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A π-Conjugated Porphyrin Complex as Cathode Material
Allows Fast and Stable Energy Storage in Calcium Batteries
Thomas Smok,[a, b] Shirin Shakouri,[b] Ebrahim Abouzari-Lotf,[a, b] Frank Pammer,[a]

Thomas Diemant,[a] Saibal Jana,[b] Ananyo Roy,[a] Yanlei Xiu,[a] Svetlana Klyatskaya,[b]

Mario Ruben,*[b, c, d] Zhirong Zhao-Karger,[a, b] and Maximilian Fichtner*[a, b]

Rechargeable calcium batteries (RCB) are prospective candi-
dates for sustainable energy storage, as they hold the promise
of the high energy density of lithium-ion batteries (LIBs) while
simultaneously combining it with highly abundant raw materi-
als. However, for long time, calcium batteries have faced severe
issues with regard to cycling stability, until recently develop-
ments demonstrated improved battery cycle life when employ-
ing CaSn alloy anodes with fluorinated alkoxyborate electro-
lytes. These findings opened up the possibility to study cathode
materials for RCBs not only in a more comparable manner, but
also in a practical full cell design. As representative of emerging

organic electrode materials (OEMs), we investigated tetrakis(4-
pyridyl) porphyrin as both free ligand (H2TPyP) and in the form
of its copper MOF complex (CuTPyP� MOF) as active cathode
species in RCBs. The cells demonstrated high capacities and
excellent cycling stability at the same time. Even at elevated
current densities of e.g., 2000 mA/g the full cells delivered
stable capacities of ~90 mAh/g proving its excellent rate
capability. This study explores the electrochemical performance
of porphyrin active materials in calcium batteries and represents
a significant step forward in the progress toward organic
electrodes for multivalent energy storage systems.

Introduction

With the continuous electrification of societies due to the
growing usage of portable consumer electronics and electric
vehicles, the demand for energy storage has been constantly

increasing.[1] So far, lithium-ion batteries (LIBs) are leading the
world market for secondary batteries as the currently best
solution for reliable electrochemical energy storage.[2] However,
LIBs have nearly reached their theoretical limits in terms of
energy density and are still lacking high-level of safe storage
mechanisms.[3] Moreover, given the limited availability of certain
raw materials (e.g., Li, Co, Ni),[4] a shift towards more economic,
and at the same time sustainable, cell chemistries is highly
desired.[5] A common approach to address the aforementioned
issues is the use of highly abundant materials based on
multivalent elements like Mg, Ca or Al.[5b,6] Multivalent batteries
might become an alternative to LIBs as they hold the possibility
of higher energy densities due to transferring two or more
charges per carrier ion.[7,8] Also, dendrite formation seems to be
less significant in these types of storage systems.[9]

The rechargeable calcium battery (RCBs) is an emerging
multivalent system, that is poised to exhibit high energy
densities due to the inherently low reduction potential (� 2.87 V
vs. SHE)[5a,10] of calcium.[5a,10] Calcium is significantly more
abundant in the earth’s crust in comparison with other
elements like Li, Na, K, Zn and Mg.[11] As a result, the production
costs for RCBs could be lower, making them a more economic
option for energy storage.[11,12] Compared to their homologous
Mg2+ ions (ion radius 0.86 Å, charge density 1=120 C mm� 3,
coordination number 6),[13] Ca2+ ions (ion radius 1.14 Å, charge
density 1=52 C mm� 3, coordination number 6)[13] are relatively
large in size.[14] This allows the charge to be distributed over a
larger volume, resulting in ”softer ions”.[10] The softness of Ca
ions provides two key advantages. First, it reduces the energy
barrier of the de-solvation of Ca ions making cycling more
straightforward and stable. Second, the lowered charge density
of the bare ion results in energetically more favorable solid-
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state diffusion within the electrodes.[15] This leads to enhanced
cycling kinetics and higher power densities.

Despite these inherent advantages of RCBs, their develop-
ment is still hindered by several challenges that need to be
overcome.[16] One of the main obstacles is the severe passiva-
tion of metal anodes, leading to low cycling stability.[17] The lack
of available ambient temperature electrolytes for RCBs also led
to a stagnation of progress in this field of research.[18] However,
recent studies have shown that these issues can be diminished
by using CaSn-alloys as anodes in combination with calcium
tetrakis-(hexafluoroisopropyloxy)-borate (Ca[B(hfip)4]2)
electrolytes.[19] In consequence, the so increased stability of the
anodes allowed for testing in a realistic full-cell design. With the
now improved cell design, stable cycling behavior of up to
5000 cycles was observed, proving enhanced Ca stripping/
plating efficiency of the alloy compared to metallic calcium
anodes.[19a] These findings have opened up novel pathways for
testing other potential cathode materials without requiring
impractical cell designs like, e.g., the use of carbon
electrodes.[20]

Compared to inorganics electrode materials with sluggish
reaction kinetics,[21] organic electrode materials (OEMs) are often
employed as cathodes of multivalent systems, because they
show less rigid migration pathways for ions and lowered
migration barriers due to their less dense structures.[22] OEMs
offer nearly limitless structural varieties paired with tunable
functionalities[23] making them excellent candidates to fulfill the

requirements for complicated multivalent batteries, such as
hosting larger and stronger polarizing ions.[24] Among the
potential organic compounds, porphyrins represent a promising
class of OEMs that have been successfully utilized in various cell
chemistries with both mono- and multivalent ions, including Li-
,[25] Na-,[26] K-,[27] Al-[28] and Mg-[29] based storage systems.
Porphyrins are known for their ability to rapidly take up and
release multiple electrons (Figure 1a).[30] This ambipolar behav-
ior, also known as b-type material, enables high specific
capacities (compared to p-type materials) and high voltage
(compared to n-type materials), resulting in high energy
densities comparable to commercial inorganic compounds.[25,31]

Additionally, recent publications have shown that porphyrin
materials can efficiently insert and de-insert multivalent ions at
high cycling rates, what enables high rate performances and
power densities in i. e. rechargeable magnesium batteries
(RMBs).[29] Inspired by the remarkable performances of porphyr-
inoids as cathode materials, we report here for the first time on
the electrochemical behavior of 5,10,15,20-tetra(4-pyridyl)-por-
phyrin (H2TPyP) and a H2TPyP-based copper metal organic
framework (CuTPyP� MOF) in calcium batteries. These materials
were utilized as cathodes against calcium tin alloys in a borated
electrolyte (Figure 1b) in the follow up of our previous work.[19a]

Figure 1. A general description of a) the charge storage mechanism of tetra pyridyl porphyrins in calcium batteries, where the delocalized redox sites allow
their utilization in the calcium cells presented in b).
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Results and Discussion

5,10,15,20-tetra(4-pyridyl)-porphyrin (H2TPyP), a commercially
available porphyrin, was used in a one pot reaction for
complexation with Cu(II) (Figure S1). While some literature
describes the reaction to result in a single Cu porphyrin
complex,[32] our experiment led to the formation of a porphyrin-
based metal-organic framework (MOF) connected via
dicopper(II) tetraacetate clusters (Cu2(OAc)4) as linker molecules.
The structure is already known in literature and well described
by single-crystal X-ray crystallography.[33] Surprisingly, the
described synthesis of the MOF[33b,34] is similar to the one for
single porphyrin molecule.[32b] A first strong indicator for the
formed MOF structure was given by elemental analysis
(Table S1), showing much lower carbon proportions than for
the isolated, non-connected porphyrin complex expected.
Based on theoretical calculations and experimental elemental
analysis, we propose the presence of CuTPyP · (Cu2(OAc)4)2,
wherein two dicopper(II) tetraacetate clusters (paddlewheel
cluster) are coordinated to one of the four pyridyl function-
alities. This constitutes the smallest building unit of the 2-D
coordination network.[34] Further analysis by infrared spectro-
scopy verified the presence of acetate functional groups (Fig-
ure S2), corroborating their function as linking unit. The strong
peaks at 1619, 1603 and 1422 cm� 1 correspond to asymmetric
and symmetric carboxylate (� CO2

� ) stretching vibrations.[35]

The formation of MOF-structures was further studied by XPS
measurements, which showed a significant amount of Cu(I)
already in the pristine state (Figure 2a). Such ions would be very
uncommon and improbable for mono-molecular porphyrins,
where only the conjugated porphyrin macrocycle is complexed
by a copper ion. Previous research on Cu� MOFs reported that
especially at the nodes of MOF structures, copper show the
oxidation state +1.[36] Therefore, we speculate that the Cu(I)-
formation observed in our study might originate from active
unsaturated metal sites (UMS) within the copper-based MOFs.[36]

Also further possibilities, like defects[37] in the MOF structure or
Cu2O impurities[38] are possible and should be considered. These
defects may for example explain the reduced amount of
nitrogen found in elemental analysis.

To confirm the crystallinity of the synthesized material and
compare it with literature,[33b] powder X-ray diffraction patterns
were recorded (Figure 2b, red line). Despite matching reflexes
in the pattern, the prepared sample exhibits lower crystallinity
than literature,[33b] which can be attributed to two factors.
Firstly, the faster crystallization process employed in this study
may contribute to reduced crystallinity. Secondly, the presence
of solvent molecules encapsulated within the material, which
can be lost during the drying process, is supposed to affect the
crystalline structure of the sample. This phenomenon is
illustrated by the comparison of as-prepared and dried MOF
samples (Figure S3). The release of trapped solvent molecules

Figure 2. a) XPS Cu2p3/2 detail spectrum of CuTPyP� MOF. b) XRD shows a high crystallinity of copper-free porphyrin, which can also be observed in c) SEM
images of H2TPyP. d) In contrast, CuTPyP� MOF is less crystalline, however, it still consists of polygonal crystallites (red circle).
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induces the closed-open transition, which is a crucial character-
istic of these materials resulting in the lowered total
crystallinity.[39]

In good agreement to the XRD results, also the SEM images
show a similar reduction of crystallinity when examining
CuTPyP� MOF. While the samples made from the precursor
ligand H2TPyP (Figure 2c) consist of regularly shaped, single
polygonal particles with a smooth surface, rather larger
agglomerated structures are present in CuTPyP� MOF (Fig-
ure 2d). These structures, however, consist of single polygonal
particles (red circle) which might indicate that a part of the
original appearance was kept. In accordance with this, the
particle size of both materials does not differ essentially, as it is
for both materials around 1 μm. Therefore, we do not expect an
influence of the particle size when comparing the electro-
chemical properties of these materials.

A common problem of porphyrins as well as other organic
materials that impacts the electrochemical performance is the
high solubility of active compounds in the electrolytes.[40] In
earlier studies it was already found that introducing metal
atoms into the porphyrin structure might be beneficial for
closing the solubility gap.[25a,41] Also, in the case of H2TPyP,
which has an inherently low solubility, the dissolution in DME
was further reduced after copper complexation (Figures S4 and
S5). Although already minor dissolved traces will lead to a color
change, even after several days the vast amount stays
undissolved. When incorporating Cu into the porphyrin core an
increase in symmetry of the molecule is achieved which
becomes visible by the loss of two Q-bands in the UV-Vis
spectrum (Figure S6b). The redshift, derived from the same
spectrum, can be explained by computational calculations using
density functional theory (DFT). Therefore, improved under-
standing of the origin of the redshift of the Q-band in UV
spectra after Cu(II) insertion was gained by performing time-
dependent DFT (TDDFT) calculations with the goal to find the
electronic transitions and relationships between occupied and
unoccupied molecular orbitals. In the ligand H2TPyP, based on
the oscillator strength (f), the first weak transition at 562 nm
gave rise to the typical Q-band. This transition mainly originates
from the combined interactions of four orbitals (HOMO!
LUMO, 60%; HOMO-1!LUMO+1, 40%). Contrarily, in the case
of single molecule CuTPyP, the Q-band emerges at 576 nm due
to the electronic transition with the main contribution from
SOMO-1!LUMO+1 (96%) (Figure S7).

H2TPyP and the isolated molecular complex CuTPyP were
further studied by DFT. The correlation between the two
compounds serves to estimate the electronic effect of the
pyridyl-substituent and its possible impact on redox processes.
The peripheral 4-pyridyl-substitutents in H2TPyP-systems stand
at dihedral angles of ca. 70° relative to the plane of the
porphyrin ring. This limits the effective conjugation between
the macrocyclic ring system and the substituents. Accordingly,
the free base shows virtually no involvement of the substituents
between the highest occupied orbital-1 (HOMO-1) and the
lowest unoccupied orbital +1 (LUMO+1) in the frontier orbital
plots (Figure S7).

Introduction of the central copper atom alters the electronic
structure, with the d9-configuration of the central atom
resulting in a doublet spin state. Nonetheless, introduction of
Cu (II) in CuTPyP leaves the energy level of the HOMOs virtually
unchanged (H2TPyP: HOMO=-5.61 eV, CuTPyP; SOMOs-α=

� 5.61, β=5.64 eV). The central atom contributes only margin-
ally to the frontier orbitals SOMO-1 through LUMO, which are π-
orbitals very similar to those in the free ligands.

To obtain more insights into the electrochemical processes
occurring during initial cycling, cyclic voltammetry experiments
with a sweep rate of 1 mV/s were performed. In both porphyrin
materials the insertion of calcium ions can be observed, which
occurs roughly at 0.7 V for H2TPyP and at 0.8 V for CuTPyP� MOF
during the discharge. The deinsertion process during the
charging step occurs at a potential of 1.1 V for H2TPyP and 0.9 V
for CuTPyP� MOF (Figure 3a, b). Interestingly, for H2TPyP the
reduction peak intensity is much larger and strongly reduces in
the consecutive cycles assuming that a part of calcium ions is
irreversibly trapped inside the electrode. The corresponding
charge discharge profiles of galvanostatic cycling (Figure 3c)
show for H2TPyP a similar feature by the formation of a large
plateau during discharge in the region of 0.7 V.

As the porphyrin core is known to readily host metal ions,
we assume that calcium ions are bonded within the central
cavity of porphyrins of H2TPyP during the discharge process.
Computational results indicate that, structural reorientation of
H2TPyP and CuTPyP occurs during Ca ion insertion and
deinsertion. In the case of H2TPyP, the central coordination site
provides ample space for strong interaction with the Ca ion
resulting in a computed deinsertion energy of 3.95 eV/mol.
However, due to the strong interactions, reversibility is signifi-
cantly diminished, and further irreversible reactions may occur
with low probability, given that the reaction energy is positive
(0.66 eV/mol). In contrast, CuTPyP does not allow for direct Ca
ion insertion, as the central position is already occupied by
copper ion. To enable Ca ion insertion, the copper ion must be
displaced from the central cavity (Figure S8). This displacement
lowers the deinsertion energy of CuTPyP by 1.27 eV/mol (the
deinsertion energy of a single molecule CuTPyP is 2.68 eV/mol),
making deinsertion more likely and efficient during charging.
However complete removal of copper from the central cavity
and insertion of Ca ions or partial reduction of the central
copper are highly improbable due to their positive reaction
energies, measuring 2.03 eV/mol and 2.94 eV/mol, respectively
(Scheme S1).

This (de)insertion process significantly impacts calcium
storage in H2TPyP and therefore influences the discharge
capacity of the battery (Figure 3c). While H2TPyP initially
achieves a high discharge capacity of 176 mAh/g, this value
drops rapidly down to 135 mAh/g in the second cycle. The
CuTPyP� MOF offers an advantage in terms of better reversibility
of calcium insertion/deinsertion, which can be observed in the
following cycles, where capacities up to 162 mAh/g are
achieved (Figure 3d). Notably, the achieved capacities are in
both cases (H2TPyP and CuTPyP� MOF) above theoretical values
for a two-electron transfer. Therefore, we speculate on a partial
contribution coming from anion-storage as presented earlier

Wiley VCH Montag, 27.11.2023

2312 / 321664 [S. 67/73] 1

Batteries & Supercaps 2023, 6, e202300308 (4 of 10) © 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202300308

 25666223, 2023, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202300308 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [20/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(Figure 1a). This consideration is supported by XPS-data in C1s
and B1s regions (Figures S9 and S10) which show effective
presence of the anion by occurrence of CFx- and B- function-
alities in the cycled electrodes. The corresponding mechanism
is already known and was discussed in literature before.[32a]

The calcium ion insertion mechanism was further studied by
means of ex-situ XPS measurements. Detail measurements in
the Ca 2p region from electrodes in pristine, charged and
discharged state are shown in Figure 4; while the results of
measurements in other regions are compiled in Figures S9 and
S10 for H2TPyP and CuTPyP� MOF, respectively. The results in
Figure 4 confirm the presence of calcium ions in the cycled
electrodes. As expected, the percentage of calcium ions in the
discharged electrodes was higher than in the charged ones,
demonstrating the insertion during discharge. Based on
quantitative analysis of the XPS detail spectra, calcium percen-
tages in the surface layer of the charged and discharged
electrodes of H2TPyP were 0.58% and 1.91%, respectively, while
for CuTPyP� MOF, the percentages were 0.16% and 3.68%
respectively. The results are in excellent agreement with SEM-
EDX measurements (Figures S11–S19), which showed a uniform
distribution of calcium for both materials. Furthermore, the Ca/
Cu ratio [2.33 in the discharged versus 0.3 in the charged state]
obtained by SEM-EDX showed a similar trend for the calcium

insertion in CuTPyP� MOF. This clearly points out that calcium
ions are inserted into the electrodes during the discharge and
supports earlier discussed ion-trapping during charge.

In the CuTPyP� MOF-system, a reversible redox reaction of
the copper central metal atom is taking place. A comparative
CV measurement (Figure S20) suggests that an additional redox
peak, which occurs at 2.7 V in the anodic scan and reverses at
2.5 V in the cathodic scan, could be attributed to the copper
atom in the porphyrin core structure. Previous research also
reported on partial Cu(II) to Cu(I) redox reaction in
Cu� porphyrins.[25a,29,41a,42] However, in this study, we observe the
reaction to be more reversible and complete than previous
studies have suggested. Based on ex-situ XPS measurements
(Figure 5) of the Cu 2p region, a significant formation of Cu(I) in
the fully discharged state could be shown. During discharge,
the injection of additional electrons in the d-orbital leads to the
reduction of Cu(II) to Cu(I), as the electrochemical reduction is
expected to fundamentally alter the electronic structure of the
material. Computed structures of the singlet mono-anion
[CuTPyP]� 1 (Figure S21) show the HOMO to be a non-bonding
orbital that is exclusively delocalized across the Cu-centered
dx2-y2-orbital[43] and the Cu� pyrrolo-σ bonds. In the neutral
complex CuTPyP, the spin density is delocalized throughout the
same area, i. e., the dx2-y2-orbital (Figure S22).

Figure 3. Cyclic voltammograms of a) H2TPyP (a) and b) CuTPyP� MOF in the range of 0.5 to 3.3 V measured with a scan rate of 1 mV/s. The corresponding
charge-discharge profiles of c) H2TPyP and d) CuTPyP� MOF cycled with a current density of 100 mA/g.
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In the charged state, a rather equivalent mixture of both
oxidation states was observed. This could be due to the earlier
discussed existence of Cu(I) at the nodes of Cu� MOFs[36] and is
therefore interlinked with a partial return to the default
structure. Besides we speculate that a minor amount of copper
ions might not be converted back to its initial state due to
previously discussed interaction with calcium ions nudging
them out of the porphyrin core.

The improvement from the copper redox reaction is evident
when comparing the cycling performance and rate capability of
CuTPyP� MOF and H2TPyP (Figure 6a and b). Both compounds

exhibited remarkable results, with the calcium cells cycling for
up to 3000 cycles. However, CuTPyP� MOF delivered higher
reversible capacity, reaching up to 115 mAh/g at a current
density of 1 A/g. The CuTPyP� MOF revealed outstanding
capacity retention of 78% after 3000 cycles, while H2TPyP had a
cycling stability of 72%. The first cycle was excluded from this
consideration due to the earlier discussed irreversible calcium
ion trapping, which made comparison difficult. It is also
important to mention that for the cycling stability of both
materials for the first 500 cycles an activation process occurs.
Both porphyrins also demonstrated excellent rate capability
(Figure 6b and c) while cycled at various current densities
between 0.2 A/g and 2 A/g. Excellent capacity retention of
90 mAh/g at a high rate of 2 A/g highlights the immense
potential of CuTPyP� MOF as high-power cathode in calcium
batteries. Moreover, the materials were capable to recover their
initially capacities when charged with lower currents again.

No plateaus were observed in the charge-discharge cycles
of porphyrinic cells (Figures 6d, S23), indicating a fast redox
reaction at porphyrin sites and pseudocapacitive behavior, that
have been well documented in literature.[25a,29,41a] To further
investigate this pseudocapacity and gain a more comprehen-
sive understanding of the underlying processes in
porphyrin� calcium cells, a detailed kinetic analysis of these
materials was performed (Figure 7, according to Equation S1) in
order to disentangle diffusion and surface-controlled processes.
At lower scan rates, both charge storage mechanisms contrib-
ute significantly (roughly 50 :50 ratio at 2 mV/s). At higher scan
rates, the estimated surface contribution becomes dominant,
implying effective non-faradaic charge storage. The altered

Figure 4. Ca 2p- XPS detail spectra of the pristine, charged (at 3.3 V) and discharged state (at 0.5 V) of a) H2TPyP and b) CuTPyP� MOF.

Figure 5. Cu 2p3/2-XPS detail spectra of CuTPyP� MOF electrodes in the
charged (at 3.3 V) and discharged (at 0.5 V) state.
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structure of CuTPyP� MOF, in comparison to H2TPyP (Fig-
ure S24), results in a large contribution from diffusion-controlled
reaction, indicating a more battery-like material character. This
stands in contrast to previous studies, which showed dominant
surface reactions upon the introduction of a copper ion.[25a,29,41a]

Interestingly, the stronger faradaic character of CuTPyP� MOF
does not influence the rate capability.

Conclusions

In conclusion, this study has demonstrated for the first time the
potential of porphyrin materials as cathode materials in calcium
batteries. Both porphyrin structures, H2TPyP and CuTPyP� MOF,
exhibited remarkable cycling stability up to 3000 cycles and
proved to be effective hosts for calcium ions. Furthermore, the
structures delivered high discharge capacity even at elevated
current densities, making them attractive for high-power
applications. Ex-situ studies were conducted to complement the
understanding of the mechanism of porphyrin active materials

Figure 6. Comparison of CuTPyP� MOF with H2TPyP with regard to a) cycling performance at a current density of 1 A/g and b) rate capability. Selected charge
discharge profiles of CuTPyP� MOF c) at differing current densities and d) upon prolonged cycling at 1 A/g.
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in calcium batteries. Electrochemical performance analysis
revealed that the presence of copper in the structure strongly
influenced the cycling performance through extra Cu(II)/Cu(I)
redox reactions. The improvement was further elucidated, by
kinetic analysis, which linked it to the pseudocapacitive nature
of the material. Therefore, this study highlights the potential of
(metal) porphyrins as cathode materials in calcium batteries
and opens up new possibilities for sustainable energy storage
systems.

Experimental Section
Materials. Metal-free 5,10,15,20-tetrapyridyl porphyrin (H2TPyP) was
obtained commercially (PorphyChem SAS, France) and was used
without further purification. Conductive carbon (Ketjenblack
EC600JD, AkzoNobel) and polyvinylidene fluoride (PVDF, Alfa Aesar)
were dried in vacuum (1�10� 3 mbar) for at least 12 h at 300 °C or
100 °C, respectively. Glass microfiber separators (Whatman, GF/C)
were dried at 200 °C in vacuum for over 12 h. The synthesis and
processing of both, the alloy anode and the electrolyte, are
described elsewhere.[19]

Synthesis of 5,10,15,20-(tetra(4-pyridyl)porphinato)copper(II)-
metal organic framework (CuTPyP� MOF). The free-base porphyrin
(H2TPyP) (1 g, 1.61 mmol) and Cu(OAc)2 · 4H2O (4 g, 20.04 mmol)
were dissolved in 300 mL chloroform and 100 mL methanol. The
reaction mixture was stirred at room temperature for 1 day. The

solvent was removed under vacuum. The crude product was
washed with water and methanol to remove the unreacted Cu-salt.
The product, a red solid, was dried in vacuum.

UV-Vis (CHCl3): 418, 543 nm; FT-IR: ~n=1619, 1603, 1422, 1347,
1222, 1073, 1000, 799, 679 cm� 1; Elemental analysis: C 49.89%, H
3.88%, N 10.24% (calcd. for C56H48Cu5N8O16: C 47.81%, H 3.44%, N
7.97%).

Computational details. Quantum chemical calculations were
performed on the bwForCluster JUSTUS 2 at the University of Ulm,
using release C.01 of the Gaussian16 program package and also
using DFT calculations using B3LYP functional along with def2-
TZVP basis set in the implicit solvation model Conductor-like
Polarizable Continuum Model (CPCM) with chloroform as a solvent.
The converged structures were found to be local energetic minima,
as established by frequency calculations. To explain the origin of
the redshift of the Q-band in UV spectra after insertion of the Cu(II),
we performed time-dependent DFT (TD-DFT) calculations to find
the electronic transitions and relationships with occupied and
unoccupied molecular orbitals.

Computed structures. Molecular geometry and electronic proper-
ties were computed for the free base 5,10,15,20-tetrapyridyl
porphyrin (H2TPyP), and its Cu(II) complex CuTPyP. Neutral CuTPyP
has one unpaired electron and was therefore computed as doublet.
The anionic complex [CuTPyP]� 1 was computed in the singlet state.
For the anion M06-2X/TZVP was used and the pseudo potential
MDF10 for Cu; solvent model: PCM with THF as solvent.

Figure 7. Kinetic analysis of CuTPyP� MOF: a) CV curves at different scanning rates (0.1–10 mV/s) and b) plot of iv/v
1/2 vs. v1/2. c) The corresponding calculated

contribution ratio of diffusion- and surface-controlled charge storage at scan rates between 0.1–10 mV/s.
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Cathode preparation. For the electrode slurry, tetrapyridylporphyr-
ins, H2TPyP and CuTPyP� MOF, were mixed with Ketjenblack and
PVDF with a respective ratio of 0.6:0.3:0.1 in N-methyl-2-pyrrolidone
(NMP). For mixing the substances, a planetary centrifugal mixer
(ThinkyARE-250) was utilized at 2000 rpm for 20 minutes. The slurry
was applied on a graphite-based gas diffusion layer (GDL 29AA, Ion
Power, Germany) and the electrode was pre-dried overnight. The
electrode was cut into discs (11.8 mm diameter) and dried in
vacuum (1�10� 3 mbar) at 80 °C for 12 h. The mass loading of
electrodes was ~2 mg/cm2. The electrode discs were transferred
and stored in an Argon-filled glove box.

Electrochemical cell tests. Electrochemical cell tests were per-
formed on a Biologic BCS 805 testing unit with an applied voltage
window between 0.5 V and 3.3 V. For testing, CR2032 coin cells
were built with a CaSn3-alloy as anode and 0.3 M Ca[B(hfip)4]2 in
DME as electrolyte. Cyclic voltammetry measurements were
recorded with differing scan rates between 0.1 to 10 mV/s, whereas
galvanostatic cycling was performed with constant currents of
0.1 A/g and 1 A/g. Only exceptions were the rate capability experi-
ments which were tested with currents between 0.2 A/g to 2 A/g.

Structural and chemical characterization. The XPS measurements
were carried out with a PHI 5800 MultiTechnique ESCA System
(Physical Electronics) using monochromatic Al� Kα (1486.6 eV)
radiation, a detection angle of 45°, and pass energies at the
analyzer of 93.9 and 29.35 eV for survey and detail spectra,
respectively. The samples were neutralized with electrons from a
flood gun (current 3 μA) to compensate for charging effects at the
surface. For binding energy calibration, the main C(1 s) peak was
set to 284.8 eV. Peak fitting was carried out with Casa XPS software
with Shirley-type backgrounds and Gaussian-Lorentzian peak
profiles. SEM imaging was conducted in a Zeiss Leo Gemini 1530
System. EDX measurements were conducted on an Apreo 2 SEM
from Thermo Fisher Scientific, the Everhart Thornley Detector was
operated in the secondary electron mode. The EDX was carried out
with a voltage of 20 kV while the SEM imaging was done at an
operating voltage of 5 kV. EDX spectra were collected for 60 s and
elemental mapping was done for 300 s. X-ray powder diffraction
(XRD) were recorded using STOE STADI P Diffractometer with
Debye Scherer geometry using Mo� Kα-1 (λ=0.7093 Å) and Cu� Kα-
1 radiation (λ=1.5406 Å). IR spectra were recorded with a Nicolet
iS50 FTIR spectrometer. Measurements were carried out in a range
of 400–4000 cm� 1. The elemental analysis was carried out in CHNS-
mode using a Vario micro cube. UV-VIS spectra were collected on a
Varian Cary 5000 UV-VIS/NIR spectrophotometer in chloroform.
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