RESEARCH ARTICLE

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Reversible Structural Evolution of Metal-Nitrogen-Doped
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Operando X-ray Absorption Spectroscopy Study
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Electrochemical CO, reduction (CO,RR) is a rising technology, aiming to
reduce the energy sector dependence on fossil fuels and to produce
carbon-neutral raw materials. Metal-nitrogen-doped carbons (M-N-C) are
emerging, cost-effective catalysts for this reaction; however, their long-term
stability is a major issue. To overcome this, understanding their structural
evolution is crucial, requiring systematic in-depth operando studies. Here a
series of M-N-C catalysts (M = Fe, Sn, Cu, Co, Ni, Zn) is investigated using
operando X-ray absorption spectroscopy. It is found that the Fe-N-C and
Sn-N-C are prone to oxide clusters formation even before CO,RR. In contrast,
the respective metal cations are singly dispersed in the as-prepared Cu-N-C,
Co-N-C, Ni-N-C, and (Zn)-N-C. During CO,RR, metallic clusters/nanoparticles
reversibly formed in all catalysts, except for the Ni-N-C. This phenomenon,
previously observed only in Cu-N-C, thus is ubiquitous in M-N-C catalysts.
The competition between M-O and M-N interactions is an important factor
determining the mobility of metal species in M-N-C. Specifically, the strong
interaction between the Ni centers and the N-functional groups of the carbon
support results in higher stability of the Ni single-sites, leading to the
excellent performance of Ni-N-C in the CO, to CO conversion, in comparison

bonds and mitigate the atmospheric CO,
at the same time.['?] The viability of this
process depends on the development of ef-
ficient and low-cost catalyst materials,®] as
well as electrolyzer designs that operate
at high current densities.*] From the per-
spective of the catalysts, metal-based ma-
terials are by far the most studied CO,RR
systems.3>77] Industrially-relevant current
densities together with high selectivity have
been recently reached for CO, conver-
sion to CO and ethylene on silver- and
copper-based catalysts, respectively.51 To
reduce the use of (precious) metal re-
sources and to achieve maximum atom
utilization, however, single atom catalysts
(SACs) are an emerging new direction
in catalysis science.®”!!] Metal-nitrogen-
doped carbons (M-N-C) are a popular
class of this family, first employed in the
oxygen-reduction reaction,['>* but now

to other transition metals.

1. Introduction

Electrochemical CO, reduction (CO,RR) is a promising way to
store the intermittent renewable energy in the form of chemical

D. Hursén, ). Timoshenko, E. Ortega, H. S. Jeon, M. Riischer, A. Herzog,
C. Rettenmaier, S. W. Chee, A. Martini, D. Koshy, B. Rold4n Cuenya
Department of Interface Science

Fritz-Haber Institute of the Max Planck Society

Faradayweg 4-6, 14195 Berlin, Germany

E-mail: janis@fhi-berlin.mpg.de; roldan @thi-berlin.mpg.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202307809
© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202307809

Adv. Mater. 2024, 36, 2307809 2307809 (1 of 18)

widely used in several other electrochem-
ical reactions t00.31%V] In these mate-
rials the metal centers are usually coor-
dinated with the N, O, or C atoms of
the support, leading to atomic dispersion of the metal with
low-coordination and unique electronic structure. The metal-
site coordination bears similarity to molecular complexes, how-
ever, they cannot be simply treated as “heterogenized” molecular
catalysts.I'] On the contrary, they exhibit fundamentally distinct
activity and selectivity from both molecular complexes and metal-
lic (bulk or nanoparticulate) catalysts.

Depending on the nature of the metal-site and their coordi-
nation environment, M-N-C materials were demonstrated to
be promising catalysts for the CO,RR in recent years.!'*17-19]
Ni-N-C and Fe-N-C are by far the most studied members of
this family, showing high selectivity (>80% Faradaic efficiency,
FE) toward CO.[2°2*] While Fe-N-C demonstrates lower onset
potential for CO formation, Ni-N-C allows higher current density
and better selectivity at larger overpotentials.[**125] Accordingly,
Ni-N-C performs better when testing under high-current density
(How-cell) conditions.[2*2223] On the other hand, for the Fe-N-C
an intriguing ability to produce modest amounts of C, products
beyond CO was reported.?®] Nonetheless, Ni-N-C is a unique
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catalyst for CO,RR, being able to largely suppress the parasitic
HER, allowing for close to 100% FE for CO. This is attributed
to the weak binding of H* to the active sites.?’] Since the first
report on Ni-N-C for CO,RR,[8] a large number of studies aimed
at identifying the structure of the active center. Most works
pointed out the crucial role of Ni-N, motifs, 293031 however, their
evolution under CO,RR conditions is not yet clearly understood,
due to the limited number of operando studies available.
Whereas there is a relatively good agreement in the litera-
ture for Ni-N-C and Fe-N-C materials in terms of catalytic per-
formance, the reports on other metal centers, such as Co and
Cu are rather diverse. On Co-N-C the main CO,RR product is
also CO, but its FE varies in a wide range (from ~20% to 95%)
between different studies.!'*#13233] This can be attributed to dif-
ferent coordination environments around the metal center, 3233
the presence of metallic particles in addition to single atoms('*l
and variations in the carbon structure and morphology.**! Note
that the N-dopants are also active sites for CO formation,3’!
which complicates the establishment of structure—performance
correlations. The discrepancy is even more noticeable in the
case of Cu-N-C. Several studies reported that the parasitic hydro-
gen evolution reaction (HER) dominated over CO,RR for these
catalysts.1*173637] Nonetheless, more recently high selectivities
for CO,183%1 CH,,[*) CH,OH! or even for C,, products!“>**]
were reported. The formation of C,, products on singly dispersed
metal sites is rather surprising as it was demonstrated before that
reducing the size of Cu nanoparticles down to 2 nm suppressed
the ethylene Faradaic efficiency to zero.[**] Through operando X-
ray absorption spectroscopy (XAS) measurements, an intriguing
phenomena was observed.[*3#4647] The Cu single sites present
in the as prepared state of the Cu-N-C catalysts transformed into
small clusters under CO,RR conditions. Surprisingly, the clus-
ters seemingly redispersed to single atoms, when they were ex-
posed to air or an oxidizing potential after the reaction. This phe-
nomena was first demonstrated on a catalyst with Cu-N, sites,
producing ethanol with an impressive 40% Faradaic efficiency.l*’]
In another work, the initial CuN, Cl, sites transformed into Cu
clusters with sizes around 1 nm and the FE for hydrocarbons
(C,H, + CH,) reached as high as 81.3%./**] An activation behav-
ior was also observed in the latter work, i.e., the FE for CO,RR
products gradually increased, while that of HER decreased in
time. The activation time was dependent on the metal-content,
namely, catalysts with higher Cu content needed shorter time
to reach a stable FE, possibly suggesting that Cu clusters grow
in time. The Cu cluster formation during CO,RR was also ob-
served on molecular Cu complexes. Interestingly, the reversibility
of the process depended on the type of ligand employed.[*®! In-
spired by the aforementioned works, catalysts intentionally con-
taining Cu-clusters or small nanoparticles in a doped carbon ma-
trix were also tested in the CO,RR*] and the CO reduction re-
action (CORR)1¥”] showing high ethylene and ethanol selectivity.
Nevertheless, the precatalyst (Cu cluster versus single atoms) had
a determining role on the product selectivity.*}] These findings
suggest that the real active sites for hydrocarbon and C,, prod-
uct formation on singly dispersed Cu-N-C catalysts are the metal-
lic clusters formed during operation rather than the single metal
sites.l*] This also highlights the importance of operando studies
for investigations of M-N-C catalysts,[*"] because relying exclu-
sively on ex situ measurements may lead to false conclusions
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about the actual active sites, as was done in prior works when
M-N-C samples were compared before and after reaction exclu-
sively based on ex situ spectroscopy data.

To the best of our knowledge, the reversible cluster formation
on single-atomic M-N-C materials has only been studied on Cu-
centers so far. Furthermore, only a few operando investigations
have targeted the systematic comparison of the behavior of differ-
ent M-N-Cs under reaction conditions.[**% In two recent works,
a family of M-N-C catalysts containing Mn-, Fe-, Co-, Ni- and Cu-
sites,3% as well as a set of small oxide clusters (Mn, Fe, Co, Ni and
Cu) supported on N-doped carbon*®] were studied in CO,RR and
avolcano-like trend was identified between the activity toward CO
formation and the atomic number of the transition metal. For
M-N-C catalysts, the shifts observed in the X-ray absorption edge
were interpreted as evidences of reversible lowering of the oxi-
dation state of the metal sites.3®] For oxide clusters on N-doped
carbon, the same authors interpreted the obtained operando ex-
tended X-ray absorption fine structure (EXAFS) data as an evi-
dence of the presence of (hydr-)oxide clusters that show surpris-
ing resistance toward reduction under CO,RR conditions.!*"!

Our recent work, focusing on the mechanistic understand-
ing of a single atomic Ni-N-C catalyst during CO,RR, calls for
caution when deciphering X-ray absorption near-edge structure
(XANES) and EXAFS data from these catalysts.3!l The local struc-
ture around the metal site of M-N-C catalysts can be very com-
plex, involving M-N, M-O, M-C, M-M bonds, interactions with
adsorbates, and coexisting metal species with different environ-
ment and in different oxidation states, and thus, resulting in com-
plex, broad distribution of different bond lengths and significant
changes in the shapes of the XANES features. Furthermore, the
presence of unique structural motifs in M-N-C catalysts, without
analogues among bulk-like standard materials, poses a signifi-
cant challenge for XAS data interpretation and often confuses the
XANES and EXAFS data analysis, especially if it is not based on
spectra modeling and if the XANES and EXAFS parts of XAS
spectra are not considered together. For example, a key observa-
tion from our prior work®!l is that even minor changes in the
local environment around the metal site (including the interac-
tion between the metal and CO adsorbates) can result in dramatic
changes in the XANES spectra, which can be misinterpreted as
an evidence of the formation of a new species. As a result, con-
sidering that operando XAS is one of the few techniques that is
able to provide insight into the working state of M-N-C catalysts
under realistic electrochemical conditions, more in depth stud-
ies are needed for this promising class of catalysts to understand
which species contribute to the catalytic functionality. Even for
a well studied system such as Fe-N-C, the debate continues re-
garding the active state of the catalyst, with different authors sug-
gesting Fe(I11),2% Fe(I1)1** and even Fe(1) species!>!] as the active
sites for CO,RR. Moreover, appearance of Fe(0) species was also
reported in an Ar-saturated electrolyte.[52! For other M-N-C ma-
terials the understanding of their working state is even further
from being complete, since the number of existing reports on
their operando transformations is limited. One study on Co-N-C
reports the lack of any changes in the environment of singly dis-
persed Co sites,*%] whereas another work shows subtle changes
in the Co K-edge XANES that led the authors to the somewhat
surprising suggestion that Co valence might increase under re-
ducing CO,RR conditions.*3! For Sn-N-C, one recent operando
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XAS and Méssbauer spectroscopy study suggested!>] that the mi-
nor spectroscopic changes observed can be attributed to the inter-
actions between singly dispersed Sn and O and CO, adsorbates.
Furthermore, one popular approach for the synthesis of M-N-C
catalysts relies on pyrolysis of Zn-containing metalorganic frame-
work precursor.*#l As a result, many of the M-N-C catalysts have
a significant contribution of Zn species, which also needs to be
considered when interpreting structure-properties relationships
in these catalysts.[”:3]

Motivated by the aforementioned findings and the lack of con-
sensus in the literature about the working state of the M-N-C cata-
lysts, we carried out here a detailed and systematic operando com-
parison of different M-N-C catalysts during CO,RR and applied
advanced data analysis methods to gain insight into the dynamic
evolution of these materials under different chemical environ-
ments and under potential control. To this end, we synthesized a
set of M-N-C catalysts differing in the nature of the metal center
(Fe, Co, Cu, Sn, and Ni) and performed operando X-ray absorp-
tion (XAS) measurements during CO,RR. Measurements for
the bare (Zn)-N-C catalyst, containing residual Zn species, but
without additional metal were also performed. The comprehen-
sive analysis of the XANES and EXAFS spectra, complemented
with detailed electron microscopic imaging gave insights into
the real active sites of these materials, and allowed us to establish
a link between the nature of the metal center and the observed
catalytic functionality. A particular attention in this study was
devoted to the phenomenon of reversible cluster formation from
single metal site pre-catalysts. We found that this process is
not unique for Cu-N-C catalysts, but, to lesser extent, can be
observed in other M-N-Cs, most notably, for Co and Zn sites.
On the other hand, for Ni-N-C our detailed XANES and EXAFS
analysis confirms the lack of metallic clusters. The exceptional
stability of Ni-N-C catalysts correlates with its excellent CO,RR
activity and CO selectivity, which we attribute to the strong inter-
action between Ni species and N-functional groups in the carbon
support.

2. Results and Discussions

2.1. Ex Situ Morphological and Chemical Characterization

We synthesized the M-N-C catalysts by an impregnation-
calcination method, starting from a zeolitic imidazolate frame-
work (ZIF-8) precursorl® as shown in Scheme 1 and described
in details in the Experimental Section. First, we characterized
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the catalysts by powder X-ray diffraction (XRD) (Figure S1, Sup-
porting Information). The obtained diffractograms are typical for
an amorphous carbon containing graphitic domains. The two
broad peaks at around 25.5° and 43.4° are related to the (002) and
(101) planes of graphite. We could not observe any reflections re-
lated to crystalline phases. Since small (<3 nm) highly disordered
nanoparticles — especially when present in low concentration —
might not give an XRD signal, the presence of such particles can-
not be fully ruled out by XRD. Therefore, we carefully analyzed
the as-prepared M-N-C samples by electron microscopy.

Figure 1 and Figures S2-S4 (Supporting Information) present
a set of scanning transmission electron microscopy (STEM) im-
ages for each of the investigated catalysts. The low magnification
STEM images show that the (Zn)-N-C support preserved the typ-
ical rhombic dodecahedron morphology of ZIF-8,%5 with a pro-
jected particle diameter of 55 + 8 nm (Figure 1 and Figure S3,
Supporting Information). The distinctive hexagonal edges of the
(Zn)-N-C structure (Figure S3, Supporting Information) appear
rounded in the case of Cu-N-C and Sn-N-C (Figure 1A) presum-
ably due to the extra acid washing performed. In contrast, no reg-
ular shape or arrangement could be distinguished in the case of
Fe-N-C. Furthermore, in this pristine sample we observed iron
oxide nanoparticles with a wide size distribution, i.e., from 1 nm
clusters to 20 nm aggregates (average: 8 nm, Figure S4, Support-
ing Information), despite the multiple acid-washing steps. The
structures of this type were not present in any of the other sam-
ples. It was reported in the literature that it is challenging to ob-
tain single-atomic Fe-N-C catalysts by such a wet-impregnation
method.l*®) This finding is supported by our present work too,
as for the other metals the synthesis resulted in materials with-
out visible metallic or oxide particles. To emphasize that this one
sample differs significantly from the other catalysts, we here-
inafter denote this sample as Fe-N-C,.

From the high-resolution STEM (HR-STEM) images in
Figure 1A (bottom row) it is possible to distinguish not only
the amorphous carbon structure of the materials but also the
presence of metallic single atoms in the carbon matrix. These
single atoms are most apparent in the case of Sn-N-C, as tin has
the highest atomic number among the studied metals, thus the
contrast between Sn and C is the highest. In the case of Fe-N-
Cyst> Single-atoms are also present (either Fe or Zn) in addition
to the observed iron oxide nanoparticles. Energy-dispersive X-ray
spectroscopy (EDS) mapping (Figure S5, Supporting Informa-
tion) revealed the homogenous distribution of C, N, and Zn, as
well as of the respective metal atoms in each catalyst, further
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Figure 1. High angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of the metal-nitrogen-doped carbon (M-N-
C) catalysts in the as prepared state a) and after performing CO,RR at —1.15 V for 80 min b). Low magnification (top) images show the morphological
features of the M-N-C nanostructures and the presence of nanoparticles/aggregates (marked with red arrows). High resolution HR-STEM images (bot-
tom) illustrate the disordered structure of the carbon framework and highlight the single atom doping of the added metals (yellow circles) as well as

presence of small clusters and nanoparticles.

confirming that no agglomeration of the metal sites happened
during synthesis (except for Fe-N-C,,).

We also employed TEM after performing CO,RR on the M-N-
C electrodes to reveal how the morphology of the catalysts and the
dispersion of metal sites changed after the reaction (Figure 1B).
Ni-N-C and Cu-N-C remained mostly unchanged after CO,RR
at —1.15 V. We could not observe nanoparticle formation for
these catalysts, while the single metal sites were still present
in the carbon matrix. We emphasize here that, in the light of
previous reports demonstrating the reversible formation of Cu
clusters in Cu-N-C catalysts,[***+4730] this observation cannot be
used to claim that no clusters were present during CO,RR. For
Co-N-C we observed the formation of some needle-like parti-
cles after CO,RR (Figure S6, Supporting Information). EDS el-
emental mapping revealed, however, that these were Zn-rich ag-
glomerates, while Co remained dispersed in the material. The
atomically-resolved STEM images (Figure 1B bottom row) con-
firmed the presence of single atomic metal sites after reaction too.
In the case of Sn-N-C, small nanoparticles (< 5 nm average parti-
cle size) were commonly present in the carbon matrix after reac-
tion (see also Figure S7 in the Supporting Information) besides
the singly dispersed metals. The formation of Sn/SnO, nanopar-
ticles was already observed at —0.55 V (Figure S8, Supporting In-
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formation), with slightly larger average particle size compared to
the case when the electrolysis was performed at —1.15 V (4.9 vs
2.8 nm, Figure S10, Supporting Information).

Finally, the structure of the Fe-N-C,,, after reaction looked
alike to the as prepared catalyst, with the crystalline nanoparti-
cles still present in the material. The size distribution of the
nanoparticles after reaction was very similar to the as prepared
state, the average particle size increased only by ~0.6 nm after
CO,RR (Figure S10, Supporting Information). For the bare (Zn)-
N-C the images after reaction (Figure S9, Supporting Informa-
tion) showed the presence of some ZnO nanoparticles.

We studied the surface chemical composition and speciation
of the catalysts by X-ray photoelectron spectroscopy (XPS). Dur-
ing the survey scans (Figure S11, Supporting Information) the
presence of C, N, O, Zn and the main metal atoms (Fe, Sn, Cu,
Ni, Co) was detected, confirming the nitrogen- and metal dop-
ing of the carbon structure. The relative amounts of C, N and
O atoms were similar in each catalyst, corresponding to 87.3—
91% C, 4.4-5.8% N, and 4-7.8% O (Table S1, Supporting Infor-
mation). The metal contents (including Zn for all samples) were
below 0.5 at % in each case. We also determined the bulk metal-
contents by ICP-MS (Table S2, Supporting Information), which
showed good agreement with the XPS results. Only in the case
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Figure 2. High resolution X-ray photoelectron spectra of Co-N-C A,C) and Fe-N-C.,; B,D). The N 1s A,B) and the respective metal 2p C,D) regions
are presented. For the metal regions the main XPS lines of reference compounds taken from the literature are also shown.[7>%] Spectra for the other

catalysts are shown in Figures S12 and S13 (Supporting Information).

of Fe-N-C,,, we observed significantly lower Zn-concentration
based on the XPS measurement. This is probably because the
multiple acid-washing (employed to try to remove the crystalline
the Fe species) also removed Zn-species from the surface, how-
ever, they remained intact in the bulk of the material.

The high resolution N 1s and respective metal regions
(Figure 2; Figures S12 and S13, Supporting Information) were
also recorded. In accordance with previous reports on simi-
lar materials, we fitted the N 1s spectra with the following
components:1*>% pyridinic N at 398.2 eV, metal coordinated
N / amine N at 399.3 eV, N-H at 400.7 eV, quaternary N at
402.0 eV, graphitic N at 403.3 eV and finally oxidized N between
405 and 408 eV. For the more detailed assignment of the peaks,
see the discussion below Figure S12 in the Supporting Informa-
tion. Overall, we found similar N-speciation for all studied cata-
lysts (Table S3, Supporting Information), being pyridinic N the
main component, followed by the -NH and the M-N_ / amine
species. We note that Cu-N-C and Fe-N-C,,, were richer in metal-
coordinated N-moieties, as compared to the other catalysts, which
may indicate stronger interaction between the metals and the N-
sites of the carbon. Furthermore, the Cu-N-C, Sn-N-C, and Fe-N-
Ceyyst Samples contained around 1.5 to 2-times higher amounts of
-NO,, than Ni-N-C, Co-N-C, and (Zn)-N-C (plain support). The
reason for this is the presence of residual NO;~ ions on the sur-
face resulting from the additional acid-treatment employed for
these samples.

Adv. Mater. 2024, 36, 2307809 2307809 (5 of 18)

The analysis of the respective metal XPS regions (Figure 2
and Figure S13, Supporting Information) unveiled information
about the oxidation state of the metal centers. Because of the low
metal loading (hence weak signal intensity), accurate deconvo-
lution employing the typical multiplet fitting features of metal-
oxides and hydroxides could not be performed. Instead, we fo-
cused on the position of the main peak and the presence/absence
of satellite features.['* The analysis of the metal regions revealed
that the metal sites are mainly in an oxidized state, as expected
for SACs. In the case of Co-N-C the main peak is located at
780.3eV, with a significant satellite structure (42% of the main
line), resembling the spectra of CoO or Co(OH), (+2 oxidation
state).l’”] Note that the main peak of Co-porphyrine is also located
at 780.3 eV, however, with a much weaker satellite structure.!®!
The spectrum of Cu-N-C shows that the oxidation state of copper
is mainly +2 (main peak at 934.6 eV), though there is a minor
contribution from Cu® or Cu* species.l®! In the case of Ni-N-C
the main peak is centered at 855.3 eV, which is in accordance with
either a Ni(OH), or a Ni-porphyrine-like structure.”># The tin
in Sn-N-C is in a cationic form too (main peak at 486.6 eV), how-
ever, we cannot tell unambiguously, whether it is Sn?*or Sn**, as
the binding energies of these two species are very close to each
other (reported values lie between 486.0 and 487.0 eV for SnO,
and between 486.6 and 487.3 e V for Sn0,).1%%7] Finally, there is
a broad peak at 710.7 eV in the case of Fe-N-C,, with a weak
satellite feature at 719.2 eV, which is typical of Fe,0,.57]
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Figure 3. Potential-dependent CO,RR selectivity of M-N-C electrodes. Measurements were performed in an H-type cell using a CO,-saturated 0.1 m
KHCOj electrolyte. The data represent the selectivity in the 80th minute of the electrolysis. Error bars give the standard deviation of the data measured
on at least two individual samples. Figure 3A was reproduced under terms of the CC-BY license.l3'l Copyright 2023, The Authors, published by ACS.

2.2. CO, Reduction Performance

The CO, reduction performance of the catalysts was studied in an
H-cell configuration in a CO,-saturated 0.1 M KHCO, solution.
First, linear sweep voltammograms were recorded for a quick
comparison of onset potentials and current densities (Figure S16,
Supporting Information). The least negative onset potential was
observed for Fe-N-C,,; and Co-N-C, followed by Ni-N-C, Cu-N-
C, Sn-N-C and finally the bare (Zn)-N-C. The current densities
followed the same trend in the studied potential window. As a
next step, we studied the selectivity of the CO,RR by analyzing
the products in the gas- and liquid phase at different potentials
between —0.55 Vg, and —1.15 Vyyy; (Figure 3). We note that the
slight deviation of the sum of the faradaic efficiency (FE) values
from 100% results from the limitations of our analytical tech-
nique and electrolysis setup, which is discussed in the experi-
mental section. CO and H, were the main products in the gas-
phase for all catalysts, while formate was detected in the largest
amount in the liquid-phase. In the liquid-phase trace amounts
of methanol and ethanol were also formed on certain catalysts
(Table S4, Supporting Information). Interestingly, not only Cu-
N-C produced these liquid products, but Co-N-C and Fe-N-C also
showed minor activity toward them. Methanol and methane for-
mation on Fe-N-C was reported previously, and based on DFT cal-
culation was attributed to the relatively strong binding of CO* to
the Fe-N,-C sites.!!*>2] Because of the isolated active site structure
of these catalysts (i.e., difficulty of H* and CO* coadsorption),
however, the reaction rate toward these products is limited. Ni-
N-Cand Fe-N-C,, showed the highest CO-selectivity (FEq, x>
90%), in accordance with previous literature reports.[1*3¢] At the
lowest overpotential (—0.55 Vyyg), the FEq, of Fe-N-C ex-
ceeded that of Ni-N-C, however, starting from —0.95 Vg, the
HER on Fe-N-C,, greatly increased. In contrast, Ni-N-C reached
its maximum FE., at more negative potentials (< —0.75 V).

Adv. Mater. 2024, 36, 2307809 2307809 (6 of 18)

The drastic decrease of FE., and the concomitant increase in
HER rate on Fe-N-C,,; below —0.95 Vyyy; (Figure 4D) can be at-
tributed to the strong CO*-binding of single atomic Fe sites at
large overpotentials impeding desorption of CO,[*! as well as to
the presence of crystalline Fe phases starting to catalyze HER at
these potentials.[®®! As reported in a previous study, while a Fe-
N-C catalyst containing single-atomic Fe-sites in the as prepared
state produced CO with high selectivity, iron / iron-oxide parti-
cles in an N-doped carbon matrix formed mainly H, However,
no operando data were reported to show how the Fe sites change
during reaction.[®! Thus, although the identity of the active sites
of Fe-N-C materials in CO,RR is still not clear, the interaction be-
tween the Fe species and the N-sites of the carbon®*®! as well as
the size of any possible residual crystalline Fe clusters / nanopar-
ticles seem to play a role. In the case of Co-N-C, FE., fluctu-
ated around 50% between —0.55 and —0.95 V. (with the rest
being H,), while at the most negative potential the FE for CO
dropped to around 30%. For Sn-N-C, the overall selectivity for
CO,RR products increased with increasing overpotential. While
CO was the main CO,RR product at less negative potentials (at
—0.55 Vgyp, 38% CO), formate started to dominate below —0.95
Viue, reaching 48% at —1.15 V. Cu-N-C was the least selective
for CO,RR products among the investigated catalysts, as more
than 80% of the current was used for H, formation at all studied
potentials. Finally, the (Zn)-N-C reference also showed activity in
CO,RR, yielding CO and formate. Its FE., reached 50% at -1.15
Ve, and formate was formed in non-negligible amounts (16%
FE) too. The CO,RR activity of (Zn)-N-C originates from both
the N-species and the Zn-sites.”®’!] For this catalyst, however,
the current density (Figure 4A) was greatly reduced compared to
the metal-containing electrodes (3.5-times lower than for Cu-N-C
and 7-times lower than for Co-N-C at —1.15 Vyy¢).

The higher overall current densities for the M-N-C catalysts
clearly demonstrate that the incorporated metal sites give extra
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Figure 4. Total A) and partial B-D) current densities for CO and HCOO™ and H, on the investigated catalysts normalized by the geometric surface area
of the electrodes Data were measured in the 80th minute of the potentiostatic electrolysis in a CO,-saturated 0.1 M KHCO; solution. Error bars give the
standard deviation of the measurements repeated at least on two individual samples. Lines serve only as a guide for the eye.

catalytic activity to the (Zn)-N-doped carbon matrix. This was also
true when we normalized the currents by the roughness factors
(Figure S17, Supporting Information), proving that the observed
catalytic differences arise from the distinct intrinsic activity of the
metal (cation) sites, rather than the slightly varying electrochem-
ical surface areas (Figure S15, Supporting Information). There-
fore, the activity of the (Zn)-N-C can be regarded as a baseline and
the activity difference between the respective M-N-C catalysts and
(Zn)-N-C is attributed to the given metal cation site.

We also plotted the partial current densities for CO, H,, and
formate to compare the product formation rates on the differ-
ent catalysts (Figure 4 and Figure S17, Supporting Information).
From the roughness factor-normalized currents, it became clear
that the Co sites are the most active both in H, and CO produc-
tion. The CO-formation rate on Ni-N-C was very close to that of
Co-N-C, however, Ni-N-C showed almost negligible HER (below
that for (Zn-)-N-C), confirming the excellent CO, to CO conver-
sion performance of the single atomic Ni. Fe-N-C,, showed rela-
tively high CO production rate too (especially below —0.75 Vi y¢),
significantly exceeding that of Sn-N-C and Cu-N-C. This trend is
in a good agreement with a previous study reporting a volcano-
trend between the CO formation activity and the atomic number
of the transition metal.l*! In terms of formate production, only
the Sn-sites showed significant activity, which was more than ten
times higher (at —1.15 Vy,y;) than that of the bare (Zn)-N-C. Over-
all, the selectivity trends for the studied M-N-C catalysts agreed
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well with previous literature reports on similar materials. This
offered us a platform for a systematic operando XAS study to in-
vestigate the evolution of the active sites during CO,RR.

2.3. Operando XAS Investigation

The evolution of the Fe, Co, Ni, Cu, Sn and Zn K-edge XANES
spectra for Fe-N-C, Co-N-C, Ni-N-C, Cu-N-C, Sn-N-C, and (Zn)-
N-C catalysts under CO,RR conditions is shown in Figure 5
and Figure S18 (Supporting Information). Corresponding EX-
AFS spectra for the as prepared catalysts and catalysts in their final
state under CO,RR conditions at —1.15Vy are shown in Figure
6. EXAFS data collected at less negative potentials, as well as after
the experiment and exposure to air are shown in Figure S19 (Sup-
porting Information). Corresponding Fourier-transformed (FT)
EXAFS spectra are shown in Figures S20-S22 (Supporting Infor-
mation). These plots of XAS data in energy-space, k-space and R-
space highlight different aspects of the analyzed spectra, and help
us to identify better the main structural motifs. Furthermore, in
Figure 7 and Figure S23 (Supporting Information) we show the
results of short time Fourier transformation (STFT) of the EX-
AFS spectra. STFT is a signal processing technique that is simi-
lar to wavelet transform!”>73 (WT, commonly used for the inter-
pretation of EXAFS spectra of single atom catalysts). Both STFT
and WT allow one to represent the EXAFS spectrum in k- and

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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b) Co in Co-N-C, ¢) Niin Ni-N-C, d) Cu in Cu-N-C, ) Zn in (Zn)-N-C, f) Sn in Sn-N-C, and their evolution

during 1h of CO,RR at —1.15 Vgye. Spectra for the same samples after reaction and exposure to air are also shown, as well as reference spectra for the

respective metal foils and oxides.
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for clarity.
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R-spaces simultaneously, by showing where in k-space the spec-
tral components with different R-values are localized. The math-
ematical details and the comparison of STFT and WT methods
in given in Note S2 (Supporting Information).

Although our catalysts are based on different transition met-
als, one can note certain similarity between their XANES spectra
and their evolution during and after CO,RR (Figure 5). For all the
as prepared catalysts, the position of the absorption edge matches
well that of XANES spectra for reference oxides: y-Fe, O, in the
case of the Fe-N-C,, catalyst, CoO in the case of Co-N-C, NiO
in the case of Ni-N-C, CuO in the case of Cu-N-C, ZnO in the
case of the (Zn)-N-C reference support, and SnO, in the case Sn-
N-C. XANES spectra for the as prepared samples are also char-
acterized by an intense white line feature. This suggests strong
charge transfer from the metal atom to ligands and/or hybridiza-
tion of metal d-states with p-states of ligands, resulting in intense
dipole-allowed transitions of the s-electrons from the core lev-
els to vacant d-states.*”] These observations allow us to conclude
that the oxidation state of the metals in the as prepared state of
the catalysts are as follows: +3 for Fe in Fe-N-C,, +4 for Sn
in Sn-N-C, and +2 for Cu, Ni, Co and Zn in Cu-N-C, Ni-N-C,
Co-N-C, and (Zn)-N-C, respectively, in accordance with the XPS
results. Under CO,RR conditions, the intensity of the white line
is strongly suppressed in all catalysts, suggesting strong changes
in the local environment of the metal sites. Remarkably, in all
cases these changes are reversible: after the reacted samples are
exposed to air, the intensity of the white line and other XANES
features becomes very similar to those in the as prepared sam-
ples. This makes imperative to rely on operando investigations
for understanding the working state of this class of catalysts.

Adv. Mater. 2024, 36, 2307809 2307809 (9 of 18)

For the as-prepared samples, the post-edge region of XANES
spectra is relatively featureless, suggesting the high structural
disorder present in these samples. Meanwhile, the FT-EXAFS
spectra in Figure S20 (Supporting Information) are dominated
by a strong peak between ca. 1-2 A (phase uncorrected), which
we attribute to the bond between the metal M and some light
backscattering atom (O, N or C). In general, for the as-prepared
Fe-N-C ., Co-N-C, Cu-N-C, and the Sn-N-C, and also for the
Zn species in the as-prepared (Zn)-N-C there is good agreement
between the shape of the main XANES features (Figure 5),
EXAFS signal frequencies (Figure 6) and shapes, positions and
intensities of the main FT-EXAFS peak (Figure S20, Supporting
Information) with those in the respective reference oxide. This
suggests similar first coordination shell environment for the
as-prepared M-N-C catalysts and oxide references. In the case
of the as-prepared Co-N-C catalyst, it is interesting to note
that its XANES and EXAFS data match better the spectra for
wurtzite-type CoO reference (w-CoO), rather than those of a
more common rocksalt-type CoO (rs-CoO). This indicates that
the local environment around the Co site in Co-N-C is more
distorted than the octahedral environment of Co in rs-CoO. In
all these cases, the agreement between XANES and EXAFS
features for the as-prepared M-N-C catalysts and for the oxide
reference suggests the presence of M-O bonds in the first
coordination shell of metal sites in our M-N-C catalysts, rather
than (just) M-N bonds: note that while nitrogen and oxygen
have similar photoelectron scattering properties, the expected
M-O and M-N bond lengths could differ noticeably.*"! And,
indeed, the presence of axial M-O or M-OH bonds (coexisting
with in-plane M-N bonds) is in agreement with recent reports
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on the structure of Fe-N-C_,[** and Sn-N-CP>! catalysts for
CO,RR and Co-N-C catalyst for CO, photoreduction.[”* For the
as-prepared Ni-N-C, we observe the largest discrepancy between
the XAS data for the catalyst and the corresponding reference
oxide: the intensity of the XANES white line is lower than that
of the NiO reference (Figure 5c), and, more importantly, the
main FT-EXAFS peak is shifted to lower interatomic distances
than that of the bulk NiO reference (Figure S20C, Supporting
Information). For Ni-N-C, our recent work relying on ab-initio
XANES simulations, machine learning methods and EXAFS
modeling,®" has shown that the spectra for the as-prepared
Ni-N-C catalyst can be best described by an octahedral structural
motif featuring four strong and short in-plane Ni-N bonds, and
two longer axial Ni-O bonds. Thus, based on our result, the axial
M-O bonds contribute to XAS data for all our investigated M-N-C
materials.

In addition to the main FT-EXAFS peak, contributions of dis-
tant coordination shells to the EXAFS spectra of the as-prepared
catalysts are also present, but these are typically much weaker. An
important exception is the Fe-N-C,,, catalyst, where strong FT-
EXAFS peaks at ~2.5 and 3.5 A are observed, Figure S20A (Sup-
porting Information). The positions of these additional peaks
match the features in the FT-EXAFS spectrum of the y-Fe,O,
reference. This observation, supported by a nearly perfect agree-
ment of XANES (Figure 5A) and k-space EXAFS (Figure 6A) spec-
tra for the as-prepared Fe-N-C_, and for y-Fe,O; reference, al-
lows us to conclude with confidence that the majority of Fe in
the as-prepared Fe-N-C,,,, forms oxide clusters, thus confirming
the electron microscopy findings for this sample. We note that
the relative intensity of distant shell peaks in Fe-N-C is lower
than that in the bulk oxide reference, suggesting small particle
sizes and/or their strongly disordered nature, which explains why
these particles were not detected by XRD measurements. On the
other hand, the reduced amplitude of the Fe,O;-like distant co-
ordination shell contributions might also imply that the clusters
of Fe,0; coexist in our catalyst with some fraction of Fe species
that have no such medium range order, namely, singly dispersed
Fe3* sites.

Understanding the weak features between the 3.0 and 4.0
A in the FT-EXAFS spectra for the other as-prepared M-N-C
catalysts requires more careful analysis. Here, the STFT analysis
is very helpful (Figure 7; Figure S23, Supporting Information).
By showing the location of different spectral components in
k-space, STFT indicates whether certain spectral features are
attributed to light backscatters or metallic neighbors. The former
typically exhibit maxima of intensity at lower k-values (between
2 and 4 A-'), while the latter at higher k-values (between 6
and 7 A-! for the first row transition metals, and even higher
k-values for more heavy metals). For example, in the case of
the Fe-N-C, it is easy to see the similarity of STFT-EXAFS
maps for the as-prepared catalyst and the y-Fe,O, reference,
including the presence of a strong peak at R values of 3.0 A
and k-values of ~6.0 A~!, which, thus, can be assigned to the
second coordination shell Fe—Fe bond in an iron oxide structure
(Figure 7A,B). Similarly, for the Sn-N-C catalyst STFT shows
very conclusively that the two small FT-EXAFS peaks between
3.0 and 4.0 A (Figure S20F, Supporting Information), have
the same origin as those peaks in the FT-EXAFS spectrum for
SnO,. Indeed, the corresponding STFT maps for SnO, and
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the as-prepared Sn-N-C are, again, very similar (Figure S23L],
Supporting Information), and both feature a strong peak at R
values ~3.5 A and k values ~8.0 A-1, which can be assigned with
confidence to a Sn-Sn bond in the oxide structure. Thus, the
STFT-EXAFS shows that the as-prepared Sn-N-C also contain
oxide clusters, similarly as Fe-N-C_,,. The reason that we did not
see such clusters during the TEM imaging of Sn-N-C is their pos-
sible inhomogeneous distribution in the material. Interestingly,
the situation is different for the other M-N-C catalysts. Indeed,
the STFT-EXAFS maps for Co-N-C, Ni-N-C, Cu-N-C, and Zn
species in (Zn)-N-C in the as-prepared state are all remarkably
similar, and all show the presence of a STFT feature at R values
~3—4 A and at low k-values (2-3 A~!). The location of this feature
in k-space suggests that it corresponds to the bond between a
metal site and a light atom, rather than M—M bond in the second
coordination shell of oxide or hydroxide. In our previous work
on Ni-N-C,P!l using XANES simulations and EXAFS fitting
using reverse Monte Carlo approach we have demonstrated that
this feature is due to bond between the metal site and carbon
support, and, thus, is a characteristic of singly dispersed metal
species. Our current study thus expands this observation also to
Co-N-C, Cu-N-C systems, and Zn species in (Zn)-N-C catalysts.

In agreement with the observations from XANES data
under CO,RR conditions, EXAFS spectra for all catalysts
change strongly and, crucially, reversibly (Figure 6,7 and
Figures S19-S23, Supporting Information). The most obvious
changes were observed for the Cu-N-C and Fe-N-C_,, catalysts
(Figure 6A,D and Figure S20A,D, Supporting Information). The
FT-EXAFS peak corresponding to the metal-ligand bond is sup-
pressed, while new FT-EXAFS peaks develop at positions match-
ing closely the positions of FT-EXAFS peaks in metallic Cu and
Fe. We highlight here that not only we observe a new peak at
~2 A, corresponding to the first shell interatomic distance in the
metallic phase, but also the shapes, positions and intensities of
more distant peaks in the Cu-N-C and Fe-N-C, catalysts match
nicely those for the respective metal foils, suggesting the forma-
tion of fcc-type clusters in Cu-N-C, and of bee-type metal clusters
in Fe-N-C_,, catalysts.

The changes in the local structure of other M-N-C catalysts
are more subtle, and can be best seen in EXAFS data in k-space
(Figure 6). One can see that also in the case of Co-N-C and Zn
species in (Zn)-N-C during CO,RR at —1.15 Vy the EXAFS
spectrum at larger k-values is dominated by a sinusoidal signal
with a frequency matching the frequency of the EXAFS signal
for the respective metal foil. STFT-EXAFS maps (Figure 7, and
Figure S23, Supporting Information) support this conclusion.
Here, similarly as in the case of Fe-N-C_,, and Cu-N-C, we ob-
serve an increase in the signal intensity in the two main regions
where a contribution of metal-metal bonds is expected: at (R,k)
values ~(2.5 A, 7.0 A™") and ~(4 A, 7.0 A~1). It is not the case
for Ni-N-C, where the EXAFS spectrum experiences significant
changes during CO,RR, but no signs of metal-metal bond for-
mation is observed in the k-space EXAFS (Figure 6C) or STFT-
EXAFS (Figure 7E-H). This reveals that the structural changes
experienced by the Ni sites, are limited to the re-arrangement of
bonds with light atoms. We note here that, overall, the trends in
operando Ni K-edge EXAFS spectra are the same as observed in
our previous work.’!! Namely, the observed changes in the Ni
K-edge EXAFS are a result of the direct interactions between the
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single Ni site and CO adsorbates under CO,RR conditions, which
result in a cleavage of the axial Ni-O bonds and their replace-
ment with CO adsorbates, resulting also in a distortion of the
Ni-N, structural motif. More details on this system can be found
in ref.[31] Regarding the Sn-N-C system, visual examination of
EXAFS data do not provide conclusive evidences about the for-
mation of metal clusters (or lack of thereof). The poor signal-to-
noise ratio in the operando EXAFS spectrum limits our ability to
compare this spectrum directly with the k-space data for a metal-
lic Sn foil (Figure 6F). Furthermore, we note that even bulk Sn
metal displays a strongly distorted structure, resulting in a rela-
tively weak EXAFS signal, which would be hard to identify in the
noisy data. We note, nonetheless, that the amplitude of the Sn-O
bond contribution in the Sn-N-C catalysts under CO,RR condi-
tions is reduced with respect to that in the as prepared sample
(Figure 6F and Figure S20F, Supporting Information), followed
by the appearance of smaller peaks at larger R-values in the FT-
EXAFS spectra. The results of STFT-EXAFS analysis suggest that
these spectral contributions are indeed localized at high k-values
(Figure S23K, Supporting Information), where we expect to see
the contribution of metallic Sn-Sn bonds. Nonetheless, since the
high k-space region of our spectrum is also the one most affected
by experimental noise, the conclusion about the possible pres-
ence of metallic Sn clusters should be made with caution. In any
case, it seems that even if such metallic clusters are present in the
working Sn-N-C catalyst, their structure differs strongly from the
structure of common metallic tin phases, since FT-EXAFS and
STFT-EXAFS spectra are quite different.

It is important also to highlight here that for Fe-N-C,,,, Cu-N-
C, Co-N-C, and (Zn)-N-C systems, where the formation of metal-
lic clusters/nanoparticles under CO,RR conditions is observed,
the catalysts do not turn fully metallic (at least within 1 h of
CO,RR), and the contribution of metal bonds with light nearest
neighbors is still present in all EXAFS spectra in all our catalysts.
This suggests that a noticeable fraction of metal sites preserves
their singly dispersed nature (or their cationic state), and, thus,
the contribution of these species to the catalytic functionality can-
not be ruled out. It is plausible that at least in the production of
CO (e.g., for Fe-N-C,,), the minority single atom species avail-
able in these samples constitute the most active species, with
the larger clusters formed being spectators. This would be in
agreement with prior work in refs.[14,68] On the other side, for
C-C coupling detected in systems like the Cu-N-C, the Cu clus-
ters or nanoparticles formed during CO,RR constitute the active
species.[*]

Regarding the effect of the potential value applied during
CO,RR, we note that the evolution of all of our catalysts is qual-
itatively similar both at —0.55 and —1.15 Vy;; (Figures S18, S19,
and S22, Supporting Information). In particular, the formation
of metallic clusters in Fe-N-C,,, Cu-N-C catalysts is comparable
at these two potentials. Similarly, the formation of metallic Zn
clusters in (Zn)-N-C catalyst is comparable at —0.75 Vg and —
1.15 Vi We note, nonetheless, that in the case of Co-N-C and
Sn-N-C, the formation of metallic clusters is less pronounced
at less negative potential. Furthermore, for Ni-N-C, the operando
XANES and EXAFS data collected at —0.55 Vg, are in between
the spectra for the as-prepared catalyst and for the catalyst at —
1.15 Vgyg- Supported by our previous work,*!] we conclude that
at less negative potential the replacement of axial oxygen ligands
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by CO adsorbates is likely to be incomplete in the Ni-N-C catalyst,
and some Ni-O bonds are still preserved.

For a more quantitative assessment of the structural changes
experienced by working M-N-C catalysts, we employ linear com-
bination analysis (LCA) of XANES spectra and non-linear least-
square fitting of EXAFS data. For this class of materials, LCA-
XANES should be applied with caution, since we expect that the
structures of the catalysts differ strongly from the structure of
common bulk references. LCA-XANES results thus should al-
ways be supported by other methods, such as EXAFS analysis.
Nonetheless, we have found that for Fe-N-C,,,, Cu-N-C, Sn-N-C
and (Zn)-N-C, LCA-XANES provides meaningful results (Figure
S25 and Table S5, Supporting Information).

The case of Zn species in (Zn)-N-C is the simplest. Here, the
operando Zn K-edge XANES can be very well described as linear
combinations of XANES spectra for the as-prepared sample and
for the Zn foil. Moreover, even Zn K-edge EXAFS spectra can be
well represented as a simple linear combination of the Zn foil
EXAFS and the Zn K-edge EXAFS spectrum for the as-prepared
(Zn)-N-C (Figure S26 and Table S5, Supporting Information).
This suggests that only two species are present in this sample,
and that under CO,RR, only the relative concentrations of these
species change, but not their local structure. LCA results for Zn
K-edge XANES and EXAFS are in an excellent agreement, and
both suggest that during CO,RR both at —0.754,;; V and -1.15
Viuer 50-60% of all Zn species form metallic Zn clusters (Figure
8), while the rest of the zinc remains as singly dispersed metal
sites. After the reaction, Zn species return to the original +2 oxi-
dation state with ca. 90% of the Zn now forming singly dispersed
sites, and ca. 10% of the Zn remaining as metallic clusters (at
least immediately after the reaction). This is in accordance with
the findings from TEM imaging, as we observed some crystalline
particles (Figure S9, Supporting Information) after CO,RR at —
1.15 Vpyg. It is important to note that the results presented in
Figure 8 do not represent thermodynamic data. In fact, they sim-
ply reflect the ratio of different metal-containing species (i.e.,
single-atoms/ oxides versus zero-valent metallic states) after 1
hour of electrolysis, and these might not necessarily be the ther-
modynamically stable phases at the respective potentials. Thus,
these states are determined by the kinetics of cluster formation or
the kinetics of the reduction of metal-oxides to metallic phases.

For Cu-N-C, we obtained good operando XANES fits using as
standards the reference spectrum for the as-prepared Cu-N-C,
the spectrum for the Cu foil and the spectrum for small Cu,
nanoparticles.””! Including the spectrum for bulk Cu,O was also
considered, but did not lead to any improvement of the fit. We
note here that the spectrum for small Cu NPs differs from the
spectrum for bulk Cu both due to the reduced Cu coordina-
tion numbers, but also due to the reduced Cu-Cu interatomic
distances in the small clusters.””) We furthermore note that if
the contribution of small Cu clusters is not explicitly included,
LCA results in a wrong conclusion about the presence of signif-
icant amounts of Cu(I) species, an artifact of the LCA procedure
that has been repeatedly reported in the literature.[®””] The LCA-
XANES results for Cu-N-C, summarized in Table S5 (Supporting
Information), suggest that the majority of Cu species are con-
verted to the metallic state under CO,RR conditions, with only
ca. 7% of Cu remaining in form of cationic species at —0.55 Vg,
and only ca. 1% at-1.15 V (Figure 8). After reduction, when plac-
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Figure 8. Speciation of M-N-C catalysts in the as prepared state, during CO,RR at potentials indicated in the plot, and when exposed to air after CO,RR
at —1.15 V. The concentrations of metallic and cationic species were obtained in LCA-XANES analysis, except for Co-N-C, where instead we relied on
EXAFS fits, and the concentration of cationic Co species was obtained as Co-O coordination number, divided by 6 (the Co-O/N/C coordination number

in as-prepared Co-N-C).

ing the catalyst in air again, most of the clusters returned to the
singly-dispersed state (+2 oxidation state) characteristic of the as-
prepared catalyst, in accordance with previous reports.[434446:47]
The relative weights of Cug, and Cu foil spectra in the operando
Cu K-edge XANES data collected at these two potential values, in
turn, can provide insight into the particle sizes. Indeed, at both
potentials the weight of the Cug, spectrum is higher than the
weight of the Cu foil, suggesting that the Cu clusters in our sam-
ples are just slightly larger than the sub-nanometer-sized Cug,
clusters. However, at —0.55 Vy;; the weight of the Cug, standard
is about 2 times higher than the weight of the Cu foil spectrum,
while at —1.15 Vp,y; it is about 3 times higher, suggesting that
the average particle sizes are smaller in the latter case. We hy-
pothesize that the different potential values affect the kinetics of
cluster formation. The slower, more gradual cluster formation at
less negative potentials result in the formation of thermodynam-
ically more favorable larger clusters. At more negative potentials,
the conversion of Cu single sites into Cu clusters is faster, but the
system remains trapped in a metastable state due to the reduced
mobility of these quickly formed metallic Cu particles.

For Fe-N-C,,, and Sn-N-C samples, which in the as-prepared
samples are dominated by oxide clusters, LCA-XANES analysis
(Figures S25 and S29, Supporting Information) implies a grad-
ual reduction of cationic Fe species. First, Fe** (or Sn**) species
are reduced to the + 2 state (Figure S29, Supporting Informa-
tion), followed by the slower formation of metallic species. For
Fe-N-C,, both at -0.55 and ~1.15 V potential, #60% of the Fe
species are present in the form of metallic clusters. The forma-
tion of metallic clusters is completely reversible, and no metallic
Fe is detected in the sample after the reaction. Interestingly, at
the more negative potential (—1.15 V) we observed a slightly
higher proportion of FeO, compared to the —0.55 V case, which
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is counterintuitive from a purely thermodynamic point of view,
as metallic Fe is the stable phase at these negative potentials. It
has to be noted, however, that multiple parallel processes take
place in the studied potential window: the reduction of singly dis-
persed cationic species / metal oxide clusters, the CO,RR and the
HER takes place in parallel. On one hand, the higher reaction
rate for CO,RR/HER at —1.15 Vg is expected to result in an
increased local pH at the catalyst surface, which shifts the stabil-
ity region of the oxide species to more negative values. At more
negative potentials, the kinetics of CO,RR/HER might also be fa-
vored compared to the Fe,0,—FeO— Fe transition. Due to these
factors, more iron species might end up “trapped” in the FeO
state at —1.15 Vyyp than at

—0.55 Vpy; in the investigated timeframe. At longer times,
however, we would expect that the Fe-N-C,,; catalyst will be dom.-
inated by metallic Fe at both potentials, as dictated by the thermo-
dynamic equilibriums. Our results, in fact, unveil the presence
and relevance of metastable species and phases during electro-
catalysis, which might be kinetically stabilized under CO,RR.

Observing Figure S29 (Supporting Information), one can see
that especially for Fe-N-C,,, the 1h of CO,RR is not sufficient to
reach the final state of the catalyst at —1.15 V. Both, at —0.55
Viye and at —1.15 Vi, the transformation of Fe** into Fe?* is
very quick, followed by a much slower transformation of Fe?* into
metallic Fe. While at —0.55 V the latter transformation is faster,
it seems that the final concentration of metallic Fe species sta-
bilizes at ca. 60%. For —1.15 Vg, in turn, while after 1 h the
concentration of metallic Fe is slightly lower, from Figure S29
(Supporting Information) one can project that the concentration
of metallic Fe will further increase after longer CO,RR times the
concentration of metallic Fe in this sample will exceed that in the
same sample at —0.55 V.
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For Sn-N-C, all operando XANES spectra could be represented
as linear combinations of spectra for bulk SnO,, and metallic
Sn with only a minor contribution of Sn?* species. In agree-
ment with the results of visual examination of the EXAFS spec-
tra, we observe that a more negative potential results in a more
pronounced formation of metallic Sn species (34% of Snisin a
metallic state at —1.15 V, in comparison to only 16% at —0.55 V).
Thus, the LCA-XANES seems to validate our previous EXAFS-
based conclusions about the presence of metallic Sn in work-
ing Sn-N-C catalysts. We also note that the reduction of SnO, to
metallic Sn is kinetically slower that the reduction of Fe,0;, as
most of the tin remains in the SnO, state even at —1.15 V.

One should note, however, that both in the interpretation of Sn
K-edge XANES and Fe K-edge XANES due to the lack of suitable
reference spectra for well-defined subnanometer metallic clus-
ters, we neglected the possible effect of particle sizes on XANES
spectra (which, as mentioned above, were important for a cor-
rect Cu K-edge XANES interpretation). Furthermore, here we ne-
glected the possibility that the local structure around the remain-
ing cationic species can change significantly under CO,RR condi-
tions: the latter effect, and associated changes in XANES spectra,
resulted in our inability to use LCA-XANES for the analysis of Ni-
N-C and Co-N-C samples. Similar changes in the local structure
could affect also cationic Fe and Sn species, thus, the obtained
results, especially those regarding the amounts of Fe?* and Sn**
species present in these samples, should be treated with caution.
Therefore, XANES data analysis needs to be considered only to-
gether with the insight from EXAFS data.

Results of EXAFS data fitting are presented in Figures S27
and S28 and Table S6 (Supporting Information). The employed
EXAFS fitting model and the detailed discussion of EXAFS fit-
ting results are provided in Note S1 (Supporting Information).
EXAFS fitting demonstrates that the local structure parameters
match those for bulk reference oxides in the case of Fe-N-C,,
and Sn-N-C (y-Fe,O; and Sn0,), thus confirming once again the
presence of oxide clusters in these samples. For the other as pre-
pared M-N-Cs, EXAFS fitting suggests an octahedral coordina-
tion with a large structural disorder, and average interatomic dis-
tances deviating from the values of respective bulk reference ox-
ides. These results thus agree with those obtained by us for the
Ni-N-C system, 3!} and allow us to speculate that in all these sys-
tems, similarly as in Ni-N-C, the M-N, structural motifs (in ad-
dition to axial M-O bonds), play a prominent role. For spectra
collected during CO,RR, EXAFS fitting confirms the emergence
of metal-metal contribution in Fe-N-C,, Co-N-C, Cu-N-C, and
(Zn)-N-C catalysts. For the Fe-N-C,,, Cu-N-C, and (Zn)-N-C the
metal-metal coordination numbers are practically the same at —
0.55 V (-0.75 V for (Zn)-N-C) as at —1.15 V, in agreement with
LCA-XANES analysis results. In contrast to these cases, for Co-
N-C (and also for Sn-N-C) we observe significant enhancement of
the metallic M-M contribution at more negative potentials, sug-
gesting that the kinetics of cluster formation is significantly faster
at the more negative potentials.

Another important observation from the EXAFS data fits is
the evolution of the single site species (coexisting with emerg-
ing metallic clusters) under CO,RR conditions. One can note
that a common feature of Fe-N-C,, Co-N-C, Ni-N-C, and Sn-
N-C catalysts is that the first shell distance between the metal
and its nearest (non-metallic) neighbor noticeably and reversibly
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contracts under CO,RR conditions: for Ni-N-C it changes from
~1.96 A to 1.88 A, for Co-N-C form ~2.06 A to ~1.91 A, for Fe-
N-C it decreases from 1.97 A to 1.91 A, for Sn-N-C from 2.05 A
to ~2.01 A. In the case of Fe-N-C, and Sn-N-C these changes
are especially remarkable, considering that the reduction of Fe**
and Sn** species to Fe?* and Sn?* state should, in fact, resultin a
significant increase of the M—O bond length, not its contraction.
In our previous work on Ni-N-C,[*! we have demonstrated that
such a contraction is a consequence of the interactions between
the single metal site and CO adsorbates. Thus, our interpretation
of this contraction of the 1st coordination shell distance differs
from that proposed in Ref > which was attributed to nickel hy-
droxide formation. As is clear from our STFT results, no oxide
or hydroxide clusters are present in our Ni-N-C, Cu-N-C, Co-N-
C, or (Zn)-N-C catalysts. Instead, the observed contraction of the
average interatomic distance is a direct result of exchanging the
axial M-O bonds with shorter M-CO bonds, and is an evidence
that such interactions are present in all these M-N-C materials.
In this context, it is important to notice that for (Zn)-N-C, the con-
traction of the first shell interatomic distance is much less pro-
nounced (it decreases from ~2.03 to ~#2.00 A). We believe that this
result can be correlated with much lower degree of CO, conver-
sion observed for the bare (Zn)-N-C catalyst than for other M-N-C
catalysts that we investigated.

We note that the details of sample preparation, such as the cho-
sen value of annealing temperature might have a significant im-
pact on the formation of clusters in the M-N-C catalysts.[®l While
the systematic discussion of the sample preparation is outside the
scope of this work, we note that at least for our Ni-N-C catalysts
the exact annealing temperature (700 vs 800°C in this example)
only had a minor impact on the catalyst’s structure and the cor-
responding XAS spectra in as-prepared state and under CO,RR
conditions (Figure S30, Supporting Information).

2.4. Discussion

The similar response of the M-O bond to the CO,RR conditions,
revealed for all our M-N-C catalysts by detailed EXAFS analysis,
demonstrates the universal behavior of these materials. The met-
als in the studied M-N-C catalysts are in a + oxidation state in
the as prepared samples (either as singly dispersed cations or ox-
ide species), become reduced to a metallic state during CO,RR
(with Ni-N-C catalyst being an important exception), and finally
almost totally reversibly oxidize back to their original state. De-
spite the obvious differences between our samples based on dif-
ferent transition metals (most visible being the presence of small
SnO, and y-Fe,0; structures already in the as prepared Sn-N-
C and Fe-N-C catalysts) we render it probable that in all these
cases, the singly dispersed species that coexist with oxide and
metallic clusters, play a prominent role in the catalytic function-
ality. Indeed, our TEM and XPS results suggest that in all our
as-prepared samples, including those where the oxide clusters
were observed, dispersed metal sites, and bonds between them
and N-functional groups in the carbon support can be clearly
detected. The reversible transformations of the local structure
around these species during CO,RR, as revealed by XANES and
EXAFS, in turn, suggest that these single sites can actively inter-
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act with CO adsorbates, thus directly participating in the reaction
mechanisms.

Our study also suggests that the reversible formation of metal-
lic clusters under CO,RR conditions is a more common feature
of the M-N-C catalysts than previously presumed, being not just
a peculiarity of Cu-based M-N-C catalysts, the only material sys-
tem so far for which such effect was demonstrated. While the
reversible reduction of the small Fe and Sn oxide clusters un-
der negative applied potential, observed in our work, is not par-
ticularly surprising, we show that singly dispersed Co and Zn
species in M-N-C catalysts tend to form metallic clusters too. As
in the case of Cu, also for Co and Zn the intriguing feature of
this transformation is its reversibility. Namely, when exposed to
air after CO,RR, instead of just getting oxidized and forming ox-
ide clusters, most of the metallic Cu, Co and Zn particles formed
during CO,RR are completely destroyed, and the metal species
become redispersed as single sites. This XAS result is in a good
agreement with the post reaction TEM analysis, where we could
not observe the presence nanoparticles for these samples (ex-
cept some rare Zn-rich agglomerates). In the context of ZIF-8
derived M-N-C materials, the reversible behavior of the residual
Zn from the framework (our (Zn)-N-C sample) observed in our
work, is particularly noteworthy. Indeed, the residual Zn species
are present in all our samples, since Zn is the part of the pre-
cursor. Thus, under CO,RR conditions, there are always some
metallic Zn particles present. Considering that metallic Zn is a
good catalyst for CO, conversion to CO itself, the role of these
Zn species always needs to be carefully considered, when dis-
cussing the properties of ZIF-8 derived M-N-Cs. While the for-
mation of metallic Zn particles was reported before, this effect
was dismissed as minor.*%] In contrast, our present study shows
that up to 60% of Zn species can form metallic Zn clusters dur-
ing CO,RR, thus, the total loading of metallic Zn clusters can
be comparable to the loading of the secondary metal considered
as most active. It is also important to note that even though we
observed the reversible cluster formation phenomena for Cu-N-
C during CO,RR, our catalyst did not produce any significant
amounts of C,, products. In contrast, we observed high selec-
tivity for HER with minor amounts of CO, indicating that the
presence of metallic clusters alone is not sufficient for C,, prod-
uct formation.’”#¢] We envision that the Cu-content, cluster size,
properties of the carbon support (e.g., morphology, hydrophobic-
ity, N-content), the strength of the metal-support interaction and
the catalyst microenvironment act together in defining the selec-
tivity of Cu single site catalysts, as reported earlier.”?! We hypoth-
esize that the Cu clusters formed under our reaction conditions
are still too small to favor C-C coupling as indicated in a prior
work with Cu NPs larger than 5 nm being required to obtain
significant yields of hydrocarbon products.[*’! Indeed, our XAS
analysis results suggest that the average size of the Cu clusters in
our sample is well below 2 nm. The studies on Cu-N-C catalysts
suggest that particle size is a critical parameter for determining
the C,, selectivity!”?! and in this regard there is full agreement
between a size-dependency of CO,RR selectivities for Cu parti-
cles derived from Cu-N-C catalysts, and the observations for Cu
particles prepared by other methods.?”#! All these studies sug-
gest that particles that are less than 10 nm in size are not pro-
ducing C,, products in significant quantities, which we confirm
here.
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Considering that the formation of metallic clusters is observed
in Fe, Sn, Co, Cu, and Zn species, the fact that no metallic clus-
ters are formed in Ni-N-C catalyst is particularly interesting. The
observed reversible changes in XANES and EXAFS spectra for
Ni-N-C catalysts are thus solely due to the distortion of the Ni-N,
structural motif and changes in the local coordination. We em-
phasize here that the local structure transformations involving
Ni single sites, are similar to those involving single metal sites in
our other M-N-C catalysts coexisting with metallic clusters. Here,
we raise the question, what is the driving force for this dynamic
behavior (i.e., cluster formation and redispersion) for certain
metals and which factors determine whether it takes place for a
specific metal site? One might expect that a higher density of sin-
gle metal sites in the precatalyst sample might result in a higher
probability of cluster formation. We observed, however, that the
metallic cluster formation during CO,RR is not directly corre-
lated with that: the Ni-content in Ni-N-C (0.13 at%) is higher than
the Cu content in Cu-N- C (0.08%), nevertheless, cluster were
formed for Cu-N-C, but not for Ni-N-C. This suggests that the
coordination environment of the metal sites plays a determining
role.

A possible explanation can be given considering the differ-
ences in metal-support interactions and, in particular, the metal-
nitrogen binding energies. Based on our EXAFS results, we con-
clude that in all our catalysts the local environment of the sin-
gle metal site involves M-N bonds with the support, coexisting
with axial M-O bonds. In the case of Ni-N-C, the Ni-N bond seem
to be stronger than the Ni-O, as suggested by the significantly
shorter interatomic distance in the first coordination shell in the
as-prepared Ni-N-C catalyst in comparison to Ni-O bond in oxide
reference. For the other M-N-Cs, in turn, the interactions with
oxygen seem to dominate, potentially leading to higher mobility
of the metal species during CO,RR, and, consequently, to forma-
tion of metallic clusters. The excellent stability of the Ni-N, single
sites is also manifested in their outstanding CO, to CO conver-
sion performance. However, as mentioned above, the M-N,, struc-
tural motifs for other M-N-Cs, while less stable than Ni-N, motifs,
still can play an important role in the activity and selectivity ob-
tained. This is supported by the fact that a significant fraction of
the metal species in other M-N-Cs also preserve their singly dis-
persed nature during CO,RR, and that the clusters formed redis-
perse in an oxidizing environment. Indeed, both of these observa-
tions support a previous assumption that there may be M atoms
that bond to both, the N-C support and the formed metallic clus-
ters, leading to restricted particle growths and reversibility.[*) Re-
garding the mechanism behind the reversible cluster formation
in M-N-C catalysts we note that even for the most studied case
of Cu-N-C catalysts, no consensus has yet been reached in the
literature on the origin of the redispersion effect observed after
reaction. Nonetheless, interactions between the clusters formed
under working conditions with the N-C support or with the elec-
trolyte have been proposed as key contributors behind the redis-
persion effect.[*®#%] In particular, Weng et al proposed that small
oxide clusters are thermodynamically unstable on N-C supports,
which was used to explain why the redispersion of the clusters is
preferred over their oxidation.*¥] In this regard the formation and
redispersion of metal clusters on N-C supports during electrocat-
alytic CO,RR could have an analogous origin to the reversible ex-
solution of metal nanoparticles from doped perovskites, known
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to take place in thermal catalysis when cycling between reductive
and oxidating conditions.[8!-3]

The potential-dependencies (or the lack of thereof) of XANES
and EXAFS spectra provide further possibilities for correlating
the spectroscopic results with the catalytic functionality. Here we
note that the potential independent behavior of Fe-N-C,, as ob-
served by XAS (within error bars), is in accordance with the ob-
servation that the CO-formation rate only marginally increased
with the increasing overpotential. The active sites for CO,RR are
already formed at —0.55 Vg, and their amount does not grow
at more negative potentials. In addition, they exhibit slow ki-
netics toward CO,RR in the studied potential range, thus, HER
starts to dominate at more negative potentials. Even though from
these results we cannot tell unambiguously whether the active
species for CO, reduction are the formed metallic, remaining ox-
ide nanoparticles, or the singly dispersed iron sites, the potential-
dependence of the FE and partial current density for CO, how-
ever, are in a good agreement with previous studies suggesting
Fe single atoms as the active sites.[%]

In contrast, for Co-N-C and Sn-N-C, the obtained XAS spectra
depend strongly on the applied potential, which we mostly inter-
preted as a result of enhanced metallic cluster formation at more
negative potentials. It is plausible that the selectivity shift toward
HER at the most negative studied potential can be linked to this
effectin the case of Co-N-C. Similarly, the larger amount of metal-
lic Sn at increasingly negative potentials could explain the higher
formate selectivity and production rate under more reducing con-
ditions. In the latter case, we envision that the operando formed
metallic Sn clusters coexisting with the SnO, and even minority
Sn single atom species jointly constitute the active sites for CO,
to formate production. 8481

3. Conclusion

With this detailed systematic operando spectroscopic work, we
were able to give interesting insights into the evolution of
the structure of metal-nitrogen doped carbon catalysts during
CO,RR, filling a gap in the literature on these promising catalyst
materials. We showed that the working state of these materials is
extremely complex and even when starting from a well-defined
system, such as our Co-N-C or Cu-N-C catalyst containing exclu-
sively single atomic metal sites in the as prepared state, the coex-
istence of single atomic sites and metallic cluster/nanoparticles
during reaction complicates the experimental diagnosis of the ac-
tive sites for CO,RR. As we demonstrated in this work, the in situ
formation of metallic cluster/nanoparticles from single atoms
during CO,RR is not unique for Cu, but happens for Zn and
Co sites too. Thus, these metallic species can also contribute the
CO, reduction performance in addition to the remaining singly-
dispersed cationic sites. The exact understanding of the mecha-
nism of this phenomenon, however, will require further operando
analysis on well-defined model catalysts prepared by advanced
synthesis methods, complemented with theoretical calculations
and modeling.

4. Experimental Section

Synthesis of the Catalysts: The metal-nitrogen doped carbon (M-N-C)
catalysts were synthesized by an impregnation-calcination method(>*! see

Adv. Mater. 2024, 36, 2307809 2307809 (15 of 18)

www.advmat.de

Scheme 1. We chose this two-step synthesis method (instead of incorpo-
rating the metals during the carbonization process) to separate the N-C
formation from the metal-doping. This is expected to result in a more uni-
form catalyst structure, with most of the metals located at the surface,
and not trapped by the carbon shell.[’486] Thus, the nitrogen-doped car-
bon support (N-C) was first prepared by the carbonization of a zeolitic-
imidazolate framework (ZIF-8) precursor. In a typical synthesis, 4.24 g
Zn(NO;3), - 6H,0 (98%, Acros Organics) and 4.92 g 2-methylimidazole
(C4HgN,, 99% Sigma-Aldrich) were dissolved in 500 mL methanol, heated
to 60°C and stirred for 24 hours 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. Next, it was pyrolyzed in a
tube-furnace in Ar flow (200 mL min~') at 1000 °C for 1 h. The heating
rate was 5 °C min~". At 1000 °C, most of the coordinated Zn reduced to
the metallic state and evaporated (boiling point of Zn is 907 °C), leav-
ing behind a porous N-doped carbon structure.[?'] The obtained N-C was
subjected to acid washing for 24 h, using excess amount of 20 w% HNO;
(HNO3, > 65%, Carl Roth) at room temperature, to remove the remain-
ing crystalline Zn-phases. Finally, the sample was washed thoroughly with
ultrapure water, until close to neutral pH was reached.

To synthesize the M-N-C catalysts, 200 mg N-C was dispersed in
20 mL solution containing the respective metal ion (6 mM) in iso-
propanol (C3H;OH, > 99.8%, Sigma-Aldrich). The used metal-salts were
as follows: Ni(NO3),-6 H,O (Sigma-Aldrich, 99.999%), Cu(NOs),-3 H,0
(Sigma-Aldrich, > 99%), Co(NO3), - 6H,0 (Sigma-Aldrich, > 98%),
Fe(NO3);3-9H,0 (Sigma-Aldrich, > 98%) and SnCl,- 2 H,0O (Alfa Aesar,
> 98%). The suspensions were sonicated for 2 hours at ~40°C in an ul-
trasonic bath, then stirred with a magnetic stirrer at room temperature
for another 2 h. The respective metal-impregnated N-C (“M-N-C precur-
sor”) was collected by centrifugation, dried at 60°C in air and heat-treated
in Ar flow (200 mL min~') at 700°C for 1 h. The final Ni-N-C and Co-N-C
catalysts were obtained after thorough washing with ultrapure water and
drying. In the cases of Cu-N-C and Sn-N-C and Fe-N-C, XRD / TEM analy-
sis revealed the presence of crystalline phases after the last washing step,
therefore, another acid washing step was necessary. Cu-N-C was stirred in
20 w% HNO; for 24 h, while in the case of Sn-N-C, a 6 w% HNO; solu-
tion was used. Fe-N-C was thoroughly washed first with 0.5 M HNO;, then
with 0.5 M HCI. Finally, the catalysts were washed with ultrapure water un-
til close to neutral pH of the supernatant solution was reached.

For comparison, the “metal-free” (Zn)-N-C catalyst was also included
in this study. It is important to note, however, that all samples involving
the bare (Zn)-N-C, contain Zn, which remained in the carbon structure
despite the multiple heat-treatments and acid leaching steps.

Electrode Preparation:  For the electrochemical measurements, the cat-
alysts were spray-coated onto a preheated (~90 °C) carbon-paper supports
(Freudenberg H15C13). The catalyst ink consisted of 40 mg M-N-C pow-
der, 100 pL Nafion 117 solution (5%, Sigma-Aldrich), 3.2 mL isopropanol
and 3.2 mL ultrapure water. The catalyst loading was 1.3 + 0.1 mg cm~2.

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
kept at 11 pA and its resulting electron dose was scaled by the pixel size.
Image acquisition and manipulation was 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 detec-
tors (SDDs). The 72 pA electron beam with a 10.5 mrad probe convergence
semi-angle was scanned across the region of interest under a continuous
frame acquisition mode. The EDS quantification was performed using the
Velox software v1.4.2 (ThermoFisher Scientific, USA). To reduce the back-
ground signal of the carbon framework, the net (baseline intensity counts
removed) elemental maps are displayed to highlight the presence of the
doping heavy metals.
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For the post CO,RR TEM analysis the M-N-C catalysts were deposited
onto glassy carbon electrodes to avoid the presence of the carbon origi-
nating eventually from the carbon paper, which may be mistaken for the
catalyst itself. After performing CO,RR on these electrodes at —1.15 V po-
tential for 80 minutes, we removed the catalysts from the glassy carbon
plates by sonication in pure ethanol.

X-ray Diffraction (XRD): X-ray diffractograms were recorded on a
Bruker D8 Advance instrument in powder mode with a Cu anode
(8046.3 eV) between 10° and 90° (2@). The step size was 0.02° and the
dwell time was 3 s.

Inductively Coupled Plasma mass Spectrometry (ICP-MS): Catalysts
were first digested in a microwave digestion system (Anton Paar, Multi-
wave GO) at 180 °C for 20 min in an acid-mixture containing cc. HNOj3, cc.
H,S0,, cc. HCl in volume ratio of 2:2:6. Then, the solutions were filtered
and diluted to ~#50 mL with ultrapure water. For the ICP-MS measurement
a 20x dilution of each sample in 3% HNO; was prepared. The measure-
ments were performed with a ThermoScientific iCAP RQ instrument.

X-ray Photoelectron Spectroscopy (XPS): XPS spectra were acquired on
a SPECS spectrometer with 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 and 20 and 60 scans,
respectively. Data analysis and fitting were performed in the CasaXPS
Software. High resolution spectra were fitted with 70% Gaussian — 30%
Lorentzian line shape and a Shirley background was applied. The bind-
ing energy scale was adjusted assigning the signal of graphitic carbon to
285 eV. The FWHM for N peaks was fixed between 1.5 and 1.6, and the
spectra were fitted based on previously established protocols for similar
materials.[>%61-63]

X-Ray Absorption Spectroscopy (XAS): X-ray absorption spectroscopy
(XAS) measurements were carried out at CLAESS beamline of ALBA
synchrotron radiation facility (Barcelona, Spain) at the K-edges of Fe
(7112 eV), Co (7709 eV), Ni (8333 eV), Cu (8979 eV) and Zn (9659 eV).
Sn K-edge data (29200 eV) for Sn-N-C catalyst were collected at SOLEIL
beamline of SAMBA synchrotron (Saint-Aubin, France). All data for the
M-N-C catalysts were collected in fluorescence mode, using an energy-
selective 6-channel Si drift detector (ALBA) or 32-channel Ge detector
(SOLEIL). A Si(311) monochromator (at ALBA) or Si(220) monochroma-
tor (at SOLEIL) were used for energy selection.

For operando XAS measurements, the samples were mounted in the
home-built single compartment electrochemical cell.3l Samples were
spray-coated on carbon paper that acted both as a working electrode and
as a window for the X-ray fluorescence and incoming X-rays. As a counter
electrode, a Pt mesh was used. A leak-free Ag/AgCl electrode was used as
a potential reference. Continuous flow of the electrolyte — CO,-saturated
0.1 M KHCO; —was ensured by a peristaltic pump. The potential was con-
trolled by a BioLogic potentiostat. Alignment, background subtraction and
normalization of the collected XAS data were performed using the Athena
software.[?7] Fitting of the extended X-ray absorption fine structure (EX-
AFS) spectra was performed using the FEFFIT code.[#’] Details and re-
sults of the EXAFS data fitting are provided in Supplementary Note 1. Short
time Fourier analysis of the EXAFS spectra and linear combination analysis
of XANES and EXAFS spectra were performed using home-built Wolfram
Mathematica scripts.

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 usually with 0.5-1 cm? geometric surface area. The counter
electrode was a platinum-mesh and potentials were measured against a
leak-free Ag/AgCl electrode, having 0.242 V potential versus SHE. The po-
tentials are reported throughout the text, unless otherwise stated, versus
the reversible hydrogen electrode (RHE), calculated using the following
equation: E (vs RHE) = E (vs Ag / AgCl) +0.242 V + 0.059-pH. The solution
resistance (R,) for the IR correction was determined by electrochemical
impedance spectroscopy using the high frequency intercept of the semicir-
cle on the Nyquist plot with the real axis. The IR-corrected potential (E.g)
was calculated with the following formula E g = E — I-R,, where E is the
applied / measured potential, while I is the applied / measured current.
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Double layer capacitance (Cp) of the M-N-C electrodes was deter-
mined by measuring cyclic voltammograms with different scan rates in
a potential region where no faradaic reactions take place. Cp, was deter-
mined by plotting the difference of the measured current during the anodic
and cathodic half-cycle, respectively, versus the scan rate. Roughness fac-
tors were calculated by normalizing the Cp; value of the respective M-N-C
electrode by the Cp of the (Zn)-N-C reference.

CO, reduction experiments were carried out 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 mix-
ing. CO, was continuously bubbled through the anolyte and catholyte with
20 mL min~" flow-rate. The electrolysis was performed in a CO,-saturated
0.1 m potassium bicarbonate (KHCO3, 99%, Alfa Aesar) solution pre-
treated with an ion-exchange resin (Chelex 100 Resin sodium form; Bio-
Rad) to remove the incidental metal contaminants. The gas outlet of the
cathode compartment was directly connected to the injector of the gas-
chromatograph via a 6-port-valve, allowing online detection of the gaseous
products. Samples were automatically injected in every 15 min of the re-
action.

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 a high-performance liquid chromatograph (HPLC, Shimadzu promi-
nence) equipped with a NUCLEOGEL SUGAR 810 column and 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 flame ionization detector.

The Faradaic efficiencies (FE) of the gas products were calculated using
the following equations

n: - F-po

lipartial = Vi f /R—TO (]
’partial

FE (%) = - 100% @)

total

where Viis the volume concentration of gas products obtained from a pre-
vious calibration of the gas chromatograph; fis the volumetric flow-rate of
the gas stream leaving the cathode compartment of the cell measured by
an universal flow meter (ADM 100, Agilent Technologies); n; is the num-
ber of transferred electrons for a certain product; I, is the total current
density measured during electrolysis at the time of injection into the gas
chromatograph;l,, i, is the partial current density of a certain product; F
is the Faraday constant (96485 C mol~"); Ris universal gas constant (8.314
J mol=1 K=1); Ty: temperature (273.15 K); py is the pressure (101 325 Pa);

The Faradaic efficiencies of the liquid products were detected at the end
of the electrolysis, therefore after accumulation throughout the measure-
ment time

FE %) = ¢V, xFxn;
iliq (%) = ————— - 100% (3)

total

where Vel is the volume of the eleCtmetE; Ci is the concentration of prodct i, Qtoml
is the total charge passed throughout the electrolysis.

For the calculation of the FE values for gas products, the current values
were used at the time of the gas sampling. The product composition at that
time, however, reflects the catalytic activity of a slightly earlier time (delay
time due to the relatively large headspace volume), which were not taken
into account. This, together with the error of the gas chromatographic
analysis can cause slight deviations of the ZFE from 100%.
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