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Metalloporphyrins are widely studied in the field of electrochemical
CO, reduction (CO,R), with the main focus on homogenous cata-
lysis. Herein, six metalloporphyrins (M = Fe, Co, Ni, Cu, Zn, Ag) were
incorporated in gas diffusion electrodes and used in zero-gap
electrolyzers to reach varying FEs for CO of <1% (Fe,Ni), 11%
(Cu), 37% (Zn), 75% (Co) and nearly 100% (Ag) at a current density
of 50 mA cm2,

Electrochemical CO,R is a promising approach to convert the
greenhouse gas CO, into useful C; building blocks for the
chemical industry, such as CO or CH,. Therefore, numerous
transition metal complexes have been extensively tested for their
catalytic efficiency in this reaction, predominantly in laboratory-
scale systems. More recently, they also became tested in systems
orientated towards practical applications.™” A widely investigated
complex class on the laboratory-scale are metalloporphyrins,
mostly comprising a meso-tetraphenylporphyrin (TPP) based
ligand.® Especially, the iron complex demonstrated an excellent
performance in homogeneous catalytic systems towards the gen-
eration of CO at low overpotentials.%> Additionally a zinc por-
phyrin also showed the ability to homogeneously convert CO, to
CO.° Similarly, cobalt porphyrins have shown efficacy in convert-
ing CO, to formate in solution.” In recent years, multiple studies
were conducted on the investigation of the immobilization of
porphyrins upon electrocatalysis. Different approaches were car-
ried out within these reports: immobilization to carbon nanotubes
(CNTs) via non-covalent interactions or covalent attachment to
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CNTs,** as well as incorporation into gas diffusion electrodes
(GDESs) with a carbon black support. Most of these studies were
performed in H-type cells>'*"*™* and occasionally in flow-
cells."™'* For instance, hydroxy substituted Fe(TPP) derivatives
which have been attached to CNTs, covalently and non-
covalently, maintained their high activity reaching an FE for
CO between 90% and 96% in aqueous solutions.”"® In H-Type
cell experiments, Co(TPP) immobilized on a GCE surface also
exhibited a good catalytic performance towards CO formation
with product selectivity over 90%.'> Moreover, copper based
systems applied in a two compartment cell even showed higher
reduction products, like methane or ethylene with faradaic
efficiencies (FEs) of 27% and 17%, respectively.'>*1¢

Despite these important advances, information on the
applicability and on how to utilize heterogenized molecular
systems in the application of orientated conditions, such as
higher current densities, omittance of mass transport limita-
tions and potentially scalable systems, are limited. Moreover,
until now research regarding nickel or silver based porphyrins
as electrocatalysts for CO, reduction is limited.> Within this
work, we report the incorporation of six different metal TPPs
(M(TPP), Fig. 1a) complexes (M = Fe, Co, Ni, Cu, Zn, and Ag)
into GDEs which have been applied into modular and indust-
rially relevant zero-gap electrolyzers at elevated current densi-
ties (Fig. 1b). Due to the solely gaseous cathode environment in
zero-gap setups, the often occurring problems with GDEs, such
as electrode flooding, are mostly prevented in this setup.
Further, the mass transport of CO, is improved due to the
omittance of a liquid catholyte, and the gas is immediately
delivered to the catalytic sites.'”'® A clear comparison between
zero-gap and H-type cells can be found in the ESI{ (Table S1).
Moreover, the overall metal loading on the electrode surface
can be lowered while maintaining the same activity when metal
complexes are used."’

The metalloporphyrins M(TPP) used in this study were
synthesized according to published procedures.”*>* For the
manufacturing of the GDEs, catalytic inks were prepared
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Fig. 1 (a) scheme of the structure of the used complexes M(TPP); (b)
photo of the used zero-gap electrolyzer during electrolysis.

consisting of CNTs in the presence of a Nafion binder, as well
as carbon black (SuperP) in the presence of Sustainion XA-9 as
the binder, which were drop cast onto a carbon cloth after
sonication. Herein, the carbon black is more interesting for
industrial applications due to its low cost compared to that of
CNTs, the latter of which are the state of the art carbon support
for porphyrin complexes in the literature.>'®*° During the
electrolysis experiments within this work, electrodes with a
mass ratio of 1:2 (M(TPP): carbon support) using a loading
of 0.25 mg cm™> of the M(TPP) were investigated. For more
details regarding the electrode preparation, see ESL} The zero-gap
electrolyzer was equipped with a Ni-foam anode and an anion
exchange membrane (AEM) made of PiperION (40 pm thickness)
which directly connects the anode and cathode sides. The cathode
side was fed with humidified gaseous CO, (100% relative humi-
dification), whereas on the anode side, 1 M KOH was cycled as the
anolyte (20 mL min ). Electrolysis was performed for 1 h at
50 mA cm > followed by 1 h at 100 mA cm ™2 at 25 °C without
exchanging any electrolyzer parts in between the change of
current density. To determine the product gas composition,
GC injections were performed at every 30 min of catalysis
(for averaged values, see Tables S2 and S3, ESIt). The determined
faradaic efficiencies (FEs) after 1 h of electrolysis are shown in
Fig. 2a and b, respectively.

The different M(TPP) complexes show highly variable activ-
ities towards the formation of CO ranging from below 1%
(Fe,Ni), 11% (Cu) accompanied by 6% FE for CH,, 37% (Zn),
75% (Co) and nearly 100% (Ag) at an applied current density of
50 mA cm ™% These altering reactivities cannot be attributed to
differing electrode morphology when using different catalysts,
since the SEM measurements performed pre- and post-
electrolysis showed similar surface structures of the electrodes,
including metal complex particles submerged in the used
carbon support (Fig. S1-S8, ESIt). For instance, the homoge-
nously highly active Fe(TPP) complex does not show any activity
towards CO generation under the herein applied conditions,
reaching FEs below 1%. To get an insight on the present metal
species on the electrode surface and potential modifications
during electrolysis, X-ray photoelectron spectroscopy (XPS) of
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Fig. 2 Observed averaged cell voltages (pink diamonds) and FEs for H,
(green), CO (blue) and CH4 (pink) with either MWCNTSs (left half of graph) or
carbon black (right half of graph) as carbon support after 1 h of electrolysis
at (a) 50 mA cm~2 or (b) 100 mA cm 2.

the electrodes prior and after catalysis was performed. Prior to
catalysis, the XPS spectrum of the Fe 2p;/, orbital shows a peak
at 711.6 eV, which is in accordance with XPS spectra reported
for iron porphyrin complexes.”'*'®> Nevertheless, a reliable
fitting is not possible due to the low intensity. The intensity
of the Fe 2p XPS spectrum after electrolysis (Fig. S10, ESIY) is
even lower and therefore does not allow us to make a statement
as to the presence or not of an iron species, while in the XPS
analysis of the membrane surface (Fig. S21, ESIf), iron was
observed on it. These XPS results indicate that the complex
decomposes during catalysis and potentially gets demetallized
under the applied conditions, which differ strongly from those
reported to date. During additional experiments at a decreased
current density of 10 mA ecm™>, the Fe(TPP) retains its high
activity towards CO generation (>90%) within the first 30 min
of catalysis. However, a decline in activity was observed over the
2-hour electrolysis period, further suggesting that the catalyst is
unstable under the harsher conditions compared to those in
homogeneous experiments (Table S3, ESIT). Another catalyst
which exhibited nearly no activity towards the generation of CO
or any other C; reduction products is Ni(TPP). This is in
accordance with studies performed on nickel porphyrins in
electrochemical CO,R since nickel porphyrin complexes are not
broadly known for efficient CO,R without further ligand
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Fig. 3 Fitted XPS spectra for the Ag 3d (a) and (e), Cu 2p (b) and (f), Zn 2p
(c) and (g) and Co 2p (d) and (h) orbitals. Spectra on the left side belong to
the electrode pre-electrolysis, spectra on the right side to the electrode
post-electrolysis.

modifications.>® XPS analysis of the pre- and post-electrolysis
GDEs indicated that the Ni might have been washed out during
catalysis since the intensity of the Ni 2p orbital binding
energies is very low in the post-catalysis electrode, while again
the signals of the N 1s orbitals of the porphyrin nitrogens are
not affected by catalysis (Fig. S11 and S12, ESIT). The vanishing
of the metal centres for the Fe(TPP) and Ni(TPP) after electro-
lysis offer a possible explanation for their low catalytic activ-
ities. The complexes appear to be unstable under the applied
conditions. Even though the corresponding copper complex
Cu(TPP) also mainly favours the hydrogen evolution reaction
(HER) over CO,R, it is also able to produce CO with an FE of
11% and CH, in the noteworthy amount of 6% at an applied
current density of 50 mA ¢cm >, a behaviour that supports
previous studies.'®?® The pre-electrolysis Cu 2ps, XPS spectra
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show a peak at 934.3 eV with corresponding satellites at higher
binding energies. (Fig. 3) The presence of a Cu(u) species is
verified by the characteristic shape of the Cu 2p satellite peak.
During electrolysis, the generation of a reduced metal species
can be observed, indicated by an emerging peak at a lower
binding energy of 933.2 eV, while the Cu(u) species stays as the
main copper species present.”” It can be assumed that this
species is hindering the CO,R since the formation of C;
reduction products is decreased with a higher current density
and longer catalysis duration. Additionally, Zn(TPP) maintains
its ability to reduce CO, to CO under the herein applied harsh
electrolysis conditions, reaching FEs up to 37% at 50 mA cm ™~
Even though the FE for CO decreases with an increase of
current density, the metal centre stays unaffected during cata-
lysis, as indicated by XPS showing an unaltered peak for the
Zn 2psj, orbital at 1022.3 eV. (Fig. 3) Additionally, an Auger
parameter for the zinc centre of 2010.01 eV was obtained, which
further confirms its oxidation state.*® Further, Co(TPP) stands
out as the only non-noble metal porphyrin complex tested in
this study, which shows a higher selectivity for CO formation
compared to that of H,, reaching an FE of up to 75% at
50 mA cm >, and maintaining the high activity towards
CO,R, which was also observed in H-type cell experiments.'?
Moreover, it is noteworthy that the Co complex is the only one
within this series showing an enhanced performance in the
presence of MWCNTSs as the carbon support. Under the same
catalysis conditions with a carbon black support the FE for CO
is nearly 35% lower. Just as for the Zn complex, no decomposi-
tion of the Co(u) centre was observed in XPS, keeping the
binding energies for the Co 2p;), orbital at 781 eV (Fig. 3)
which is also in accordance with reported XPS values for Co
porphyrin complexes.>® Nevertheless, the silver-based catalyst
achieved by far the greatest performance towards CO,R reach-
ing an FE of nearly 100% towards CO formation when a current
density of 50 mA cm™? is applied and carbon black is used as
the carbon support. Further, after applying a current density of
100 mA cm 2 the FE for CO only decreased to 92%, maintaining
its high activity. While not only showing the highest perfor-
mance towards CO, reduction, the experiments using the
Ag(TPP) with a carbon black support were accompanied
by the lowest cell voltage of 3.0 V at a current density of
100 mA cm > for all complexes which are active in CO,R.
Nevertheless, this transition metal complex seems to transform
into metallic silver particles during electrolysis, which could be
stabilized by the nitrogen rich ligand environment. In the post-
electrolysis XPS, new bands evolved at lower binding energies
for the Ag 3ds, and 3d;, orbital signals, which resemble
a reduced species (Fig. 3)."° However, making a definite state-
ment on the silver oxidation state is not possible, since the
intensity of the silver Auger peaks in the corresponding XPS is
too low to make a reliable fitting (Fig. S20, ESIT). One similarity
of all t complexes, except Co(TPP), is that they all perform
better in the presence of the more cost-efficient carbon black,
which could be attributed to a better distribution of the carbon
particles over the electrode surface. In SEM measurements
(Fig. S1-S8, ESIT) it was seen that the CNTs rather tended to

This journal is © The Royal Society of Chemistry 2024
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form agglomerates instead of an even layer across the complete
electrode area. Furthermore, in the literature it is known that
Co(TPP), which is the only active catalyst with empty d-orbitals
within this study, can induce electronic interactions with CNTs via
interactions of their m-systems. This could facilitate the electron
transfer from the carbon support towards the empty d-orbitals of
the catalytically active centre.*** An increase of the current density
also always results in an increased HER for all the complexes.

In conclusion, this study emphasizes the that results obtained
with homogeneous or immobilized catalysts in a liquid catholyte
are not easily transferable to application-ready setups. This is due
to the significantly altered local reaction environments, which
include pronounced changes in CO, and H,O concentration as
well as pH gradients, coupled with more severe catalytic condi-
tions. Catalysts well-known for their efficiency and selectivity in
CO, reduction in solution or immobilized in single-cell set ups,
such as the prominent Fe(TPP), do not demonstrate activity under
application-orientated settings. Furthermore, it was shown that
the most suitable carbon support needs to be determined each
time to boost the catalyst performance as much as possible.
Contrary to previously reported studies on M(TPP)s as catalysts
for electrochemical CO, reduction, two complexes not typically
noted for this reaction showed the highest performance in a zero-
gap assembly: the Co(TPP) achieved an FE of 40% at 100 mA cm >
and Ag(TPP) achieved an FE of 92% at 100 mA cm > while
employing moderate cell voltages of 3 V. Under the herein applied
conditions, the Fe(TPP) and Ni(TPP) do not exhibit a significant
FE for CO generation, which can be attributed to a possible
demetallation of the complex during electrolysis, whereas the
Zn(TPP) still reaches an Fe for CO of 19% at 100 mA cm .
Additionally it is noteworthy that the Cu(TPP) produces CH, with

an FE of 6% at an applied current density of 50 mA cm 2.
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