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ABSTRACT

In this work the influences of various transition metal ions as active sites in high purity metal- and
nitrogen-doped carbon catalysts (in short M-N-C, where M: Mn®", Fe3*, Co?*, Ni%*, Cu?*, Zn?*,
Sn** in the catalyst powders), were systematically investigated for the electrochemical reduction
of CO2 in aqueous electrolyte. The practically sole presence of M-Na centers as catalytic sites was
determined by X-ray photoelectron spectroscopy (XPS). The catalysts were electrochemically
investigated in a gas diffusion electrode arrangement in bypass mode coupled in-line to a mass
spectrometer, which allowed the almost simultaneous detection of potential-dependent product
selectivities, faradaic efficiencies and current densities in linear sweep voltammetry experiments.
Post mortem XPS analysis was performed after different stages of operation on the Cu-N-C
catalyst, which was the only catalyst to produce hydrocarbons (CHa, C2H4) in significant amounts.
Here, we provide insights on the potential-induced electronic changes of the Cu-N-C catalyst
occurring under operating conditions. Our work further experimentally reveals the high affinity of
M-N-C catalysts to convert CO2 to industrially relevant carbonaceous raw materials while widely
suppressing the competing hydrogen evolution reaction. These discoveries lead to a better
understanding of the role of the active sites, specially the central metal ion, in M-N-C and could
contribute significantly to the improvement of selectivities and activities for the CO2RR in this

catalyst class through tailor-made optimization strategies.



1. Introduction

The steadily increasing concentration of the greenhouse gas carbon dioxide (CO2) has a
significant impact on the average temperature of the earth’s atmosphere and thus the climate.! For
this reason, measures have been taken in recent years to reduce atmospheric CO2 emissions and
concentrations.? The electrochemical co-reduction of CO2 and water powered by electricity from
renewable energy sources (e.g. photovoltaic, wind-power etc.) is a promising possibility to recycle
COz2 in an emission-neutral and energetically efficient process.># In this way, industrially usable
products such as carbon monoxide (CO), methane (CH4) and ethene (C2Ha4), but also formic acid
(HCOOH), methanol (CH3OH) and ethanol (C2HsOH) can be produced.>2 However, the complex
reaction mechanisms still require high overpotentials and lead to different products as well as
undesirable by-products. Therefore, selective and efficient electrocatalysts are required.***°

So far, metallic catalysts are the most studied materials due to their relatively high stability and
high achievable current densities with regard to the electrochemical CO2 reduction reaction
(COz2RR). Improving the stability and product selectivity of metallic catalysts for technical
applications is one of the subjects of current research.'®-® In addition, molecular catalysts, which
are mostly based on metal-organic molecules and macrocycles immobilized on conductive
substrates, are subject to intensive investigations.'®>-?® A detailed overview on molecular catalysts
is given by the perspective of Thorbensen et al. (2020) and the review papers of Varela et al. (2018)
and Takeda et al. (2017).2%3 Due to the very defined bond formation between CO2 and the single
site molecular catalytic centers, high selectivities with regard to a desired product were achieved
during electrolysis. However, these catalysts still show limited stability, low current densities and

poor production rates under operating conditions in comparison to metallic catalysts.3>=3



Low cost carbon-based materials represent a relatively new and yet little-investigated catalytic
approach for the co-electrolysis of CO2 and water. In addition to solid Metal Organic Frameworks
(MOFs) and nitrogen-doped carbons (N-C), metal- and nitrogen-doped carbon catalysts (M-N-C)
were also found to be active towards the CO2RR.13-4° Within this catalyst class, the most active
site is identified as a single base transition metal ion that is coordinated to nitrogen atoms as M-Nx
centers which are integrated in to graphene layers of the carbon matrix.*® A schematic
representation of one possible model for a M-Nas center is visualized in Figure 1. With its
delocalized electrons, graphene does not only serve as an inorganic, highly conductive carrier for
the M-Nx centers, but also as an electron pool, which interacts with the center and might influence
the entire catalytic process with its variable electronic and chemical properties. This class of
M-N-C materials therefore has structures and properties that can be classified between inorganic
and molecular catalysts. M-N-C catalysts were originally developed for the electrochemical
oxygen reduction reaction (ORR).%*® From this research it is known, that they can easily be

produced by pyrolyzing a metal-salt or -macrocycle in the presence of nitrogen and carbon

containing precursors.




Figure 1. Exemplary structural scheme of a M-Na center in M-N-C catalysts. In this scheme the
central metal ion (orange) is coordinated to four pyrrolic nitrogen atoms (blue), embedded in a

graphene-like carbon matrix (grey).

Even though not all details about these catalysts have been clarified, especially the M-Nas centers
are assumed to be the active sites.!®%° Theoretical calculations predict that these “single metal
atom” centers, can significantly suppress the competing hydrogen evolution reaction (HER)
compared to metallic interfaces and thus increase the selectivity for the CO2RR.Y® This was
substantiated experimentally, since Fe- and Ni-nanoparticles almost predominantly show HER,
while Fe-N-C and Ni-N-C catalysts predominantly reduce CO2 to CO.35¢

Furthermore, numerous experimental and theoretical investigations show that the type of metal
ion in the catalytic center has a decisive role concerning selectivity and activity in the CO2RR.304°
However, a direct comparison of these published results is often difficult, since different
preparation methods lead to additional chemical structures, that can also contribute to the CO2RR.
Here, mainly pyridinic and pyrrolic nitrogen as well as metallic nanoparticles are reported, which
are typically formed as by-products during preparation.*’51°-60 Metal centers that are coordinated
to both nitrogen and carbon are also considered to be possible active centers.’® Finally, the
molecular, electronic and microporous structure of the carbon can also have an influence on the
activity and, ultimately, different experimental conditions make the comparison of the
electrochemical characterizations even more difficult.5

In order to enable a meaningful comparison, the focus of our work is therefore on producing a
set of catalysts that should differ preferably only in the respective metal ion of the catalytic center.
Since M-Ns centers are seen as particularly active, a preparation process is used which allows a

very high proportion of M-Na centers without or with only few undesired by-products. This is



achieved by the pyrolysis of carbon-supported metal porphyrins under suitable conditions. The
respective metal ions in the catalyst powders were: Mn®*, Fe3*, Co?*, Ni?*, Cu?*, Zn?*, Sn**, a
metal-free reference was also investigated.

The electrocatalytic behavior of the catalysts is characterized as a drop-casted layer on
commercial gas diffusion layers (GDL, Sigracet gas diffusion layer 38BC) in an electrochemical
bypass gas flow cell. This allows production rates that are sufficiently large to be reliably detected
via mass spectrometry (MS) almost simultaneously to the electric current measurement in linear
sweep voltammetry (LSV) experiments. This advantage is rather not feasible with other widely
used methods like the accumulation of products over a certain electrolysis time and the use of time
consuming chromatography methods. This is especially important as there are indications that
some M-Nx centers are partially reduced with increasing overpotential and electrolysis time and
that therefore the product selectivity could change over time due to varying contribution of active
sites.*! Interestingly, it is reported that changes in oxidation state coincided with the onset potential
of hydrocarbon formation for Cu-phthalocyanine and a Cu-N-C catalyst.®2% However, for their
Cu-N-C Karapinar et al. possibly CO2RR active additional nitrogen sites beside metal-bound N
were shown for the as-prepared catalyst. Thus, a confirmation of this observation for M-N-C
catalysts with close to exclusive M-Ng4 active sites is missing. In order to get deeper insights in this
unique electrochemical behaviour we conducted a thorough post mortem X-Ray photoelectron
spectroscopy (XPS) study of our pyrolyzed Cu-N-C catalyst at different potentials.

2. Experimental section

2.1. Catalyst preparation

Porphyrins obtained from Porlab and Sigma Aldrich were used for synthesis without further

purification. In Table S1 a summary of the catalyst naming, the used porphyrins as well as their



respective weight portions and pyrolysis yields is given. The preparation is based on a
well-established procedure for the synthesis of Fe-N-C catalysts with a high fraction of Fe-Na sites,
as previously published.®* First, 0.42 mmol of the respective (metallo-)porphyrin were dispersed
in 10 ml of tetrahydrofuran (THF) in an ultrasonic bath for 5 min. Afterwards, 1 g of Ketjen Black
EC-600 JD (KB600, Akzo Nobel Polymer Chemicals LLC) dispersed in 40 ml of THF were added
and the mixture was ultrasonicated for 1 h. The suspension was left to rest for 12 h until most of
the solvent was evaporated. Subsequently, all samples were dried at 80 °C for another 12 h. The
dried precursor mixture was weighed into a quartz glass boat and placed in a quartz glass furnace.
There, the respective sample was purged with N2 for the entire pyrolysis. After 10 min of purging
at room temperature the furnace was heated up to 600 °C with a heating rate of 300 °C h™!, where
it was kept for 1 h. The furnace was then allowed to cool down below 80 °C, before the sample
was transferred into 250 ml of 2 M HCI (saturated with N2 prior to transfer). After air-tight sealing
the sample was again ultrasonicated for 1 h and left to rest for 12 h in HCI. Finally, the catalyst
was filtrated and washed with approx. 2 | of ultrapure H20 until the filtrate was pH-neutral and
dried again at 80 °C for 12 h, before weighing for yield determination and further analysis. The
catalysts were characterized using the following standard physico-chemical methods: N2
gas-sorption, Raman spectroscopy and XPS. Measurement details for these characterization
techniques can be found in the SI.

2.2. Preparation of the gas-diffusion electrodes (GDE)

For the catalyst ink, 200 ul of a 0.2 wt% Nafion® solution (4 ul of 5 wt% Nafion®, 98 ul ethanol,
98 ul ultrapure water) were added to 1 mg of catalyst powder (5 mgcatalyst mI™). The black
suspension was first treated in an ultrasonic bath for 20 min and then with an ultrasonic

homogenizer for 30s. The GDE was prepared by drop-casting 50 pl of the catalyst ink



homogeneously on 0.78 cm2 of a GDL, resulting in a catalyst loading of 0.32 mg cm™. The GDE
was finally dried at 80 °C for another 20 min prior to installation into the electrochemical cell.
This electrode serves as working electrode (WE) in the electrochemical cell. Due to the high
similarity of our samples in XPS, N2-sorption and Raman spectroscopy analysis (as shown in the
results part), which is largely due to the usage of high amounts of KB600, and their identical
processing during drop-casting, we assume that the properties of the GDE (e.g. porosity,
hydrophobicity) are as similar as possible for all samples. In fact, optical contact angle
measurements showed almost identical contact angles of roughly 153 £ 5° for Ci electrolyte on all
GDEs (data not shown). In general, however, minor differences that could affect the measurements
cannot be ruled out completely.

2.3. Electrochemical measurement setup and product analysis

The electrochemical cell was operated in a three-electrode arrangement using a PINE
potentiostat. An Ag|AgCl electrode served as a reference (E = +0.2 V vs. NHE). In this work all
potentials are given in NHE. A conversion to the pH-corrected hydrogen scale (RHE) was
deliberately avoided, since in contrast to the competitive HER the CO formation on carbon based
materials shows no or only low dependence on the pH value.®® A Pt wire was located as a counter
electrode (CE) in a separated electrolyte chamber. Post mortem XPS and electrochemical analysis
showed no platinum or silver contamination of the WE under our experimental conditions (not
shown). At the bottom of the cell, the WE (GDE) was installed with the catalytic layer towards the
electrolyte, while the backside of the GDE was fed with the reactive gas in bypass mode.

The cell was filled with 5 ml of electrolyte Ci (0.5 M KHCOs and 0.5 M K2SO4, CO2 saturated
by CO: purging for 15 min, pH of the final conditioned electrolyte was measured to be 7.5 with a

specific conductivity of 107 mS cm™) and the feed gas was drawn at the back of the GDE (COx,



CO, Ar) with a constant flow rate (250 ml h). The membrane-based inlet system for the
differentially pumped mass spectrometer (Pfeiffer, PrismaPlus) was located directly at the gas
outlet of the cell. The response time for product detection was around 5 s relative to the current
signal. The system was first purged with the feed gas for about 5 min to remove residual gases and
to bring the GDE into equilibrium with the electrolyte, the LSV measurements were started with
a scan rate of 5 mV s, starting at -0.25 V (NHE). Here we would like to notice that, in contrast to
the potentials given in most publications, we refrain from performing an iR-compensation for
reasons of possible overcompensations that specifically might be observed at high current
densities.

After each measurement calibration gases, composed of CO2, CO, H2 and CH4 were passed at
the backside of the GDE which allowed the conversion of the mass signals into concentrations
(vol%) and thus the evaluation of the specific gas production rates (SGPR) and Faraday
Efficiencies (FE). For these calibrations the GDE was still in contact with the electrolyte, however,
no current was passing through the WE. Details on the data analysis can be found in the SI. It must
be noted that the calculated FE given here refer to the gas composition at the outlet of the bypass
underneath the cell. Since a certain proportion of the gaseous reaction products leave the cell
through the electrolyte, these calculated FEgs might underestimate the actual FE of the
electrochemical reaction. As shown in more detail for a Pt/C-based reference measurement
displayed in Figure S1 in the Sl this loss was determined to be about 10-15%.

For quantification of liquid products, the following respective potentials on NHE scale were
applied to the GDE for 10 min and the electrolyte was subsequently analyzed by ion
chromatography (IC): -0.5V, -1.0 V, -1.4 V and -1,8 V (NHE) in cathodic sweep, and -1.5 V and

-0.5V (NHE) in further anodic return sweep. For that an “ECO IC” from Metrohm equipped with



a Metrosep Organic Acid's 250 / 7.8 column, was used. Degassed 0.5 mM H2SO4 was the eluent
and IC standards from Sigma-Aldrich were used to calibrate the device.

2.4 Post mortem electrode analysis by XPS

For the post mortem XPS analyses, GDEs were drop-casted with a catalyst loading of 0.24 mg
cm? and used as a working electrode in COz-saturated 0.5 M KHCO:3 electrolyte instead of GDEs
in the gas flow cell. Each measurement was performed on a freshly prepared electrode. The
electrochemical protocol included the determination of the open circuit potential (OCP), followed
by a LSV at 5 mV s to various potentials in the range of -0.5 V to -2.04 V either in the forward,
or backward scan. These potentials were kept constant for 5 min. Subsequently, the electrodes
were extracted from the electrolyte chamber at the respective potential, rinsed carefully with
ultrapure water and dried under room temperature in a desiccator, before transferring them into the
XPS system. The XPS analysis was performed on the GDE without the use of an additional
(conducting) substrate. The amount of scans and kinetic energy were kept identical to the XPS
measurements on the sole catalyst (cf. Table S2 for details).

3. Results

3.1. Physico-chemical characterization of the catalysts

As shown and discussed in the Sl on Figure S2 and Figure S3, N2-sorption measurements and
Raman spectroscopy revealed similar surface area and carbon morphology for all samples. Both,
N2 sorption measurements and Raman spectra are dominated by the carbon support, while no
particular influence of the different metal species can be deduced, as was expected.

XPS was used to get information about the surface near elemental composition and the
chemical/oxidative states of the metal within the catalysts, as well as to identify possible impurities

brought into the systems during preparation. Figure S4 shows the survey scans for all investigated
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M-N-C catalysts. The catalysts consisted merely of the elements N, C, O, Cl and the respective
metal species. All catalysts were dominated by the presence of carbon as main element, as was
expected since a carbon black was used as porous support material and only low porphyrin
loadings were applied in the impregnation to avoid side phase formation. For the metal-free
H2-N-C catalyst as well as for KB600, the survey scans confirmed that no metal impurities could
be found within the detection limits of XPS.

In Table 1 the surface-near elemental concentrations of the metal [M], [N] and [C], are listed
together with the N-to-M ratios. The entire elemental surface-near composition (including O and
ClI concentrations), as well as the estimated atomic ratios in the precursor mixtures (calculated
from porphyrin plus carbon support) can be found in Table S3. The measured ratios are
approximately equal to the values that one would expect for the final M-N-C catalysts based on
the composition of the initial precursor mixtures.

Table 1: Surface-near concentrations of M-, N- and C in the M-N-C catalysts (in at%) and the

respective N-to-M-ratios.

Element Mn-N-C Fe-N-C Co-N-C Ni-N-C Cu-N-C Zn-N-C Sn-N-C

M / at% 0.25 0.27 0.34 0.31 0.32 0.30 0.35
N/ at% 1.04 111 1.36 1.25 1.33 1.23 1.40
C/at% 97.51 96.22 94.66 96.65 93.71 96.77 95.68
N-to-M /- 4.18 411 4.03 4.01 4.09 4.10 4.05

The metal content of all M-N-C catalysts was about 0.3 at%, which is close to the metal content
of the initial precursor mixture of 0.4 at%. The nitrogen concentrations were approximately four

times the metal concentrations as would be expected if only M-N4 moieties were present as the
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predominant M and N species. However, minor incorporations of oxygen and chlorine occurred in
all catalysts, leading to a slight deviation from the values expected from the precursor
compositions. As intended, small fractions of metal were leached out during the acid leaching.
Overall, the measured concentrations were close to the composition in the precursors. This is due
to the fact that at a pyrolysis temperature of 600 °C (as used in this work) a decomposition of the
porphyrin may occur. Yet, the decomposition of the porphyrin core-structure, e.g. the M-Na-center,
is still widely suppressed as evidenced by thermogravimetric data from Bogdanoff et al. (2004).5¢
A demetallation without impairment of the nitrogen species occurs only for a negligible fraction
of the metal centers, leading to a N-to-M-ratio slightly larger than the initial value of four, as is in
accordance with literature values.®’

Figure 2 shows the XP spectra of the N 1s region. The most pronounced feature was the presence
of a double peak (398 eV and 400 eV) for the metal-free H2-N-C, whereas only one peak, situated
at binding energies between those two peaks, was observed for all M-N-C. Thus, the behavior is
rather similar to what is found for the comparison of the free porphyrin base and metallo
porphyrins.%8¢° The peak position of the M-Nz center depends on the central metal ion, the
configuration of the M-Na4 center and the M-N bond length, yielding peak maxima at 398.2 to
398.7 eV.%8 This is due to the fact that such changes also affect the binding energies of the core

electrons of the nitrogen.
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Figure 2. N 1s fine scan spectra of all catalysts normalized to their respective maximum peak
intensity. The spectra of H2-N-C and KB600 are displayed as references. Indicated are the
approximate peak positions and position ranges, respectively, of the various nitrogen species:
pyrrolic nitrogen without H (Npyrrote-r), pyrrolic nitrogen with H (Npyrrote), graphitic nitrogen (Ngr.),

oxidic nitrogen (Nox.) and metal bound nitrogen (Nwm-nj).

To emphasize the dependence of the Nm-n peak position on the respective metal center, the
binding energies of the Nm-n peaks of our M-N-C catalysts are plotted as a function of the Nwm-n
binding energies in the related porphyrins as reported in literature in Figure S5.87%7 For most
M-N-C catalysts, the position of the Nm-n peak is shifted to lower binding energies compared to

the peak position found for metallo-porphyrins (but still at higher values compared to Npyrrole-H).

13



As can be seen, the positions of the Nm-n peaks appear similarly affected by the electronic state of
the metal in our M-N-C in comparison to the porphyrins. The similar behavior of our catalysts
might indicate that most of the M-N4 cores of the precursor actually remained intact in their
pyrrolic structure after pyrolysis.

The measured Nm-n peaks in Figure 2 exhibit a slightly asymmetric shape. The reason for this
asymmetry could not be clarified undisputably. We presume that the asymmetry might be caused
by minor differences in the local environment of the supposed M-Nas structures through low
amounts of oxygen functionalization of carbon in the vicinity of the metal centers or through partial
axial ligation of the metal center by (hydr-)oxygenation or chlorine ligation from the acid
treatment. This might also explain the retained oxidation state of the catalysts with a chloro-
porphyrin precursor (Mn-, Fe- and Sn-N-C).

Overall, the predominant nitrogen species found in the M-N-C catalyst can be attributed by more
than 90 % to Nm-n in @ M-Na4 coordination. Species with even higher binding energies than Npyrrole,
that are typically reported as graphitic (Ngr.) and oxidic nitrogen (Nox.), were solely observed for
the H2-N-C catalyst, yet in insignificant amounts.*® The lower thermal stability of the
H2-porphyrins in comparison to metalloporphyrins might be at the origin of this.”>"3

XPS fine scans of the metal regions are displayed in Figure 3 and further confirm the presence
of M-Ng structures. All catalysts showed main peaks related to the oxidation states typically found
in their respective porphyrins and expected for the resulting catalyst: M?* for Co-,”* Ni-,”® Cu-,”™"®
Zn-N-C;”” M3 for Mn-,"8 Fe-N-C;”® M*" for the Sn-N-C.%%8 Please note that the quality of the
metal-spectra, e.g. the signal-to-noise-ratio, strongly depends on the respective relative sensitivity
factor (R.S.F.) of the metal, which is lowest for Mn and Fe and highest for Cu and Zn. The Co- and

Cu-N-C catalysts (Figures 3c and €) showed minor features of a metallic M° state at binding
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energies slightly lower than their main peaks (< 1 % of the overall metal content). For Mn-, Fe-,
Co- and Cu-N-C, satellite features of the respective oxidation states were observable. For Co-N-C,
a slight shoulder can be observed at ~781.8 eV next to the main peak at 780.5 eV, that can most
likely also be assigned to Co?*-N4, yet in a slightly different configuration.®! This observation was
further made for a pristine CoTMPP immobilized on an amorphous fumed silica.®” In this case,
however, we refrain from a definite assignment of this peak. Nevertheless, close to 100 % of the

total metal contents can be attributed to a M-Na4 coordination.
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Figure 3. XPS fine scan spectra of the metal species in M-N-C catalysts: Mn 2ps2 (a), Fe 2ps2 (b),
Co 2psi2 (), Ni 2psi2 (d), Cu 2psr2 (€), Zn 2psr2 (F), Sn 3dsi2 (g). Indicated are the peak positions

where the presumed metal species can be found.
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The respective O 1s and Cl 2p fine scan spectra of the catalysts are displayed in Figure S6. For a
more detailed interpretation of the O 1s, Cl 2p and C 1s spectra the interested reader is referred to
the brief discussion in the SI. In summary, the following conclusions can be made: Oxygen is
mainly present in the catalysts in the form of carboxyl and carbonyl groups and minor fractions of
hydroxides. The only chlorine species that were identified to significant amounts were C-CI bonds
originating from the acid leaching in HCL. Carbon within the catalysts is mainly consisting of
sp?-hybridized carbon and oxygen-functionalities, as indicated in the spectra found in Figure S7.

If the overall set on XPS data is considered, it can be concluded, that the M-Ns-structure of the
porphyrin cores are mainly left intact and integrated into the pyrolyzed catalyst material, which is
a rather unique feature considering the materials discussed in literature.

3.2. Electrochemical characterization of the M-N-C catalysts

The electrochemical characterization and related product identification was performed for all
samples via LSV in GDE configuration as described in the experimental section and the SI.

Figure 4 shows that the various M-N-C samples reveal very individual current-voltage
behaviors under CO2 feed to the GDE. As a first very rough result, the obtained current densities
vary widely between Fe-N-C as the most active catalyst and Mn-N-C as the least active material.
In between, the other M-N-C samples, as well as H2-N-C and KB600, roughly line up in the order

of decreasing activity as follows: Fe > Ni >Co > KB600 > Cu > Hz, Sn, Zn > Mn.
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Figure 4. LSV of the different catalysts measured in 0.5 M Ci electrolyte with CO2 feed to the
GDE at a scan rate of 5 mV s™. The dashed lines indicate the potentials for which SGPR and FE

were extracted for later discussions.

In order to assess to what extent the current densities are actually based on a reduction of COz,
the product composition of the cell’s gas outlet was simultaneously measured to the corresponding
current density responses in Figure 4. From these measurements the standard gas production rate
(SGPR) and Faradaic efficiency related to gas products (FEgas) were calculated (procedure is
described in the SI).

At this point we would like to remind that the FEgas values are a lower estimates of the actual
FE for the gases produced during the electrochemical reaction as parts of them will leave the
system through the electrolyte. A more detailed discussion on this is found in the SI for a
Pt/C-based reference measurement as displayed in Figure S1.

Each of the M-N-C catalysts were investigated using three different feed gases: CO2, Ar and CO
within a potential range from -0.4 to -2.2 VV (NHE). The measurements under CO-feed were carried
out in order to investigate to what extent CO could act as an intermediate product in the formation

of hydrocarbons. Measurements with Ar-feed instead of COz serve as a reference in order to show
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the impact of gaseous CO2 at the GDE on the electrochemical activity and to estimate to what
extent CO2 might suppress the formation of hydrogen gas. However, we have to note that a direct
comparison of Ar- and CO2-measurements is only reasonable at low current densities, since under
Ar the pH in front of the GDE is continuously shifted to higher values with increasing current
density compared to the measurements under CO: feed. Thus, a comparison of the current and
SGPR curves is still possible close to the onset potential, whereas at higher current densities the
curves drift to significant more negative potentials compared to the CO2 based measurements. A
more detailed explanation of this effect is given in the SI.

The data for blank KB600 without any pyrolysed porphyrine are shown as a reference
measurement in Figure S8. The complete datasets obtained on current-voltage curves and SGPR
as well as the corresponding FEgas for the porphyrine-based samples are displayed in Figure S9 to
Figure S16, with ascending figure number in the order of Mn-, Fe-, Co-, Ni-, Cu-, Zn-, Sn-,
H2-N-C. Even though the data contain a wealth of information about the behavior of the various
catalysts, in the following we will focus our discussion only on the main trends and results which
can be deduced from these measurements.

Using Ar-feed beside H2 only negligible amounts of CO (SGPR approx. 1-2 pmol h* cm) were
detected for all samples. As those SGPR values were lower by a factor of about 1000 in comparison
to measurements under direct COz-feed, they were not considered in the further discussion.
Obviously the supplied CO:z2 is the main source for the CO2RR at the GDE and not any carbonate
from the electrolyte.

Using CO2-feed Figures S9 to S16 reveal that, in contrast to the metal-containing samples, the
metal-free sample H2-N-C and also the carbon support KB600 show only hydrogen production but

no reduction of COz2 to gaseous products and no soluble products were found in IC measurements.
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Obviously, the presence of a metal is necessary for the CO2RR in our samples and varies with the
selected metal.

The product-specific activities of the M-N-C catalysts towards CO2RR are summarized in
Figure 5 for the three potentials -1.0, -1.5 and -2.0 V (NHE). It should be noted, that beside the
listed products no other gaseous products could be detected within our measuring sensitivity
(approx. 1 pmol h™t cm™).

Various groupings among the catalysts with regard to the CO2RR activities are observable: Fe-,
Co- and Ni-N-C show by far the highest activity for the CO2RR at all potentials and form CO at
high FE (FE =50 - 90 %, SGPR =~ 1 - 4 mmol h'* cm). As will be described in more detail below,
the HER is only partially suppressed for Co-N-C over the whole applied potential range. For
Fe-N-C the HER is almost completely suppressed down to a potential of -1.5 V (NHE) and for Ni-
N-C over the entire investigated potential range. In comparison to this, Cu-, Zn-, and Sn-N-C
catalysts reveal, in strong competition with the HER, only moderate CO2RR activities and produce
little amounts of CO (FE < 25 %, SGPR < 0.5 mmol h** cm), while Mn-N-C shows only traces

of CO (SGPR = 0.015 mmol h't cm™).
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Figure 5. SGPR and FE of Hz (a and b), CO (c and d) and CHs and C2Ha4 (e and f) displayed for
each catalyst at -2.0 V (left), -1.5 (middle), -1.0 V (right) vs. NHE. “#” indicate that the values for

the measured data points are too low to properly be displayed.

The Cu-N-C, and on a significantly smaller scale Fe- and Mn-N-C, were the only catalysts able
to produce CHa, each at potentials more negative than -1.5 V (NHE) and always in the presence
of a simultaneous HER. Furthermore, Cu-N-C is further capable of forming C2Ha in significant
quantities (SGPR at -2.0 V (NHE) = 40 umol h'* cm?, FE =~ 8 %). The onset potentials for all
gaseous reaction products are summarized in Table S4 for the overall group of catalysts.

In Figure 6 the total of gaseous faradaic efficiencies (FEgas(total)) are displayed as the sum of

the respective FEgas for H2, CO, CH4 and C2H4 for all M-N-C. Especially Sn-, but also Zn-, Cu- and
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Mn-N-C tend to show lower FEgas(total) values than the other catalysts. As can be seen in
Figure S17, IC-analysis of the electrolyte after potentiostatic electrolysis over 10 min at the given
potentials reveals formate production rates for these catalysts in the following order:
Sn>>Cu>2Zn>Mn in M-N-C. No soluble products that could have been detected via IC
(formate, acetate etc.) could be observed for the other catalysts. On Sn-N-C, formate formation of
about 0.2 mmol h't cm2 at -1.8 V (NHE) accounts for a FE of about 30 - 40 %, which explains the
rather low FEgas(total) for gaseous products. For Zn-, Cu- and Mn-N-C correspondingly less
formate production rates (< 0.05 mmol h* cm) and FE < 15 %, were measured. No other products
could be detected in significant amounts via IC and headspace GC, but can of course not be

completely ruled out.
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Figure 6. FEgas(total) for all M-N-C at -1.5 V and -2.0 V (NHE), determined from the sum of the
individual FEgas for Hz2, CO, CH4 and C2Ha. Due to the limited collection efficiency of products at
the GDE, a FEgas measured here of around 85-90 % corresponds to a real FE at the electrode of

around 100 %, as indicated by the area marked in grey.
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The observed strong competition between HER and CO2RR on the most active catalysts
Co-N-C, Fe-N-C and Ni-N-C is illustrated in detail in the potential-dependent SGPR curves in
Figure 7.

For Co-N-C, the onset potentials for both H2 and CO formation are very similar (-0.76
and -0.79 V (NHE), cf. Table S4), accompanied by a steady increase in both production rates with
increasing overpotential (Figure 7a). However, the CO2RR is significantly preferred over the HER
in the entire potential range (FE(CO) = 60 %, FE(H2) = 15 % at 90 mA c¢cm™ for -1.5 V (NHE)).

Switching from CO2 to Ar, the Hz formation as sole product starts at an onset potential
of -0.81 V (NHE), which is almost unchanged to the CO2-based measurement, considering the
small positive pH shift due to the Ar-feed (see SI). The SGPR(H2), however, is more than doubled
with a FE(H2) of roughly 70 %, compared to the CO2-feed measurement. We conclude that the

CO2RR and the HER compete to high extent for the same reaction sites on the Co-N-C catalyst.
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Figure 7. SGPR of Hz (red), CO (green) and CH4 (orange), as well as jgeo (black) measured in CO2

(filled squares) and Ar (open squares) of Co-N-C (a), Fe-N-C (b) and Ni-N-C (c).

High FEgas towards CO formation have also been confirmed by Zhang et al. (2018) based on
DFT calculations and experimental studies of non-pyrolyzed Co-Phthalocyanine.®? They found,

that the activity for the reaction of CO2 to CO results from moderate binding energies of *COOH
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and *CO on the Co-Na active site and thus an optimal *CO desorption. A similar effect might
apply for our Co-N-C catalyst. For other metal-phthalocyanines (Fe-, Ni-, Cu- and Mn-Pc)
however, Zhang et al. could not observe a significant CO formation, whereas we observed on our
Ni-N-C and Fe-N-C catalysts the highest activities and FE(CO) of all investigated catalysts. On
the one hand, this could indicate that the incorporation of the M-Na centers into the graphene
network could improve their catalytic activity for the CO2RR compared to the molecular centers
in isolated organometallic materials, as observations previously made for Fe- and Co-N-C catalysts
for the ORR indicated.%578384 On the other hand is the nature of the local M environment during
the reaction not yet investigated thoroughly enough and might therefore also slightly defer from
M-Na.

The Fe-N-C shows the most positive onset potential for the CO production among all
investigated catalysts (-0.71 V (NHE), cf. Table S4). In contrast to the Co-N-C the Hz evolution is
almost completely suppressed up to a potential of around -1.4 V (NHE). This suppression is
particularly evident from the comparison with the Ar-measurement, where the HER as the sole
reaction already starts at about -0.9 V (NHE) (-0.82 V when taking the pH-shift due to Ar-purging
into account, cf. SI) and increases rapidly with increasing overpotentials (Figure 7b). Due to the
HER suppression, the Fe-N-C is the most effective catalyst for CO formation in this potential
range, with a FE(CO) of approx. 80% and a current density of 150 mA cm? at -1.5 V (NHE).
Sweeping towards potentials lower than -1.4 V (NHE), the HER is no longer suppressed and
increases rapidly to the detriment of CO formation rates. It should be pointed out that at such high
current densities the pH value in front of the GDE is strongly shifted to higher pH values due to
the proton consumption by HER and CO formation. This has already been demonstrated by

Burdyny and Smith (2019).85 However, such a pH shift does not seem to be the reason for the

24


mailto:150mA/cm2@-1.5

sudden change from CO formation to HER (e.g. by pH-dependent depletion of CO>), as a similar
current density plateau can not be observed for Ni-N-C under similar current densities and
experimental conditions.

A further special feature of Fe-N-C is that at approx. -1.7 V (NHE) (0.3 V more negative than
the HER onset potential) a significant formation of CH4 is observable (Figure 7b). Apparently,
intermediates of the HER are required for the hydrogenation of CO2. However, this is not observed
on the Co-N-C catalyst, despite the presence of HER and CO. The capability of hydrogenation of
CO2 must be due to specific catalytic properties of Cu- and Fe-N-C. Either the interaction of
molecular M-N4 units with other catalytic sites or a change in the electronic state related to M-N4
centers could be at the origin, e.g. through reduction of M?*ions to M** or M°. Evidence of such a
mechanism can be found in literature and is discussed below.5?

In the cas of Ni-N-C, when measured with Ar-feed, the HER starts at -0.79 V (NHE) (ca. -0.71 V
considering the pH shift due to Ar-purging). In contrast, under CO2-feed, the HER is completely
suppressed over the entire investigated potential range, with CO as only significant gaseous
product (Figure 7c and Figure S12), starting at an onset potential of -1.0 V (NHE). The CO
formation continuously increases to a potential of -2.2 VV (NHE) where a SGPR of 4 mmol h ¢cm™
with a FEgss > 90 % at a current density of -250 mA cm is reached. This is an excellent
performance that is similar to an Ag-loaded GDE that was also measured in 0.5 M Ci buffer.2® For
a Ni-N-C catalyst prepared by a pyrolysis of a polyaniline/Ni-salt mixture, Moéller et al. (2019)
showed the applicability of this type of M-N-C catalyst in a real electrolyzer configuration,
demonstrating high performance towards CO formation and similar FE and current densities as

we showed for our Ni-N-C catalyst.®’
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In summary, the HER onset potentials of the discussed catalysts are shifted to more negative
potentials in the order Co > Fe >> Ni in M-N-C due to the presence of CO2. Apparently, Hz and
CO formation compete for the same catalytic center, where the CO2RR if preferred over the HER.
This competitive mechanism allows for high FE(CO).

In order to better understand the different influences of the various M-N4 centers on the HER
suppression by CO2, more in-depth studies on the electronic structure of the centers during the
reaction conditions are required. Operando XPS could provide information on changes occurring
on the catalysts surface as induced by electrochemical reactions. Unfortunately, with the low metal
ion concentrations in our samples (< 1%) synchrotron radiation would be necessary in order to
obtain good spectra in a reasonable time, which was not within the scope of this work.

The gas specific current densities calculated for Fe-, Co-, Ni- and Cu-N-C are displayed in
Figure S18. Even though the overall current density and production rates are not among the most
active samples, the Cu-N-C is very interesting from a scientific point of view because it has by far
the highest formation rate for CHa (up to 0.16 mmol h* cm? at -2.0 V (NHE)) among the

investigated catalysts and is the only catalyst that produces C2Hza, as is shown in Figure 5.
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Figure 8. SGPR of Hz (red), CO (green), CHa (orange) and C2H4 (blue), as well as jgeo (black) of

Cu-N-C measured in CO2 (a) and CO (b).

In Figure 8 the SGPR and the corresponding voltammograms of Cu-N-C with CO: feed (Figure
8a) and CO feed (Figure 8b) are re-plotted from Figure S13. Under CO2-feed, on Cu-N-C the H2
formation seems not or only to a small extent being suppressed (cf. Figure S13a and c), starting at
a potential of about -0.9 V (NHE) (cf. Table S4) and accompanied by a minor production of CO
with a FE(CO) of approximately 10 %. The onset potential for the CHa4 formation lies
at -1.5V (NHE) and at -1.75 V (NHE) the formation of CzHa is initiated. With the onset of the
hydrocarbon production in return, the slope of the HER rate decreases slightly, as hydrogen is

consumed to form hydrogenated products. This reduces the FE(H2) to about 30 % at -2.0 V (NHE)
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in favor of the FE(CH4) and FE(C2H4) of approx. 20 % and 10 %, respectively. This clearly shows
that the formation of CH4 and C2H4 is somehow coupled to reactive intermediates of the HER.

When CO is fed to the electrode, as shown in Figure 8b, on the one hand the CH4 formation
starts at about the same potential as under COz , but with a slightly lower SGPR, while on the other
hand the SGPR(C2Hs4) is increased significantly. What is remarkable, is a shift of the onset potential
for the C2H4 formation under CO-feed by 0.2 V towards more positive potentials, with an increase
of the FE(C2H4) by a factor of 2 to 2.5 (Figure S19). Apparently, CO is an intermediate for
hydrocarbon formation and specifically for the formation of polynuclear hydrocarbons high CO
concentrations are required. Similar observations have also been made by other groups
investigating CO as feed gas.2 The CO coverage seems to be a limiting factor of hydrocarbon
formation what is in accordance with the adsorption energies provided by Nitopi et al. for metallic
Cu catalysts.”* Measurements under CO feed were also carried out with all other catalysts (cf.
Figure S9 to Figure S16). However, the SGPR(CHa4) on Cu-N-C is by a factor of 100 larger in
comparison to Fe-N-C and Mn-N-C.

Obviously, there is a certain similarity in the CO2RR reactivity of some M-N-C catalysts with
that of metallic catalysts as investigated by Hori and co-workers.!* In this context the question
arises whether the Cu-N-C catalysts undergo structural and electronic changes, e.g. a reversible
reduction to metallic structures, which would enable the formation of hydrocarbons. Similar
effects have already been observed for copper(l1) phthalocyanine (CuPc) by Weng et al. (2018)%
and for a non-purified Cu-N-C catalyst pyrolyzed at high temperatures by Karapinar et al. (2019)%
In an approach to investigate the state of copper at different reaction conditions in our Cu-N-C
catalyst post mortem XPS analysis was performed at various stages of electrolysis.

3.3. Potential-dependent post mortem XPS analysis of Cu-N-C/GDE
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The GDE were extracted from the electrochemical cell for the post mortem XPS analysis at
various conditions (1) to (6), which are indicated in Figure 9. While for conditions (1) — (5) a
single LSV with subsequent chronoamperometric hold (20 min) at the related potential was
performed, for condition (6) the catalyst was first swept to -1.9 V (NHE) and then cycled back to
-0.4 V (NHE). For conditions (1) and (6) unambiguously no electrochemical reactions are
occurring, while condition (2) is close to the onset of H2 and CO formation as measured in the
MS-coupled bypass experiments. The absolute current densities measured in the post mortem
experiments are slightly lower than in the MS-coupled LSV measurements, but the onset potential

and the trend of the curve are comparable.
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Figure 9. Observed current densities from the LSV experiments performed in CO2 saturated
electrolyte for the post mortem XPS measurements of Cu-N-C. The points indicate at which

potential the electrodes were taken out of the cell for further analysis.

Figure 10a and b show the according Cu 2ps2 and N 1s fine scan spectra, of the initial catalyst
powder, the catalyst ink impregnated on a GDE, the electrode after 5 min in the CO2 saturated

electrolyte at OCP condition (+0.30 V (NHE)), as well as at conditions (1) — (6). Furthermore,
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based on these spectra, Figures 10c and 10d reveal the potential-dependent relative structural
changes at the catalysts surface for Cu- and N-species.

Already from Figures 10a and b structural changes of the Cu 2p and N 1s signatures are visible.
As Figure 10c shows, the initial Cu?* state (representative for Cu-N4) remains unchanged down to
a potential of -0.5 VV (NHE), with a relative contribution of more than 98 %. A further decrease in
potential to -1.5 V (NHE) leads to a decrease in Cu?* species to about 78 %, while at the same time
a Cu® species occurs, that increases from less than 2 % up to 22 %. Up to -2.6 V (NHE) the relative
concentration of Cu® only slightly increased further to 27 %. The reduction of the oxidation state
from Cu?" to Cu® seems at least partially reversible, since with sweeping the potential back
to -0.4 V (NHE) the contribution of Cu?* turns back to about 90 % and an according decrease in
CuC is observable. To what extent this reversible change of the oxidation state is connected to a
reversible change in the environment will be addressed below. The main change in structure and
oxidation state occurs in the potential range where the formation of CH4 and C2Ha4 occurs in the
MS-coupled LSV experiments.

Interestingly, at a similar potential of approx. -1.4 V (NHE) Hori et al. (1989) and Baturina et
al. (2014) observed the formation of CH4 and C2H4 on their metallic copper electrodes and on
carbon-supported Cu nanoparticles, respectively.'*% Thus, it is likely that for the Cu-N-C catalyst
the formation of metallic species is responsible for the formation of hydrocarbons. The formation
of metallic phases or clusters also makes the formation of polynuclear hydrocarbons (C2H4) more
understandable, since its formation would have appeared unlikely on spatially separated Cu-N4
centers.

Along with the changes in Cu 2pasr2, a clear potential-dependent change in the N 1s signature of

the Cu-N-C catalyst was visible (Figure 10d). Induced by the ink based electrode preparation the
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main peak in N 1s of Electrodeas-prep Was shifted to slightly higher binding energies compared to
the plain catalyst powder, indicating a slight depletion in electron density at the metal center.%
Furthermore, was a minor increase in relative pyrrolic N concentrations for the drop-casted catalyst
layer compared to the pristine material observed. When brought into contact with the electrolyte
at an OCP of about +0.3 VV (NHE) a partial demetallation at the Cu-N4 center seems to occur, as
the relative concentration of Nm-n decreases from 92 % to about 84 %, while the concentration of
pyrrolic N increases from 8 to 16 %. As soon as the potentials were applied, the underlying peaks
became more intense, while at the same time the peak at 398.5 eV corresponding to Nwm-n decreased
in intensity. Moreover, this process appeared to be irreversible within the potential range applied,
as for condition (6) the spectra is very similar to (5) at -2.6 V (NHE) but differs significantly

compared to (1) at -0.5 V (NHE).
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Figure 10. Post mortem XPS of the Cu-N-C catalyst. Shown are the Cu 2ps2 (a) and N 1s (b)
spectra obtained after different electrochemical potentiostatic conditions (OCP and conditions (1)
to (6)), as well as the as prepared electrode (Electrodeas-prep., purple) and the initial Cu-N-C catalyst
powder (cyan). Further shown are the respective relative distribution of Cu- (c) and N-species (d)
as functions of applied potentials. Npyrrolic represents the sum of Npyrole and Npyrrole-H

concentrations.

Considering that a partial re-oxidation of the formed metallic species occurred without a
significant reformation of metal-bound N, it is likely that to some extent Cu-Na centers are
irreversibly disintegrated and that the formed oxidized Cu-species are no longer coordinated by
nitrogen atoms.

Nevertheless, Cu?* seems to remain in the catalyst material. In contrast to Weng et al. (2018)%2
and Karapinar et al. (2019)%, we cannot validate their conclusion on a reversible change upon
electrochemical conditioning. As the reversibility is reported for both, a molecular and a pyrolyzed
Cu-based catalyst, it is likely that the differences in observations might be due to slight differences
in the experimental conditions, as they investigated the reversibility for a lower applied potential
window. The clustering of Cu particles is likely to increase both with increasing overpotential and
electrolysis time, making a re-oxidation and reformation of the Cu-Na center less likely.

In the context of these results, we can better understand the observations that were made during
a first stability measurement on the Cu-N-C catalyst, as shown in Figure S20. In a potentiostatic
experiment at -1.95 VV (NHE) over 18 min under CO2 feed, a steady increase in C2H4 and H:
production can be seen over time, while the CHs4 formation continuously decreases. It is

conceivable that as the electrolysis time progresses, Cu-N4 centers are continuously reduced to
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metallic clusters or phases and accumulating to larger extent over time, so that the C2Ha4 formation
is preferred over CH4 formation with ongoing electrolysis time.

4. Discussion and Conclusions

Numerous publications investigate the CO2RR activities and selectivities of M-Nx centers, but
often only for a specific type of metal ion in the center.2®4° As one of the few overarching studies,
Ju et al. (2017) pursued a similar approach to our work using a set of uniformly prepared M-N-C
catalysts.®* In contrast to our samples, however, they found significant quantities of pyridinic,
pyrrolic and graphitic nitrogen as well as small amounts of metallic species as by-products in their
catalysts, what makes it more difficult to assign the CO2RR activity to a particular active site. The
authors introduce a DFT-simulated model for M-N4-C centers with which they can successfully
correlate the binding energy of the intermediates COOH * and CO * as descriptors for the onset
potential and the reaction rate of the CO formation at moderate overpotentials in their
measurements.

Overall, our measurements confirm this concept as the onset potentials (cf. Table S4) show an
analogous trend (Fe < Co < Mn << Ni, Cu) and, with the exception of Mn-N-C, also the
SGPRs(CO) follow their model (Fe > Co > Ni, Cu) (cf. Figure 5c). Although the Mn-N-C shows
the predicted high FE(CO) of over 50 % (Figure 5d), the observed a SGPR(CO) was too low in
comparison to the theoretical model.** This indicates that besides the catalytic centers also other
factors play a decisive role. Especially for Mn-N-C, Zhang et al. (2019) showed that the activity
could have been influenced by axial coordinated halide ions.*® Furthermore, the carbon
environment can have a decisive influence.®®

Since both, our catalysts and those of Ju et al. fulfill their model calculated for M-Na4-C centers,

it can be assumed that at low overpotentials M-Na centers are primarily responsible for the CO2RR
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in both cases.®* The generally increased competitive HER activity observed for the M-N-C
catalysts of Ju et al. in comparison to our catalysts could possibly be explained by the reported
side phases found in their catalysts. While we observe an almost complete suppression of the HER
with Ni-Ns-C up to -2.2 V (NHE) and over a wide potential range also with Fe-N4-C, Ju et al. give
potential-dependent FE(H2) values of well over 20 %. For Co-N-C they even indicate a
potential-independent FE(H2) of approx. 90%, whereas we only measure 20 % but a high
selectivity of 50 — 60 % for the CO formation (cf. Figure S11b). These results show that with
catalysts that exclusively contain M-Nas centers a high selectivity towards the CO production can
be achieved. To what extent these differences could be due to the use of a GDE configuration in
our experiments as compared to Ju et al. is unknown. In principle, however, high CO:2
concentrations will certainly favor the CO2RR compared to the HER.

According to literature, the prerequisite for CH4 formation is a high binding energy of CO* and
a low affinity for HER at the M-N4 center.®4” Based on the DFT calculations by Rossmeisl’s
group, this is the case for Co-, Fe- and Mn-Ns-C centers, but not for Cu-N4-C.% In fact our Fe-N-C
and Mn-N-C catalysts show the formation of small amounts of CH4 with FE(CH4) < 5 %. In
contradiction to these calculations, however, no CHa is observed on Co-N-C, whereas on Cu-N-C
CHa and even C2Has as the main products of CO2RR were observed with a summed FE(CxHa) of
approx. 30%. Indeed, our post mortem XPS results on Cu-N-C give strong hints that the activity
towards hydrocarbons is mainly connected to the formed metallic structures formed at negative
potentials instead of the Cu-Na4 center. Similarly, Varela et al. (2019) hypothesized that the overall
CO2RR activity of their Cu-N-C catalyst was based on finely dispersed metallic Cu particles on

the carbon support, while Cu-Na4 sites play a subordinated role in the reaction.*°
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From these results the general question arises to what extent the M-Nx center in M-N-C catalysts
retain their integrity under operational conditions. Concerning Fe-N-C catalysts, operando EXAFS
measurements by Leonard et al. (2018) indicate a partial reduction of the Fe?* ion to Fe!* and Fe°
in the catalytic center at potentials of negative approx. -1.5 V (NHE).5? In fact, we see significant
changes in the catalytic properties on our Fe-N-C in this potential range, as the CO2RR to CO
suddenly switches to the HER accompanied by a CH4 formation. For Zn-N-C catalysts, however,
Yang et al. (2018) reported that the Zn-N4 center has a remarkable stability at least
at -0.82 V (NHE) and is responsible for the high FE of up to 90 % at -4.8 mA cm for CO
formation.® In comparison, our Zn-N-C only achieves about 15 % FE(CO) at a comparable
potential and increases to about 30 % at -2.2 V (NHE). This again might be caused by multiphase
contributions in their catalyst in comparison to the higher purity of Zn-N-C in our work.

Structural changes in dependence of electrolysis time may also explain some differences in the
observed formation rates and FE measured by our instantaneous product detection method in
comparison to the analysis of products accumulated over a longer period of time. This further
demonstrates the difficulty to compare the results of various studies without standardized
measurement methods.

Regardless of the considerations discussed above for strong negative potentials, our Fe- and
Ni-N-C catalysts show high CO production rates and FE at moderate overpotentials what we
assume is attributable to the presence of M-N4 structures and absence of HER active side phases
in our catalysts.*® Even though these catalysts show promising product specific current densities
(Figure S18) many further aspects such as long term stability, production costs and specific activity
of the GDE need to be considered in the future in order to develop M-N-C catalysts that show

technologically relevant performances. The model character of the catalysts in this work allows
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important conclusions to be drawn about the catalytically active centers in M-N-C catalysts and
the results obtained here can provide important impulses for the further development of this
catalyst class.

5. Summary

A series of unistructural metal and nitrogen doped carbon (M-N-C) catalysts was synthesized by
the pyrolysis and subsequent acid treatment of carbon-supported porphyrins with various central
metal ions (Mn®*, Fe**, Co?*, Ni?*, Cu?*, Zn?*, Sn*") and investigated for their capabilities to
electrochemically reduce CO:2 in aqueous electrolyte. XPS analyses showed that nitrogen and
metal species were almost exclusively present as in carbon integrated M-N4 centers LSV
measurements on GDE, combined with in-line detection of gaseous products, reveal current
densities of more than 200 mA cm2 and CO faradaic efficiencies higher than 80 % on Fe-N-C and
Ni-N-C catalysts. This is achieved by an almost complete suppression of the HER over a wide
potential range. The onset potentials of CO formation at the M-N-C catalysts follow the model of
HCOO* binding energy descriptors on M-Na centers, as it is discussed in literature. Sn-N-C was
able to majorly produce HCOOH, while the Cu-N-C catalyst produced CH4 and C2Ha with a
FE > 30 % as main products of the CO2RR. For this catalyst potential-dependent post mortem XPS
analyses showed that the onset potential of the hydrocarbon formation (ca. -1.5 V (NHE)) can be
correlated with a partial reduction of Cu?" to Cu® accompanied by a partial demetallation of the
Cu-Ng4 center. The C2Ha4 formation rate could significantly be enhanced using CO instead of CO2
as feed gas, indicating that CO might be a key intermediate in the formation of polycarbon-based
hydrocarbons. Our work shows, that the simultaneous measurement of current and product

formation rates in LSV experiments on M-N-C catalysts with predominantly M-Na4 centers and
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similar morphological properties provides valuable insights into the influence of the central metal

ion on the potential-dependent CO2RR behaviour of M-N-C catalysts.
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