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Cobalt phthalocyanine (CoPc) and iron phthalocyanine (FePc) are possible oxygen reduction catalysts in fuel cells, but the exact
functioning and deactivation of these catalysts is unknown. The electronic structure of the CoPc and FePc has been studied in situ
under hydrogen and oxygen atmospheres by a combination of ambient-pressure X-ray photoelectron spectroscopy and X-ray
absorption spectroscopy. The results show that when oxygen is introduced, the iron changes oxidation state while the cobalt does
not. The data show that oxygen binds in an end-on configuration in CoPc, while for FePc side-on binding is most likely.

1. INTRODUCTION

The fuel cell converts chemical energy into electrical energy.
In case hydrogen is used as the fuel, the only combustion product
is water, implying that the technology is as an environmental-
friendly alternative for common fuel engines. One of the reasons
why the fuel cell is not widely applicable yet is the cost of the cell.
For example, for the cathode an expensive platinum catalyst is
used. To reduce the costs and improve the performance, studies
on platinum alloys are performed."” Alternatively one can search
for a platinum-free cathode catalyst.> One option for a platinum-
free cathode catalyst is the group of metal phthalocyanines
(MPc’s, Figure 1).

Already in the 1960s cobalt phthalocyanine (CoPc) was inves-
tigated as a fuel cell cathode catalyst.* Also iron phthalocyanine
(FePc) was studied as catalyst in several oxidation and reduction
reactions.”® Experiments have shown that FePc and CoPc exhibit
better catalytic performance for catalyzing the cathode reaction
than other transition MPc’s.” The usual cathode half-reaction in
the fuel cell, the oxygen reduction reaction (ORR), is

0, + 4H" + 4~ —2H,0 (1)
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However, another ORR with oxygen in acidic environment is

possible:
0, + 2H" + 2¢~ — H,0, (2)

Different studies have shown that the CoPc catalyst in ORR
generates hydrogen peroxide, while the FePc catalyst in ORR
generates water and only a small amount of hydrogen peroxide.®
The FePc and CoPc are still less active than the current platinum
catalyst, and, next to that, the MPc’s are less stable, with the FePc
being more unstable than the CoPc under fuel cell cathode
working conditions.® To move toward a platinum-free cathode
catalyst, it is worthwhile to take a step back and find out how the
CoPc and FePc work and how they deactivate. The first step in
the catalysis of the ORR is assumed to be the adsorption of the
oxygen molecule on the central metal atom of the MPc. Electrons
are withdrawn from the catalyst to the adsorbed O,, followed by
ORR to form either H,O or H,0,.
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Figure 1. Structure formula of metal phthalocyanines, where X is a
metal atom.

The main two possible fashions for O, to be adsorbed on
MPé¢s are the end-on configuration (Pauling’s model®) and the
side-on configuration (Griffith’s model*°).

In an end-on configuration, one oxygen atom is right above the
central atom over the catalyst molecule plane and the other oxygen
atom is farther away from the metal atom with a Fe—O—O angle
of approximately 120° (Figure 2, top panel).”

In a side-on configuration the adsorbed O, molecule extends
parallel to the catalyst molecule plane and the two oxygen atoms
are in equal distance from the central metal atom (Figure 2, bottom
panel). In the side-on configuration there is often electronic trans-
fer from the metal to the oxygen atoms (metal to ligand charge
transfer). For both the end-on and side-on configuration there
are two options: (a) with the oxygen directly above an M—N
bond and (b) with the oxygen atoms above the space between
two M—N bonds. Density functional theory (DFT) studies with
the PW91 exchange-correlation potential and a double numeric
basis with polarization functions as basis sets, on the oxygen
bonding to CoPc and FePc by Wang et al,'" showed that for
FePc both the side-on and end-on structures with O, are stable,
with the end-on structure being more stable with about 0.7 eV.
The DFT calculations of O, adsorbed on CoPc by Wang et al.
showed that only the end-on configurations are energetically
stable. It is strongly suggested that the O—O bonds in the adsorbed
O, molecules were much weaker in the side-on configuration
than in the end-on configurations. The weakening of the bonds
makes the adsorbed O, molecules in side-on configurations more
active in participating in ORR. From their DFT calculations,
Wang et al. propose that FePc can promote four-electron ORR,
because side-on O, adsorption is energetically permitted. In con-
trast, because only end-on O, adsorption is possible on CoPc,
Wang et al. state that this is the reason why only two-electron
ORR can occur on CoPc. The reason for this is that, in the end-
on O, adsorption configurations, the O atom which is closer to
the transition metal atom gets much less transferred charge from
the catalyst molecules than the other O atom. This may allow the
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Figure 2. Top panel: oxygen binding to MPc in an end-on configura-
tion. Bottom panel: oxygen binding to MPc in a side-on configuration.

O atom that is farther away from the transition metal atom to
react first to form peroxide via a two-electron reduction. In the
side-on O, adsorption configurations, the two O atoms have
equal distance to the transition metal atom and are equally
charged. Thus, it is possible that the ORR takes place at the same
time on the two O atoms and proceeds via a four-electron process
and the side-on adsorbed O, would determine the main char-
acteristics of ORR even though the end-on adsorbed O, are en-
ergetically more stable. All the propositions by Wang et al. were
solely based on their DFT calculations.

In this study we carry out a set of experiments in order to get
further insights into these systems and to check the aforemen-
tioned theoretical predictions."" In situ L-edge X-ray photoelec-
tron (XPS) and X-ray absorption spectroscopy (XAS) measure-
ments are performed on the CoPc and FePc in both oxygen and
hydrogen environments. Note that both FePc and CoPc are not
in realistic fuel-cell conditions, such as in an acid environment.
However, in the ORR the rate determining step is assumed to be
the electron transfer between the catalyst and the oxygen®'* and
the main event for this rate determining step is the oxygen
adsorption,® which means that in this study we look at (part of)
the rate determining step of the ORR. To understand the Co and
Fe L,3-edge XAS in detail with all its features, crystal field
multiplet calculations are performed. A major challenge in these
calculations is that the electronic structure of the central Fe atom
in FePc is unclear. The Fe** could be either in a high-, interme-
diate-, or low-spin state, and in addition the 3d-orbital occupation
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has to be decided. In recent literature, the algreement is that the
iron center is in the intermediate-spin state, > but the discus-
sion is undecided whether it is a A,, °B,, or °E state. Recent
combinations of experiments and calculations have shown that
the Fe* is most likely in the *E spin state.'®'® Taking the “E as
ground state, semiempirical multiplet calculations on the Fe L, 5-
edge XAS were performed using spin-state phase diagrams as
starting point. It is known that the XAS shape depends on the
spin state, which in turn depends on the chosen crystal field
parameters. Measured in situ Fe 2p XPS are compared with
charge-transfer multiplet calculations. The in situ nitrogen K-edge
XAS are compared with time-dependent density functional theory
(TDDFT) calculations. The Fe 2p XPS and nitrogen K-edge
XAS" complement the results of the metal L, ;-edge XAS.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1.In Situ XAS and XPS Experiments. Co'"'Pc powder, 97%
from Aldrich, and Fe"Pc powder, 96% from Alfa Aesar, as
received were pelletized. The electronic structure of the CoPc
and FePc pellets was studied in situ using XAS and XPS.*°~**
Experiments were performed at the ISISS-PGM beamline at the
Berliner Synchrotron Radiation Facility (BESSY) in Berlin ( Germany).
The experimental setup and principles for measurin§ in situ XAS
and XPS are described in more detail elsewhere.”>2° In brief, the
samples were pressed into a self-supporting wafer (~20 mg) and
mounted on a sapphire sample holder, 2 mm away from a 1 mm
diameter aperture to a differentially pumped electrostatic lens
system. XAS measurements at the Fe L, 3-, Co L, 3, N K-, and O
K-edge are performed using gas-phase conversion electron yield
(CEY) detection.”® The resolution of the XAS measurements
was ~0.1 eV at the Co and Fe L,3-edge. In situ Fe 2p XPS
measurements have been performed using incident X-ray energy
of 1215 eV. The XPS peak positions were calibrated with respect
to the main C 1s XPS peak (284.7 V) or to the Fermi energy.
The energy calibration by carbon was confirmed by the Fermi
energy calibration; however, due to low signal-to-noise ratio in
the Fermi energy, limiting the calibration accuracy, the Fermi
energy calibration was not used as the main correction. All XAS
and XPS measurements were performed at room temperature.
Gas flows of H, or O, through the reaction cell, leading to
0.5 mbar pressure in the cell, were regulated through mass flow
controllers.

2.2. Crystal Field Multiplet Calculations. Experimental XAS
are compared with crystal field multiplet calculations>”*® using the
CTM4XAS interface.” This approach includes both electron—
electron interactions and spin—orbit coupling for each open
subshell of one atom. For simulation of the spectra, Slater—
Condon parameters are used. Atomic Slater—Condon parameters
can be approximated by 80% of the Hartree—Fock calculated
values.*® The Fe and Co L, 5 spectra are calculated from the sum
of all possible transitions for an electron excited from the 2p core
level into an unoccupied 3d level. The ground state is approxi-
mated by the electronic configuration 3d". In the ground state, 3d
spin—orbit coupling and the crystal field affect the 3d" config-
uration. The 3d" ground state and the 2p°3d™*" final state are
affected by the 3d3d multiplet coupling. In the final state also the
2p3d multiplet coupling, the 2p and 3d spin—orbit couplings,
and the crystal field potential in Dy, symmetry are included. The
strength of the crystal field is described with empirical parameters
10Dq, Ds, and Dt, and those are optimized to experiment.”” The
calculations provide the excitations and their oscillator strengths.

These stick spectra are broadened with both a Lorentzian and
Gaussian broadening to simulate the lifetime broadening and the
experimental resolution, respectively. In this research the L;- and
L,-edges were broadened with a Lorentzian of 0.3 and 0.4 eV,
respectively, and additionally with a Gaussian of 0.2 eV. For XPS
simulations, extra parameters for the charge transfer (A, U, Q,
and Tty and Te,) have to be included in the multiplet calcula-
tions. Multiplet calculations have been performed before on both
XAS of FePc and CoPc under vacuum.'®'®*" The crystal field
parameters in those studies are the starting point in our fitting
procedure.

2.3. TDDFT Calculations. All DFT calculations are performed
using the ORCA program p;lcl(;ige.32’33 Geometry optimization
of these molecules was performed using the BP86 potential and
TZV-ZORA basis set for the metal atom and SV-ZORA basis
sets®* for the other atoms, and the Ahlrichs (2df;2pd) polariza-
tion functions were obtained from the TurboMole basis set
library under ftp.chemie.unikarlsruhe.de/pub/basen.>>® Subse-
quently the new geometry was optimized with the B3LYP
potential TZV-ZORA basis set for the metal and SV-ZORA basis
sets for the other atoms. All of the geometry optimizations
achieved convergence within 50 cycles. The difference between
the first and second geometry optimization step was negligible.
Oxygen molecules are attached to the metal of the optimized
FePc and CoPc molecules in four geometries as reported by
Wang et al,'' and then the distances of the O, to MPc are
optimized using BP86, only the first geometry optimization step
as mentioned above. The molecules named O,-MPc_optl and
O,-MPc_opt2 represent O, adsorbed in an end-on configuration
to metal M and O,-MPc_opt3 and O, MPc_opt4 represent O,
adsorbed in a side-on configuration to metal M, where M = Fe,
Co. Our DFT calculations agree with Wang et al. that the CoPc
with O, in side-on configurations have negative adsorption
energies and are therefore not stable, while the FePc has positive
adsorption energies for both O, in the side-on and end-on con-
figurations.

Following the ground-state DFT geometry optimization, TD
DFT calculations were performed, allowing only excitations
from the N 1s orbitals. The TDDFT approach in ORCA that
was used is a linear response including the Tamm—Dancoff approx-
imation (TDA). The XAS of the optimized molecules are
calculated with the TDDFT package in the ORCA program®” '
using the CP(PPP) basis set* for the metal and TZVP basis set
for all other atoms with zero-order relativistic approximation
(TZV-ZORA).>*

3. RESULTS

The results section is split into four parts; we discuss respec-
tively in section 3.1 the Co L, ;-edge XAS, in section 3.2 the Fe
L, ;-edge XAS, in section 3.3 the Fe 2p XPS, and in section 3.4
the nitrogen K-edge XAS.

3.1. Co L,,3-Edge XAS of CoPc. The experimental Co L, 3-
edge XAS for a CoPc pellet are shown in Figure 3. These XAS
were taken after no changes in the Co L, ;-edge and N K-edge
XAS in the new gas environment were noticed anymore. The
XAS of CoPc in helium (black) and in the first cycle of hydrogen
(red) resemble each other. The XAS of CoPc in oxygen (blue) is
drastically different at the L;-edge. After being in contact with O,,
the Co L, ;-edge XAS does not seem to change in the reducing
H, environment (H,(2nd), red). The XAS also does not change
in the CO environment (Supporting Information, section SL1).
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Figure 3. Co L, ;-edge XAS, from bottom to top, a multiplet calculation
of Co** with 10Dq = 2.3, Dt = 0.2, and Ds = 0.7 eV (green, B), a
multiplet calculation of Co** with 10Dq=2.3,Dt=0.2,and Ds = 0.5 eV
(pink *A), experimental spectra of CoPc pellet in helium (He, black),
hydrogen (H,, red), oxygen (O,, blue) and for the second time in
hydrogen (H,(2nd), red) environment with gas pressures of 0.5 mbar.

Co L, ;-edge XAS were calculated with crystal field multiplet
theory using the CTM4XAS interface® and are compared to the
experimental spectra in the same figure (Figure 3).

The Co L, ;-edge XAS of CoPc in H, has agreement with the
XAS of a crystal field multiplet calculation of Co®* with crystal
field parameters 10Dq = 2.3, Dt = 0.2, and Ds = 0.7 eV and Slater
integrals reduced to 75% of the atomic values. With these
parameters, the energy difference between the t;; and e, (in Oy
symmetry) is Ag = 1.13 éV. The ground state of the Co”" in this sym-
metry and crystal field is low-spin *B (d,,. 'd.»’d,,"). The XAS shape
of CoPc in H, is reproduced by the calculation. Covalent effects are
not fully taken into account in the present multiplet calculation.
Extended Slater integral reduction, meaning lower than 80% of
the Hartree—Fock values, can give a first approximation to covalent
effects, as used here.

The Co L, ;-edge of CoPc in O, is in close agreement with
a multiplet calculation of Co* using crystal field parameters
10Dq = 2.3, Dt = 0.2, and Ds = 0.5 eV and Slater integrals again
reduced to 75% of the atomic values. With these parameters, the
energy difference between the t,,; and e, (in O), symmetry) is
Ao = 1.13 eV. Only the Ds value is lower in comparison with the
multiplet calculation for CoPc in H, mentioned above. This
agrees with the expectation that O, bound to CoPc makes the
symmetry around the Co atom more “octahedral-like”, so the Ds
value should become smaller. With the lower Ds value the
occupation of the 3d orbitals changes such that the ground state
of Co*" in this crystal field is low-spin A (dxz,y;dxy d,."). In the
case of CoPc in O,, the values for the crystal field agree much
better with recently published multiplet calculations for CoPc
films."® O, has an effect on CoPc that leads to crystal field similar
to those of ordered multilayer CoPc films. This shows that the
ground state of the Co™* in CoPc is delicate. Small perturbations
change the 3d-orbital occupation and therefore the symmetry
state. We performed multiplet calculations with Co>*, but these
did not agree with the experimental XAS of CoPc in H, orin O,.
This led to the conclusion that the Co ion in CoPc is low-spin
Co”" in all gas environments measured (*B symmetry in H, and

A in O,). The electronic configuration of cobalt is stable after
0.5 mbar of oxygen has been in contact with CoPc.

3.2.Fe L, ;-Edge XAS of FePc. The experimental Fe L, ;-edge
XAS for a FePc pellet under vacuum and under 0.5 mbar pressure
of respectively O,, H,, and a second cycle of O, are shown in
Figure 4. These XAS were taken right after the moment at which
no changes in the Fe 2p and N 1s XPS spectra in the new gas
environment were observed anymore.

The XAS pattern of FePc in O, (blue), compared to the XAS
of FePc under vacuum (black), changes at the L;-edge, resulting
in only a main peak at the higher energy side. For FePc in H,
(red) after being in O, atmosphere the XAS only slightly differs
from the Fe L, ;-edge XAS of FePc in vacuum (black), so the
XAS returns to the XAS of FePc at the start. The XAS of FePc
in the second cycle of O, resembles again the FePc in the first
cycle of O,.

The XAS of FePc under vacuum and the FePc in O, are
compared with multiplet calculations of Fe** with 10Dq = 2.7,
Ds =0.86,and Dt = 0.247 eV (A, = 1.26 V) and Fe** with 10Dq =
1.8 and Ds = Dt = 0 eV (A, = 1.80 eV). Atomic Slater integrals
were used. The ground states of Fe*" and Fe** are °E ((i,c%v‘.f’d,cyzdzz1 ,
and °A, (dxz,yzzdxyldzzldxz_yzl), respectively. This implies that Fe**
is in an intermediate-spin (IS) state as suggested for FePc.'* "7
In contrast Fe** is in a high-spin (HS) state.

The XAS of FePc under vacuum agrees with XAS of the Fe**
multiplet calculation with an intermediate-spin ground state as
can be seen in Figure 4. The L; pattern is especially reproduced
by the Fe** calculation. We cannot exclude that there is some
small contribution of Fe** high spin in the experimental spec-
trum of FePc under vacuum.

The XAS of FePc in O, has resemblance to the multiplet
calculation of Fe** high spin (Figure 4). The XAS of FePc in oxygen
contains more Fe’* contribution than the XAS of FePc under
vacuum. We conclude that the sample is a mixture of approxi-
mately 30 = 10% of Fe®" IS and 70 & 10% Fe’* HS.

The total integrated area of the L, 3-edge gives direct informa-
tion about the amount of holes present and therefore about the
relative oxidation state of the metal. Second, there is a relation-
ship between the branching ratio L3/(L, + L3) and the spin
state.””** The integrated areas of some spectra are shown in
Table 1. In this analysis, we assume that the L;-edge ends and
L,-edge starts at 717 eV for FePc and at 788 for CoPc. The
integrated areas support that the Fe ion changes partially from
Fe’* to Fe* going from H, to O, environment, since the total
area for FePc in H, is 0.148 and it becomes higher for FePcin O,,
suggesting an increase in the amount of 3d holes and therefore a
partial change from Fe®* (d°) to Fe** (d°). The total integrated
area for CoPc in H, and O, is constant, confirming that there is
no oxidation state change for the Co ion going from CoPcin H,
to CoPcin O,. The branching ratio confirms that there is a spin-
state change between FePc in H, and FePc in O,, while the dif-
ference between the branching ratio of CoPc in H, and CoPc in
O, is less significant, supporting the observation that the Co does
not change spin state; only the electrons are redistributed in
other d orbitals. One would expect that the total area, that is
related to the d holes, would be higher for Fe>" and Fe>" than for
Co**, since Co>", Fe**, and Fe>" have three, four, and five d holes,
respectively. However, that is not the case here. The differences
can be ascribed to the different background of the un-normalized
XAS for the different samples FePc and CoPc, so only relative
differences between CoPc in H, and O, on one side and between
FePc in H, and O, on the other side give useful information.
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Figure 4. Fe L, 3-edge XAS, from bottom to top, a multiplet calculation
of Fe** with 10Dq = 1.8, Ds = Dt = 0 eV (pink, caled Fe** HS), a
multiplet calculation of Fe** with 10Dq = 2.7, Ds = 0.86, and Dt = 0.247
eV (green, caled Fe”* IS) and of a combination of the multiplet
calculations with 30% Fe”* and 70% Fe®*, experimental spectra (dark
yellow, 30% Fe>" +70% Fe®") of FePc in vacuum (black), oxygen (blue),
in hydrogen (H,, red), and for the second time in oxygen (O,(2nd),
blue) environment with gas pressures of 0.5 mbar.

Table 1. Integrated Total, L; and L, Area of the Fe or Co L, 3-
edge of XAS Spectra in H, and O, Only Normalized to the
Ring Current

spectrum total area area L, area L, Ly/(L, + Ly)
FePcin H, 0.148 0.102 0.046 0.688
FePcin O, 0.162 0.128 0.034 0.788
CoPcin H, 0.177 0.123 0.054 0.695
CoPcin O, 0.179 0.129 0.050 0.719

3.3. Iron 2p XPS. The partial change of the Fe oxidation state
from H, to O, is also visible in the 2p photoelectron spectra
measured under the same conditions, just before the absorption
spectra, as given in the Supporting Information section SI.3.

3.4. Nitrogen K-Edges. The nitrogen (N) K-edge XAS were
studied in different gas environments. For more information
about N K-edge XAS of transition metal systems we refer to
Chen et al.'"” The measured data were corrected for the absorp-
tion of the Si3N, membranes. The procedure is mentioned in the
Supporting Information, section SIL.4. The results are presented
for CoPc and FePc. XAS of the oxygen K-edge are given in the
Supporting Information, sections SL.9 and SL.10. In the following
figures the experimental N K-edge of CoPc in H, and O, and
FePc in H, are shown. In Figure 5 the N K-edge XAS is shown.
The N K-edge XAS of CoPc in H, after O, introduction shows
changes in the intensity at 397 eV (peak C, a small difference
between black and green lines) and 399.7 eV (peak D), which we
ascribe to changes in the nitrogen atoms surrounding the Co ion
that supply charge to the O, bonding. Note that in these N
K-edge spectra some N, gas is observed (as compared with the
Au foil in N, peaks between 400 and 402 eV), which means there
was a N, leak.

The N K-edge XAS of FePc in H, (red line) and of FePc in the
second cycle of H, (green line) in Figure 6 show that the N
K-edge changes slightly in O, with respect to H,. The N K-edge
XAS of FePc in O, are not shown here (see Supporting

Intensity

Hy

Au foil Np

~rrr+crTror 1t T T T T T
394 306 398 400 402 404 406 408 410 412 414 416 418 420
Energy (eV)

Figure 5. Insitu N K-edge XAS of CoPcin H, (black), O, (red), and in
the second cycle of H, after O, introduction (green) environment with
gas pressures of 0.5 mbar. An Au foil reference in N, (blue) is shown for
comparison for the peaks in the 400—402 eV energy range.
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Figure 6. In situ N K-edge XAS of FePc in H, (red) and of FePc in the
second cycle of H, (green) environment with gas pressures of 0.5 mbar.

Information section SLS), but it only shows some tiny deviations
with the N K-edge spectra in H,. The nitrogen atoms in the FePc
do not seem to contribute significant charge to the oxygen
binding. There are no differences between the N K-edge of FePc
in H, before and after O, introduction. Combined with the
similar Fe L-edge XAS of FePc under vacuum and H, after O,
introduction, this suggests that the O, or the fragments of O, are
more easily released from the FePc than from the CoPc.

4. DISCUSSION

The oxidation-state change for the Fe between H, and O,, also
found by Cook et al. for FePc in air* and the lack of oxidation-
state change for the Co, illustrates that CoPc and FePc have
different ways of oxygen adsorption. Wang et al. mention that
there is more charge transfer from the MPc molecules to the
absorbed O, molecules in the side-on configurations than the
end-on configurations, on the basis of Mullikan charge analysis.
This suggests that the experimentally obtained oxidation-state

25426 dx.doi.org/10.1021/jp209295f |J. Phys. Chem. C 2011, 115, 25422-25428
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change of Fe between H, and O, indicates that the O, binds in a
side-on configuration to FePc, as previously found by calcula-
tions from Wang et al.'! However, for FePc in O,, peaks indica-
tive for Fe>" are still visible in both the Fe L,3-edge XAS and Fe
2p XPS. Most likely the remaining Fe** in the O, environment is
related to the FePc that is not in direct contact with the O, gas.
Part of the FePc that is not in direct contact with the O, gas is
taken into account in the measurement of CEY-XAS and XPS
measurements, implying that one observes Fe** which is not
directly in contact with O, plus surface Fe>*. Alternatively, this
Fe®" could indicate that there is a small part of O, bound in the
end-on configuration. Wang et al.'* and Sabelli and Melendres*®
found that the end-on configuration for O, bound to FePc
(without oxidation-state change) is more stable than the side-on
configuration, so bonding of O, to FePc in an end-on configura-
tion might also be a possible explanation for the remaining Fe**
in O,. For the CoPc, the Co ion remains Co>*, which means that
there is no side-on O, configuration on CoPc and only end-on
configuration is allowed as expected.

Comparing the experimental data with XAS calculations reveals
that multiplet calculations using CTM4XAS can capture the
main features in the XAS and XPS and provide valuable insights
for the peak assignments and interpretation of spectral changes,
but the disadvantage is that one has to fit several semiempirical
parameters for lower symmetry compounds.

The N K-edge XAS of CoPc in H, and O, show that the
nitrogen atoms (surrounding the Co) contribute in some way to
the O, adsorption, while the N K-edge XAS of FePc in H, before
and after O, introduction show that there is a negligible effect of
the nitrogen atoms (surrounding the Fe) to the O, adsorption
to FePc.

5. CONCLUSIONS

The Co L,3-edge XAS as interpreted by crystal field and
charge-transfer multiplet calculations show that Co in CoPc s in
the low-spin state. In oxygen atmosphere, the occupation of the
3d orbitals changes and the symmetry changes from *B to *A, but
the spin state remains low-spin. After the CoPc has been in
contact with O,, the 3d-orbital occupation remains fixed; i.e., the
symmetry remains “A. This can be due to the strong bonding of
oxygen to CoPc or to the tendency that *A is the preferred low-
spin state over °B in more octahedral-like surrounding.

The Fe L,3-edge XAS combined with the multiplet calcula-
tions show that Fe in FePc under vacuum is in the E interme-
diate-spin state. In O,, the Fe oxidation state shifts to high-spin
Fe*, indicating a charge transfer from the metal to the oxygen in
oxygen binding. Since the Co does not change oxidation state in
O, compared to H,, the O, binding is likely to happen in the end-
on configuration. This agrees well with the DFT calculations by
Wang et al.'" and thereby provides experimental data supporting
the proposition of the binding model with an expected half-
reaction for the ORR.
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