-
lectivity trends, two main factors were identified by using quasi
in situ XPS and operando X-ray spectroscopies. On one hand,
pulsing alters the surface functionality of the N-doped carbon
support, resulting in the suppression of the parasitic HER. On
the other hand, the fraction and size of the metallic Cu-clusters
formed during operation also vary, which depends on the applied
anodic potential. This determines the competition between C,
and C,, products. Here, we demonstrated that by changing the
potential values of the p-CO,RR, the size of the copper clusters
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and fraction of singly dispersed Cu sites can be similarly tuned
as was reported for the pulse lengths recently. As pulsing can
lead to special reaction environments and catalytic functionali-
ties, which cannot be achieved under static conditions, pulsed
CO,RR on metal-nitrogen-doped carbons will not only lead to
unique product selectivities but will also largely contribute to
our mechanistic understanding of CO,RR on this catalyst family.
Moreover, reversible cluster formation from single metal sites is
not unique for Cu, but could take place on other metal centers
00,31 thus p-CO,RR may also be successfully applied to M-N-C
catalysts with different metal sites in the future as well.

4. Experimental Section

Catalyst Synthesis:  First, a zeolitic imidazolate framework (ZIF-8) was
synthesized starting from 2-methylimidazole and zinc nitrate. In a typi-
cal synthesis, 4.24 g Zn(NO3),-6 H,0 and 4.92 g 2-methylimidazole were
dissolved in 500 mL methanol, heated to 60 °C, and stirred for 24 h under
reflux. The obtained ZIF-8 powder was collected by centrifugation, washed
thoroughly with methanol (2x) and ethanol (1x), and dried at 60 °C in air.
Then, it was pyrolyzed in a tube furnace in Ar flow (100 mL min~") at
1000 °C for 1 h. The heating rate was 5 °C min~'. At 1000 °C, most of the
coordinated Zn was reduced to metallic Zn, which evaporated at this tem-
perature (boiling point of Zn is 907 °C), leaving behind a porous N-doped
carbon structure. The obtained N-C was subjected to acid washing for 24
h, using an excess amount of 20 wt.% HNO; at room temperature, to re-
move remaining crystalline Zn-phases. Finally, the samples were washed
thoroughly with ultrapure water until a close to neutral pH was reached.

To synthesize the Cu-N-C catalysts, 200 mg N-C was dispersed in a so-
lution (20 mL) containing 6 mm Cu(NO3), 3 H,O in isopropanol. The
suspension was sonicated for 2 h (x40 °C), then stirred at room temper-
ature for another 2 h. The Cu?*-impregnated N-C (Cu-N-C precursor) was
collected by centrifugation, dried at 60 °C in air, and heat-treated in Ar flow
(100 mL min~1) at 700 °C for 1 h. Finally, the obtained Cu-N-C was stirred
in 20 wt.% HNOj; for 24 h at room temperature, and was washed thor-
oughly with ultrapure water until a close to neutral pH was reached. The
final catalyst was dried in air at 60 °C. The Cu-free N-C sample was synthe-
sized the same way, except for bypassing the impregnation step and the
second acid-washing, which resulted in an increased residual Zn content.

Electrode Preparation: For the electrochemical measurements, the
catalysts were spray-coated onto a pre-heated (=90 °C) carbon paper
(Freudenberg H15C13). The catalyst ink contained 40 mg (Cu-)N-C cata-
lyst, 100 ul Nafion 117 solutions (5%, Sigma—Aldrich), 3.2 mL isopropanol,
and 3.2 mL ultrapure water. The mass loading of the electrodes was 0.5 +
0.05 mg cm~2 and the geometric surface area was ~0.5 cm™2 (the exact
value was always measured for each sample).

Electrochemistry Measurements and Product Detection: The electro-
chemical measurements were performed using an Autolab PGSTAT302N
potentiostat/galvanostat. The working electrode was the catalyst-coated
carbon paper with ~0.5 cm? geometric surface area. The counter elec-
trode was a platinum mesh. Potentials were measured against a leak-free
Ag/AgCl electrode, having a 0.242 V potential versus the standard hydro-
gen electrode. Potentials are, however, reported throughout the text ver-
sus the reversible hydrogen electrode (RHE), calculated using the follow-
ing equation: E (vs RHE) = E(vs Ag/AgCl) + 0.242 + 0.059-pH. No IR-
correction was performed.

CO, reduction experiments were performed in a gas-tight two-
compartment H-type cell. The cathode and anode compartments were
separated by a Selemion anion exchange membrane to avoid product
mixing. The electrolysis was performed in a 0.1 m KHCO; solution pre-
treated with an ion-exchange resin (Chelex 100 Resin sodium form; Bio-
Rad) to remove incidental metal contaminants.CO, was continuously bub-
bled through the anolyte and catholyte with a 20 mL min~" flow rate. The
gas outlet of the cathode compartment was directly connected to the in-
jector port of the gas chromatograph via a 6-port valve, allowing online
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detection of the gaseous products. Samples were automatically injected
in 15-minute intervals during the reaction.

Gas products were detected and quantified by an Agilent 7890B
gas chromatograph. The products were separated by different columns
(Molecular sieve 13X, HayeSep Q, and Carboxen-1010 PLOT) and sub-
sequently quantified with a flame ionization detector (FID), as well as a
thermal conductivity detector (TCD).

In the liquid phase, acetate and formate concentrations were analyzed
by high-performance liquid chromatography (HPLC, Shimadzu promi-
nence) equipped with a NUCLEOGEL SUGAR 810 column and a refractive
index detector (RID). Other liquid products (alcohols and aldehydes) were
quantified with a liquid GC (L-GC, Shimadzu 2010 plus) equipped with a
fused silica capillary column and FID detectors.

Faradaic-Efficiency Calculation: The Faradaic efficiencies (FE) of the
gas products were calculated using the following equations:

”i'F'pO .ta'tc

lipartial =V - f + RT, ;

M

c

’panial

FE (%) = -100% @)

total

V: volume concentration of gas productsobtained from the GC measure-
ments; f: volumetric flow-rate of the gas stream leaving the cathode com-
partment of the cell measured by an universal flow meter (ADM 100, Agi-
lent Technologies); n;: number of transferred electrons for a certain prod-
uct; lypg: total current density measured during electrolysis at the time
of injection into the gas chromatograph; I,,iq/: partial current density of a
certain product; F: Faraday constant (96485 C mol™"); R: universal gas con-
stant (8.314 ) mol=1 K=1); T,: temperature (273.15 K); po: pressure (101
325 Pa); t,: anodic time (time spent at the more positive potential during
pulses); t,: cathodic potential (time spent at the more negative potential
during pulses).

In case of the potentiostatic measurements ¢, = 0 and t, = 1. During
the pulsed CO,RR, I;,;, was read at the end of a cathodic pulse.

The Faradaic efficiencies of the liquid products were detected at the end
of the electrolysis, i.e., after accumulation throughout the measurement
time.

cixVyxFxn;

FEyjiq (%) = - 100% (3)

total

V,: volume of the electrolyte, Q;,;,: total charge passed throughout the
electrolysis.

During p-CO,RR Q.5 Was determined by integrating the It curves
over the total reaction time during the cathodic pulses. The cathodic cur-
rent was estimated to be the current at the end of each cathodic pulse.

Qtotal,p = Z Ic,i * tc,i (4)
i

As the capacitive charge at the beginning of an anodic and cathodic
pulse closely balances each other, the mathematical integration of the
whole current profile (Qoral = Qcathodic—Qanodic) 1S €quivalent to the re-
duction current used for the CO, conversion. Even though the anodic cur-
rent does not decay to zero during the anodic pulse, this unbalanced an-
odic charge (related to the oxidation of the catalyst itself or eventually re-
action products or intermediates) is negligible compared to the cathodic
charge. Thus, this imposes only minor uncertainty in calculating the ca-
thodic charge, therefore, in the Faradaic efficiency of liquid products.

Electron Microscopy (EM): Images were acquired using a probe-
corrected JEM-ARM 200F (JEOL, Japan) scanning transmission electron
microscope (STEM) equipped with a cold field emission gun (CFEG) oper-
ated at 200 kV. The high-angle annular darkfield (HAADF), annular bright-
field (ABF), and brightfield (BF) detector signals were collected from an
electron probe with a 14.2 mrad convergence semi-angle and a 90-370,
12-40, 18 mrad collection semi-angle, respectively. The beam current was
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kept at 11 pA, and its resulting electron dose was scaled by the pixel size.
Image acquisition and manipulation were performed with DigitalMicro-
graph software v2.4 (Gatan, USA).

Energy-dispersive X-ray Spectroscopy (EDS) spectra and elemental
mapping were acquired using a Talos F200X (ThermoFisher Scientific,
USA) STEM operated at 200 kV and equipped with four silicon drift de-
tectors (SDDs). The 72 pA electron beam with a 10.5 mrad probe conver-
gence semi-angle was scanned across the region of interest under a con-
tinuous frame acquisition mode. The EDS quantification was performed
using Velox software v1.4.2 (ThermoFisher Scientific, USA). To reduce the
background signal of the carbon framework, the net (baseline intensity
counts removed) elemental maps are displayed to highlight the presence
of the doping heavy metals.

X-Ray Photoelectron Spectroscopy (XPS):  XPS spectra were acquired on
a SPECS spectrometer with an Al Ka source (300 W, 12.52 kV). Survey spec-
tra were acquired with 100 eV pass energy, 0.1 s dwell time, 0.75 eV step
size, and 2 scans. The N1s and the metal 2p regions were recorded with 30
eV pass energy, 0.3 s dwell time, 0.15 eV step size using 20 and 60 scans,
respectively. Data analysis and fitting were performed in the CasaXPS
Software. High-resolution spectra were fitted with a 70% Gaussian-30%
Lorentzian line shape, and a Shirley background was applied. The binding
energy scale was adjusted by assigning the signal of graphitic carbon to
285 eV. The FWHM for the N peaks was fixed between 1.5 and 1.6, and the
spectra were fitted based on previously established protocols for similar
materials.

X-Ray Absorption Spectroscopy (XAS): Operando XAS measurements
in QXAFS mode were performed at P64 beamlinel®%61] at PETRA 111 syn-
chrotron (Hamburg, Germany), and at ROCK beamlinel®2] at SAMBA syn-
chrotron (Paris, France). XAS measurements were performed in fluores-
cence mode at Cu K-edge (8979 eV).

At both beamlines, a channel-cut Si(111) quick-scanning monochroma-
tor oscillating with a 1 Hz frequency was used for energy selection. Each 6
collected spectra were further averaged, limiting the time resolution of the
experiment to 6 s per spectrum. An ionization chamber filled with nitro-
gen was used to measure the intensity of incoming X-rays. Fluorescence
signal intensity was measured using a PIPS detector.

Data alignment at the ROCK beamline was done by aligning the glitches
in the experimental data with those in the spectrum for a reference Cu foil.
At the P64 beamline, the alignment was done by collecting the spectrum
of the Cu foil at the beginning of each QXAFS scan, before the sample
was moved into the beam. Data extraction and first averaging were done
using dedicated beamline-specific software. Further processing of QXAFS
datasets was done using a series of in-house built Wolfram Mathematica
scripts. For EXAFS data fitting, the same approach was used as discussed
in the recent work,3°! but with a reduced k-range used for EXAFS fitting
(between 3.0 and 8.0 A=) due to the lower signal-to-noise ratio in our
QXAFS data.

For the operando experiments, the samples were spray-coated on a car-
bon electrode and mounted in the in-house-built single-compartment elec-
trochemical cell.[®3] The working carbon electrode acted simultaneously as
a window for the incoming X-ray photons and emitted X-ray fluorescence.
A Pt mesh was used as a counter electrode. As a reference electrode, a
leak-free Ag/AgCl electrode was used. CO,-saturated 0.1 M KHCO; solu-
tion was used as an electrolyte. CO, was continuously bubbled through the
electrolyte during the experiment. Furthermore, a peristaltic pump main-
tained a continuous electrolyte flow. A BioLogic potentiostat was used to
control the applied potential.

X-Ray Emission Spectroscopy (vtc-XES) and High-Resolution Fluores-
cence Detected XANES (HERFD-XANES): Operando valence-to-core X-
ray emission spectroscopy (vtc-XES) of Cu K#“” and KB, 5 lines, and Cu Kf
high-energy resolution fluorescence detected X-ray absorption near edge
structure (HERFD-XANES) measurements were performed at ID26 beam-
line at ESRF synchrotron (Grenoble, France).!54! The storage ring operated
in 7/8 multi-bunch mode with an electron current of 200 mA. The incident
radiation was generated by three undulators and monochromatized using
a pair of cryogenically cooled Si(117) crystals. The energy calibration of
the incident beam was performed with a metallic Cu foil reference, set-
ting the first inflection point of the Cu K-edge at 8979 eV. HERFD-XANES
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spectra were acquired in continuous scan mode, by varying the incident
energy from 8970 to 9070 eV across the Cu K-edge, with an energy step
of 0.1 eV and an acquisition time of ~40 s per spectrum. Only photons
corresponding to the maximum intensity of the Cu Kg,,; emission line
(~8906 eV) were detected. This energy selection was achieved using the
(800) reflection of a Ge (100) analyser crystal configured in a vertical Row-
land geometry.[®] The crystal was spherically bent according to the Johann
geometry to focus the fluorescence radiation onto an APD detector (200
um thickness, 10 x 10 mm? active area). To mitigate the potential beam-
induced damage, the beam position on the sample was shifted after each
scan.I%] For each step in the experimental protocol, ~30 spectra were ac-
quired and merged. Normalization of HERFD-XANES data was carried out
using the ATHENA code.l7]

For vtc-XES measurements, the energy of incident X-rays was fixed at
9200 eV. The X-ray emission scans were performed using the same ana-
lyzer crystal as for the HERFD-XANES, acquiring the signal between 8915
and 9000 eV. Each XES spectrum was acquired for ~30 min, and three
spectra per condition were collected and subsequently merged during the
post-processing. For the vtc-XES spectra, the background subtraction was
carried out by fitting the high-energy tail of the Kf,,5 line with a Voigt pro-
file and subtracting it. The resulting background-free vtc-XES profiles were
then normalized by their area.

Operando vtc-XAES and HERFD-XANES measurements were per-
formed using the same electrochemical cell as used for QXAFS measure-
ments, positioned at a 45° angle with respect to the incident X-ray beam.
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