Oxidation state dependent conjugation controls electrocatalytic
activity in a two-dimensional di-copper metal-organic framework
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Molecularly defined two dimensional conjugated metal-organic frameworks combine properties of molecular and material
based electrocatalysts, enabling tunable active site and bandgap design. The rational optimization of these systems requires
an understanding of the complex interplay between the various metal sites and their influence on catalysis. For this purpose,
copper-phthalocyanine-based two-dimensional conjugated metal-organic framework (CuPc-CuOs4 2D c-MOF) films with an
edge-on layer orientation were transferred to (Ni-NTA) functionalised graphite electrodes and analyzed via electrochemical
resonance Raman spectroscopy. With the help of Density Functional Theory (DFT) calculations for the first time a detailed
assignment of the vibrational bands for different Cu oxidation states could be achieved and correlated to their
electrocatalytic activity in respect to the oxygen reduction reaction (ORR). Potential dependent Raman spectroscopy made
it possible to determine the redox potentials of the Cu in the CuPc moieties and the Cu-catecholate nodes individually with
Ecupc=-0.04V and Ecuos= +0.33 V vs. Ag| AgCl. Albeit the Cu-catecholates are generally seen as the active site in these systems,
electrocatalytic ORR was only observed below -0.1 V were both Cu units were present in their respective Cu' state. DFT
calculations of bandgaps and density of states (DOS) showed a significant decrease in bandgap and increase in -conjugation
upon transition from the inactive mixed Cu'"/Cu' state to the active Cu'/Cu' state suggesting that slow electron supply in the
mixed state limits catalysis at the Cu-catecholates. Our results indicate that the coupling between metal oxidation changes

and mr-conjugation of the 2D c-MOF is a key parameter towards achieving good electrocatalytic activity.

Introduction

Electrochemical devices can be operated using renewable
energy sources and thus have become the main alternative to
devices that rely on fossil fuel combustion.! The need to use
sustainable catalysts for the electrocatalytic key reactions, such
as the reduction of oxygen and hydrogen, has led to enormous
progress in the development of molecular and heterogeneous
catalysts.2# Specifically several carbon-based>® and non-
precious transition-metal’-® containing molecular complexes1©
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have been developed that are capable of effectively catalysing
ORR and other reduction reactions. A general problem for these
molecular complexes remains the heterogenisation step. As
intermolecular electron transfer rates are usually small,
electroactive immobilisation above monolayer coverage is
difficult to achieve.ll As a result, the overall current densities
are lower as in the case of heterogeneous catalysts that exhibit
excellent intrinsic electric conductivity. 1213 Materials that are
synthesised via molecular bottom-up approaches have the
ability to combine the precise active site design of molecular
catalysts with the long range electron transfer capability of
heterogeneous catalysts and have thus great potential towards
improving electrode design beyond the state of the art.1* Metal-
organic frameworks (MOFs) use molecular units as building
blocks to form high precision materials via coordination bonds
between multidentate organic linkers and metal cations.1> The
high precision in material synthesis and extensive variability of
building blocks allow them to be optimized for various
applications such as gas storage, electronics and
electrocatalysis.1®17 Among them, two-dimensional conjugated
MOFs (2D c-MOFs) that are based on metal phthalocyanines
(MPcs) units, have shown excellent potential for electrocatalytic
applications as they exhibit good ion diffusion ability and fully



in-plane mt-delocalisation,!81° thereby overcoming the usually
low conductivity of MOFs. Upon variation of the central metals,
a large number of 2D c-MOFs have been developed recently
that were specifically optimized for hydrogen evolution reaction
(HER), oxygen reduction reaction (ORR) and carbon dioxide
reduction reaction (CO,RR).20 In the case of ORR the metal-O4
catecholates were identified as the active site for catalysis??, yet
the contribution of the MPc unit remained unclear.

For rational design of MOF electrocatalysts, a fundamental
understanding of their redox and catalytic reaction mechanism
is mandatory.22 In-situ Raman spectroscopy is ideally suited to
provide that information as it can be easily applied in an
aqueous solution and under the influence of electric potential.
Combining Raman spectroscopy with electrochemical data on
the same system allows correlating electrocatalytic activity with
structural changes of the material during catalysis and has been
utilized to identify active sites and determine reaction
mechanisms.23-26  Specifically, in-situ Raman spectroscopy of
iron phthalocyanines has been applied in the past to identify
redox transitions and catalytic intermediates of these molecular
units.2’-2% However, to the best of our knowledge, no Raman
spectroelectrochemical work has been published yet on
systems where the phthalocyanine was integrated into a MOF
structure.

To get insight into the synergetic effects between the molecular
building blocks in 2D c-MOFs, we have attached an edge-on
layer oriented CuPc-based 2D c-MOF film with Cu-catecholates
(CuPc-CuQ4)30 via a Ni-NTA linker to a smooth graphite
electrode. We were able to employ operando electrochemical
resonance Raman spectroscopy to investigate the individual
redox properties of the Cu species at the CuPc moieties and
CuOq4 linkages and their respective contribution to the ORR. The
experimental data was supported by theoretical Density
Functional Theory (DFT) calculations of Cu' and Cu'' oxidation
states. Additionally, the bandgap energies and density of states
(DOS) of the different states have been calculated to correlate
the m-conjugation of the 2D c-MOF with the metal’s oxidation
states.

Results and Discussions

According to our previous report,3° 2, 3, 9, 10, 16, 17, 23, 24 -
octahydroxy phthalocyaninato Cu (CuPc-(OH)s) monomer was
employed as a ligand to construct the CuPc-CuQ4 2D c-MOF film
on the water surface (Figure 1). The preferential edge-on
orientation of the CuPc-CuO, film was determined by imaging
and diffraction techniques.3® The as-prepared film was
transferred onto different solid substrates via dipping an
electrode through the air-water interface.

In order to verify successful polymerisation and to elucidate
structural differences between the (CuPc-(OH)s) monomer and
the CuPc-CuO4 2D c-MOF, both complexes were attached to a
roughened silver (Ag) electrode via dipping. Since the UV-vis
spectra of CuPc-CuO,4 showed absorbance maxima at 320 nm
and 620 nm (Figure S1), laser excitation at 595 nm was used that
coincidences with the surface enhancement of the Ag electrode
and the resonance Raman enhancement of CuPc-CuOa.

Cu-Pc Monomer

=t

Transfer

Figure 1 (a) Structure of CuPc-CuQ,, (b) Schematic illustration of the edge-on oriented
CuPc-CuQq film on the water surface and transfer to solid electrodes.

This procedure allowed for a detailed analysis of the surface-
attached CuPc-CuO, film via surface-enhanced resonance
Raman spectroscopy (SERRS). The resulting SERR spectra at an
electrode potential of 0.1 V vs. Ag|AgCl and are shown in Figure
2.

The spectral assignment was enabled by comparing the
measured spectra with DFT calculations (Figure S2). Due to the
enormous complexity of the spectral pattern, we will focus on
the following selected bands that can be assigned confidently:
Most importantly, a peak at 425 cm rises in the CuPc-CuQ4 2D
c-MOF that is absent in the calculated and measured spectra of
the monomer. Two peaks at 402 and 464 cm™ in the calculated
CuPc-CuO4 2D c-MOF spectrum can be assigned to this
measured peak. Both represent out-of-plane vibrations that are
only possible if a certain degree of polymerization has occurred.
This makes them highly suitable marker bands to monitor the
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Figure 2. Surface-enhanced resonance Raman (SERR) spectra of the CuPc-(OH)g
monomer (trace a) and the CuPc-CuO4 MOF (trace b) at 0.1 V vs. Ag| AgCl (KCl 3M). Laser
excitation: 595 nm. The insets illustrate the vibrations of selected vibrational modes as
obtained from the DFT calculations.



polymerization process. Between 600 and 900 cml, a
prominent band occurs at 745 cm™ in the monomer that is
shifted to 735 cm in the MOF. In comparison with DFT
calculations we assign this band to a totally symmetric vibration
at 777 cm which includes both the Pc-unit and the phenol
ligands but with a main contribution from the Pc (see inset
Figure 2). A neighbouring band at 757 cm! can be seen in the
monomer that is shifted to 752 cm in the MOF, which is also
assigned to vibration with a high contribution of the Pc. On the
other hand, an isolated band at 887 cm™ exists that does not
shift upon polymerization. This band is also clearly present in
the calculated spectra. Between 1000 and 1200 cm two
dominant bands at 1137 and 1185 cm™ are seen in the
monomer, whereas a third band at 1161 cm™ is exhibited
exclusively by the MOF. The shift to lower wavenumbers is
confirmed in the calculations which predict a band-shift from
1173 to 1154 cm! in the monomer and MOF, respectively. We
assign this band also to a combined Pc-phenol vibration, but in
this case with a much higher contribution of the phenol rings
and the CuOq linkages (see inset in Figure 2). Above 1200 cm,
a broad superposition of bands are seen that change in an
unspecific manner upon polymerization. Also in this region,
strong deviations between the calculated and measured spectra
are observed. We, therefore, refrain from a more detailed
assignment in this region. Note that the band at 1524 cm,
which is very dominant in the monomer, decreases significantly
in intensity in the CuPc-CuO4 2D c-MOF. The different modes
are summarized in Table 1.

In a next step, ORR activity in O, saturated 0.1 KOH aqueous
solution was tested by recording Linear Sweep Voltammetry
(LSV) for the (CuPc-(OH)g) monomer and the CuPc-CuO4 2D c-
MOF on a graphite electrode (Figure 3a). These experiments
were performed in a hand-made spectroelectrochemical cell
without rotation. The monomer (trace ii) showed some ORR
activity below an onset potential of roughly -0.3 V vs. Ag|AgCl.
Attaching the 2D c-MOF (trace iii) resulted in a steeper rise in
catalytic current density, higher saturation currents and a shift
of the onset potential to ca. -0.2 V vs. Ag|AgCl. In addition the
corresponding Raman spectra of the CuPc-CuO,4 2D ¢c-MOF on
graphite were recorded. Since the surface enhancement is
missing at these electrode interfaces, only a low-quality Raman
spectrum could be detected (Figure 3b, trace iii).

Table 1. Selected experimental and corresponding calculated Raman frequencies of a
CuPc-CuO,4 2D ¢-MOF in cm?

Labelling Monomer Monomer MOF exp. MOF calc.
exp. calc.
Va n.v. n.v. 425 464
Vb 692 713 690 709
Ve 745 772 735 777
Vd 757 792 752 799
Ve 887 887 887 887
Vi 1137 n.v. 1135 1131
Vg 1185 1173 1161 1154
Vh 1524 1515 1524 1495

The labelling of the modes (va - V) is done to simplify their discussion in the text;
n.v.: not visible
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Figure 3. a) LSV curves in 0.1 M KOH in O, saturated atmosphere of (i) bare graphite
electrode, (ii) CuPc-(OH)s Monomer on graphite electrode, (iii) CuPcCuO, MOF on
graphite and (iv) CuPc-CuO, MOF on a Ni-NTA functionalized graphite electrode b)
Raman Spectra of (i) bare graphite electrode, (ii) Ni-NTA functionalised blank graphite
electrode, (iii) CuPc-CuO, MOF on graphite and (iv) CuPc-CuO; MOF on a Ni-NTA
functionalized graphite electrode

To improve the adhesion, ORR current density and quality of the
Raman spectra of the CuPc-CuO; 2D c-MOF, the carbon
electrode was functionalized with a nickel nitrilotriacetic acid
(Ni-NTA) linker (Figure 3a inset) prior to the dipping process.
Covalent attachment of the Ni-NTA to the carbon surface was
achieved by running reduction and oxidation cycles in Ni (I1)
nitrate aqueous solution containing N, No-bis-(carboxymethyl)-
L-lysin hydrate following published procedures.3! For such
modified graphite electrodes a significant increase of catalytic
current (Figure 3a, trace iv) and Raman intensity of the CuPc-
CuO4 2D c-MOF (Figure 3b, trace iv) was observed. Also, the
onset potential for ORR shifted to more positive potential and
is now seen around -0.1 vs. Ag| AgCl. Note that the Ni-NTA alone
did not yield any Raman signals or catalytic activity (Figure 3b
trace ii and Figure S3). The stability and durability of the CuPc-
CuO4 2D c-MOF under catalytic conditions (-0.4 V) was proven
by constant currents and identical Raman spectra before and
after catalysis (Figure S4).

Scanning Electron Microscopy (SEM) images (Figure S5) showed
an increased roughness of the Ni-NTA modified carbon surface
after incubation pointing to a better attachment of the 2D c-
MOF in this case. This was confirmed by Inductively Coupled
Plasma -Mass Spectrometry (ICP-MS) measurements which
yielded a Cu content of 0.6-108 moles with and 0.06-108 moles
without prior Ni-NTA functionalization (for details see Sl section
6). In the former case, an additional Ni content of 0.13-108 M
was measured. For the CuPc-CuOs; Ni-NTA system catalytic
currents were also recorded as a function of rotation frequency
(Figure S6b) in an RDE setup. Although in this case the adhesion
worked less good than in the spectroelectrochemical setup,
corresponding Koutecky-Levich (KL) plots (Figure S6b inset)
could be obtained at various electrode potentials that showed
good linearity with an electron transfer number of 3.6 (See SI
section 7).

The good quality of the Raman spectra of CuPc-CuO4 on Ni-NTA
modified graphite electrodes allowed performing Resonance
Raman spectroelectrochemistry in the absence of oxygen. Here
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we chose a close to neutral pH to guarantee maximal stability
of the 2D c-MOF on the electrode. Figure 4a shows the in-situ
Raman spectra recorded in 0.01 M H,SO; under an inert
atmosphere at different potentials (from 0.8 to -0.4 V vs.
Ag|AgCl) in the frequency range from 400 to 1400 cm. The
spectrum resembles the one on Ag but with slightly shifted
bands and lesser intensity. The peak at 425 cm is barely visible
but the peaks in the regions from 600 to 800 cm'l and from 1100
to 1200 cm? are sufficiently intense to be analyzed. In the
potential-dependent spectra, three species can be identified
(Figure 4a). The same is true for the high-frequency range above
1400 cm (Figure S7). Species Ill dominates at potentials above
0.4 V, in between 0.4 and -0.1 V, species Il is rising whereas
species | becomes dominant below -0.1 V. The rise and fall of
these species can be most clearly seen in the band shifts in the
region between 690 and 750 cm-l, the relative intensities of
which are plotted exemplarily in Figure 4b. The data could be
fitted using the Nernst equation yielding two redox potentials
of E1=0.33+0.03 V and E; =-0.04+0.01 V, respectively.

In the following, we aim to assign the observed species I-lll to
their respective Cu/Cu oxidation states (in this notation the first
Cu stands for the Pc-coordinated Cu ion and the second one for
CuOq linkages). The CuPc under OCP conditions was determined
recently to be present in its Cu" oxidation state.?! Redox
titrations of selected bands of the CuPc-(OH)s monomer on
rough Ag (Figure S8) showed a redox potential of the Cu" - Cu!
transition to be at ca. -0.05 V vs. Ag|AgCl, which is close to our
low potential redox transition at E;=-0.04 V. We, therefore,
assign species Il to a Cu'/Cu* redox state, whereas species |
refers to a Cu'/CuX oxidation state.
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Figure 4. (a) Potential dependent Raman spectra of CuPc-CuO,; on Ni-NTA modified
graphite. Potentials are measured vs. Ag| AgCl reference electrode. (b) Analysis of peaks
from 690 to 752 cm™. (c) LSV curve of CuPc-CuQ, in O, saturated atmosphere in 0.1M
KOH on Ni-NTA functionalized graphite electrodes.

For further assignment of both Cu oxidation states, Raman
spectra were computed for Cu'/Cu', Cu'/Cu' and Cu'/Cu" (See
Table 2 and Figure S9, S10). For the Cu''/Cu' = Cu'/Cu' transition
no significant change is observed for the v. marker band
(789/791 cml). We assign this band to the experimentally

detected band at 733 cm™ (v.). However, exclusively for species
I, a vibration at 690 cm™? (v,) occurs. Interestingly, theory
predicts that this band should be present for all oxidation states
with only minor shifts in frequency. However, in contrast to v,
the v, mode is highly polarization-dependent (Figure S11) and
almost no contribution is expected for perpendicular
polarization. We thus propose that the transformation into the
Cu'/Cu' state goes hand in hand with a reversible re-orientation
or scrambling of the preferential CuPc-CuOs 2D c-MOF
orientation. This interpretation is further supported by the
observation of this band in other experimental setups, e.g.,
when adsorbed on rough Ag (see Figure 2) or in the presence of
bound oxygen as shown in previous work. 2! For the Cu'/Cu' >
Cu'"/Cu" transition, calculations predict a redshift of the v, to
778 cml, which is not seen a priori in the experimental data.
However, the presence of the 733 cm band even at very
positive potential might account for this band (for simplicity,
this peak area was fitted with three bands only). However, in
the calculated spectra, the vq¢ mode at 799 cm™ is exclusively
visible in the Cu'"/Cu'" state. Thus, we assign the band observed
experimentally at 752 cm! to this mode.

The frequency region from 1100 to 1200 cm shows distinct
oxidation-dependent changes but due to the broad overlap,
spectral analysis is very difficult and will be restricted to the
previously assigned vsand vg modes (see Table 2). For the Il >
Il transition only small changes are observed, whereas for the Il
- | transition more clearly defined peaks become visible but
without any overall red- or blue-shift. Theory predicts no
significant changes for the Cu''/Cu" = Cu'//Cu' transition, which
supports our hypothesis that this is equivalent to the lll 2> Il
transition. However, for the Cu'/Cu' state, a clear redshift is
expected for the vg mode, which at first sight does not correlate
with the experimental spectra. However, theory predicts a
concomitant blueshift for the v mode. Both effects combined
would result in an overall non-visible peak shift in that spectral
region as observed in the measured EC-Raman spectra. The
assignment of oxidation-dependent Raman bands is
summarized in Table 2. Based on the considerations discussed
above we assign species Il to the Cu'//Cu" state, species Il to the
Cu'/Cu' state and species | to the Cu'/Cul state with the
respective redox potentials of Ecug)>cuuy = -0.04 V for the Cu in
the Pc and Ecy(y>cupy = 0.33V for Cu in the oxygen linkages.

The different redox transitions were subsequently compared
with the obtained electrochemical currents in the same
spectroelectrochemical cell and potential window (Figure 4 c).
At potentials above 0.6 V vs. Ag|AgCl an oxidative current can
be seen, which demonstrates the capability of this system to
perform also the oxygen evolution reaction (OER). However, as
the RR spectra did not show the same stability as for ORR, OER
catalysis will not be considered in the present work. The
observed onset potential for ORR around -0.1 V vs. Ag|AgCl, is
close to the redox potential of the CuPc unit but far below the



Table 2. Selected Raman vibrations in cm™ and bandgap energies in eV for the different
Cu oxidation states

Bandgap energies obtained at HSEO6 level of theory; n.v: not visible ; n.d: not

Raman vibrations in cm?
cu'/cut cu'/cu Ccu'/cu'

exp. calc. exp. calc. exp. calc.
Vb n.v. 709 n.v. 706 690 702
Ve 733 789 733 791

Vd 752 799 n.d. n.d.
Vi 1129 1131 1126 1136 1157 1142
Vg 1160 1154 1154 1155 1133 1120

Bandgap in eV

092 | | 125 0.51

determined

redox potential of the Cu in the oxygen linkages. It is therefore
concluded that ORR catalysis is only possible if both Cu-units are
in their respective Cu' state. This is per se not surprising as ORR
in Cu based molecular complexes usually occurs from the Cu'
oxidation state.32 More surprising is the observation that the Cu
in the oxygen linkages, previously identified as an active site for
oxygen reduction,?! is unable to generate catalytic currents in
the mixed state where the Cuin the Pc unit is still in its Cu' state.
An explanation for this can be derived by considering the
bandgaps calculated for the 2D ¢-MOF in its different oxidation
states (see Table 2 and Figure S12). Interestingly, the mixed-
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Figure 5. Density of states projected on atom types for the Cu'/Cu' (top) and Cu'/Cu'
states (bottom). The dashed lines represent the Fermi level, set at the top of valence
band.

state (Cu'//Cu') has the highest bandgap of 1.25 eV, whereas the
Cu'/Cu' state exhibits a significantly reduced bandgap of 0.51 eV.
Additional calculations of DOS (Figure 5 and Figure S13)
projected on atom types reveal a contribution of Cu (from Pc
units), C and N atoms in the frontier orbitals in the Cu'/Cu' state,
but almost only of C atoms in the Cu'/Cu' state. Cu states in
Cu'"/Cu'are situated at least 0.5 eV below the Fermi energy level
and 2.5 eV above it. These calculations suggest that fast
electron transport between the active Cu sites is only possible
in the Cu'/Cu' state and not in the Cu'/Cu' state. This scenario
suggests that the CuPc is not a catalytic site for ORR, but it needs
to be present in its Cu' state to enable fast electron supply for
the ORR. The proposed reaction mechanism is summarized in
Figure 6.

Cu'Pc-Cu'O, Cu'Pc-Cu'O, Cu'Pc-Cu'O,
0, H;0

- Cu'-0, Cu"-P¢ > Cu'-Pc

No driving force for ORR Driving force for ORR

Slow electron transfer

Driving force for ORR
Fast electron transfer

Figure 6. Proposed reaction mechanism based on the spectroelectrochemical data and
calculations.

Materials and Methods

CuPc-CuO4 MOF Synthesis: 200 pL of freshly prepared solution
of CuPc-(OH)g in chloroform/DMF (2:1 in volume) (1 mg ml?)
was spread onto the water surface in a beaker under ambient
conditions. A green film was formed after 30 mins on the water
surface due to the self-assembly of CuPc-(OH)s. Coordination
polymerization was achieved by the addition of an aqueous
solution of copper(ll) acetate (5 ml, Img ml?) and sodium
acetate (2 ml, 1 mg ml?) into the water subphase. After 18h,
CuPc-CuO4 2D c-MOF was obtained as translucent black thin
films on the water surface which can be easily transferred to the
electrodes.

Ni-NTA Modification of electrodes: A graphite disk electrode
(1.2 cmin diameter) was first polished with alumina slurries (0.5
and 0.06 mm) and cleaned by sonication in Milli-Q water. After
being cleaned with Milli-Q water, the electrode was immersed
in 0.5 M sulfuric acid and scanned between 1V and 1V for 400
cycles at 200 mV s1. NTA—NiZ* and NTA-Cu?* then modified on
the electrode surface by the cycling of GC electrode in 2 mM
NTA—-Ni2* and NTA-Cu?* solution between 500 mV and 1500 mV
for about 200 scans at 200 mV s?. Following this, the
interfacially synthesized CuPcCu MOFs are transferred to the
modified electrode by dipping. The disc electrode, as the
working electrode, was placed in a custom-made
electrochemical cell, a platinum wire and an Ag/AgCl electrode
were used as counter and reference electrodes respectively.
Electrochemical experiments were conducted using an lvium
Vertex One EIS potentiostat with Ivium electrochemical
software. Experiments were performed in 0.1 M KOH solution.
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During LSV measurements for ORR, the sealed electrochemical
cell was under continuous O3 gas supply.

Resonance Raman spectroscopy was conducted using a
confocal Raman microscope (S&I Monovista CRS+) with laser
excitation by a Cobolt Mambo 594 nm diode laser. The laser was
aligned and then focused on the sample using an Olympus 20x
objective at a laser power of =1 mW. The sample stage was
constantly moved during the measurement to avoid
degradation. Spectra were calibrated with respect to the Raman
spectrum of toluene. During the measurements, the cell was
completely sealed, and a continuous flow of Ar gas was
ensured.All systems were fully optimized using the Vienna ab-
initio  Simulation Package (VASP).3* The electronic
wavefunctions were expanded in a planewave basis set with
a kinetic energy cutoff of 400 eV. The energy stopping criterion
was set to EDIFF = 1E-6 eV. The geometry optimization
convergence was set to forces acting on the ions that were
smaller than 0.03 eV Al. Electron-ion interactions were
described using the projector augmented wave (PAW) method.
34 Generalized gradient approximation (GGA) of the exchange-
correlation energy in the form of Perdew-Burke-Ernzerhof
(PBE)3*> was applied together with Grimme D2 dispersion
correction.3® We used the DFT+U

approach to describe the localized d-orbitals of Cu ions. The
effective Coulomb (U) and exchange (J) terms were set to 4 and
1 eV, respectively.3” Such a combination of U and J was already
successfully applied for very similar systems.3® Monkhorst-
Pack3® T'-centered grid with 2x2x4 dimension was used for K-
point sampling of the Brillouin zone during the geometry
optimization procedure. Different Cu oxidation states were
obtained by the introduction of Na cations into the lattice close
to the Cu nodes.

Electronic band structures and densities of states were
calculated on the VASP optimized systems using Crystall7
software.%41 For Raman simulations, atomic positions were
reoptimized using PBEO functional*2 and Grimme D3 dispersion
correction.*3Band structures were calculated using HSEO6
functional. 4 Monkhorst-Pack I'-centered grid with 3x3x18
dimension was used together with POB-TZVP basis set for all
atoms.*®

Conclusions

In conclusion, we have for the first time attached CuPc-CuO4 2D
c-MOFs to a Ni-NTA functionalized graphite electrode, which
enabled us to measure electrochemical Raman spectra of the
CuPc-CuO4 2D c-MOF on graphite as a function of applied
potential. Comparison with calculated spectra allowed to
determine the redox potentials of the Cu" = Cu' transition in the
CuPc and the CuOqlinkages to be Ecypc= -0.04V and Ecyos4= 0.33
V respectively. We demonstrated that electrocatalytic ORR can
only proceed when both units exist in their respective Cu'
oxidation state albeit catalytic activity would only require the
Cu" > Cu' transition of the CuO, linkages. We rationalize this
observation by the calculated low m-conjugation in the mixed
Cu'/Cu' state that prevents fast electron supply to the active
site. Reduction of the CuPc site significantly increases m-

conjugation of the 2D c-MOF and enables the system to perform
catalysis. Furthermore, the data suggest a change in orientation
or scrambling of the CuPc-CuO4 2D c-MOF in the catalytically
active Cu'/Cu' state. Whether this effect is beneficial for
catalysis e.g., by promoting oxygen diffusion into the layers
must be further examined in the future. Our results
demonstrate that the oxidation dependent conjugation of 2D c-
MOFs has to be considered to further advance bimetallic MOFs
in electrocatalysis.
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