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ABSTRACT: Metal macrocycles are among the most important catalytic systems in
electrocatalysis and biocatalysis owing to their rich redox chemistry. Precise
understanding of the redox behavior of metal macrocycles in operando is essential
for fundamental studies and practical applications of this catalytic system. Here we
present electrochemical data for the representative iron phthalocyanine (FePc) in
both aqueous and nonaqueous media coupled with in situ Raman and X-ray
absorption analyses to challenge the traditional notion of the redox transition of
FePc at the low potential end in aqueous media by showing that it arises from the
redox transition of the ring. Our data unequivocally demonstrate that the electron is
shuttled to the Pc ring via the Fe(II)/Fe(I) redox center. The Fe(II)/Fe(I) redox
transition of FePc in aqueous media is indiscernible by normal spectroscopic
methods owing to the lack of a suitable axial ligand to stabilize the Fe(I) state.

The biomimetic metal macrocycle-based materials are the
frontrunners as nonprecious metal catalysts for the oxygen

reduction reaction (ORR) in proton exchange membrane fuel
cells,1−8 chemically regenerative redox fuel cells,9 alkaline anion
exchange membrane fuel cells,9,10 and Li−air batteries.11−13

The high catalytic activity of this class of materials arises largely
from its rich redox chemistry associated with the unique
structure of the transition-metal ions coordinated by nitrogen-
based macrocycle rings. Despite the small structural variations
within metal macrocycles, the role of the metal center in ORR
catalysis is well recognized.10,14−16 It is generally believed that
the ORR is mediated by the M−N4 center via the redox
transition of the central metal in aqueous media; and the redox
potential is the primary activity descriptor for the ORR activity
of M−N4 moieties.3,17−20 The differences in the ORR kinetics
and activity of M−N4 moieties in acid and alkaline media are
primarily induced by the redox potential shift with pH
values17,21 and the different key intermediates (H2O2 vs
HO2

−).21 Contemporarily, our previous study12 showed that
cobalt phthalocyanine (CoPc) exhibits a decent ORR activity in
the nonaqueous environment of the Li−air battery due to the
stabilization of O2

− on the Co−N4 site. We later extended the
work to Fe−N4 moieties and showed that the ORR is catalyzed
by the Fe(II)/Fe(I) redox transition with Fe(I)−N4 being the
active site.13 This differs from the case in aqueous media in
which the ORR is catalyzed by the Fe(III)/Fe(II) redox
transition, with Fe(II)−N4 being the active site.

18 While the key
roles of the redox transition of M−N4 moieties in mediating
ORR have been recognized,3,17,18 the associated redox
chemistry remains largely vague. Numerous metal macrocycles
such as the iron phthalocyanine (FePc) exhibit two redox peaks

in both acid (Figure 1) and alkaline media (Figure S1).22,23 It is
clear that the redox peaks at the higher potential are associated
with the Fe(III)/Fe(II) redox transition, but those at the lower
potential are inconclusive. Whereas the majority of researchers
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Figure 1. Cyclic voltammogram (CV) plots of FePc-300/C and H2Pc/
C (structures illustrated) in an Ar-saturated 0.1 M HClO4 electrolyte
at 20 mVs−1. The FePc/C was subjected to 300 °C (denoted as FePc-
300/C) to tightly anchor FePc onto the carbon substrate without
altering its local structure,3,13 necessary for the long-term in situ X-ray
absorption spectroscopy (XAS) characterization.
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assigned these to the Fe(II)/Fe(I) redox transition,22−24 a few
assigned them to the oxidation/reduction reactions of the Pc
ring surrounding the Fe center.25 It is surprising that such a
basic but fundamentally important phenomenon still remains
unclear. Moreover, the ambiguity over the redox transitions of
metal macrocycles precludes rational design of these catalytic
systems through optimization of their local coordinate
structure.
It has become increasingly clear to us that the obscurity

surrounding the redox behavior of the M−N4 moieties is largely
induced by the interaction between the active sites and
electrolytes. In aqueous media, the M−N4 center interacts with
H2O molecules or the OHads from water dissociation, which not
only affects the redox potential but also alters the local structure
of the M−N4 center.

3,18 In nonaqueous media, the interaction
between the M−N4 center and the electron-donating organic
solvent in the electrolyte is governed by the donor number
(DN) of the solvent, as governed by the Hard Soft Acid Base
(HSAB) concept.26 The DN of a solvent is a measure of its
electron-donating ability. Therefore, one plausible way to
address this obscurity is to electrochemically characterize the
M−N4 catalysts in both aqueous and nonaqueous media
coupled to spectroscopic techniques to elucidate the inter-
actions between active sites, intermediates, or electrolytes to
understand the redox chemistry of M−N4 moieties and the
associated catalytic activity.
In this study, we systemically investigated the redox

transitions of FePc (Sigma-Aldrich) in both aqueous and
nonaqueous electrolytes by combining electrochemical meas-
urements with in situ X-ray absorption (XAS) and Raman
spectroscopic analyses. The H2Pc (Sigma-Aldrich) with the
same Pc ring as FePc but without the Fe center was examined
under the same conditions as a baseline material. The
electrochemical features arising from the ring are expected for
both moieties, whereas the features arising from the Fe-center
should be absent for H2Pc. In addition, we used in situ XAS or
Raman spectra to monitor the structural and electronic changes
of intact and pyrolyzed FePc/C as well as the adsorption/
desorption of adsorbates over a wide range of potentials in both
aqueous or nonaqueous media. We provide conclusive evidence
that the redox peaks at the lower potential in aqueous media are
associated with the redox behavior of the ring with the electron
shuttled via the Fe(II)/Fe(I) transition of the Fe center, which
is contrary to the previous interpretations of the redox behavior
of FePc and the analogous metal macrocycles.
The FePc-300/C and H2Pc/C were tested first in a 0.1 M

N2-saturated HClO4 electrolyte. FePc-300/C exhibits two
typical redox peaks around 0.16 VRHE and 0.64 VRHE (VRHE

represents the potential versus the reversible hydrogen
electrode, RHE), whereas H2Pc/C exhibits no features within
the entire potential window (Figure 1). The difference between
FePc-300/C and H2Pc/C, which was also observed in alkaline
media (Figure S1), suggests that these two redox peaks of
FePc-300/C arise from the redox transition of the central Fe. If
this was the case, then the redox transition would be readily
captured by XAS, as the X-ray absorption near edge structure
(XANES) is ultrasensitive to the electronic properties of the
metal and has been used to probe the oxidation state and
electronic configuration of M−N4 moieties.

3,18,27,28 Therefore,
in situ XAS was conducted on FePc-300/C at the Fe K-edge
under the same condition applied for electrochemical character-
izations. As seen in Figure 2a, the XANES of FePc-300/C shifts
cathodically with decreasing potentials. The edge position as a
function of applied potential, which reflects the oxidation state
changes of Fe with potentials,27 is summarized in Figure 2b.
The shift is trivial at potentials below 0.5 VRHE, and increases
sharply around 0.6 VRHE, which corroborates well the redox
peaks around 0.64 VRHE displayed in the cyclic voltammogram
(CV) (Figure 1), pointing to the redox transition18

− + + ↔ ++ −Fe(III) OH H e Fe(II) H Oads 2 (1)

It has been suggested that the surface fraction of the Fe(III)
(ΘFe(III) = Fe(III)/(Fe(III) + Fe(II)) is determined by the
difference between the applied potential E and the redox
potential Eredox, as described by eq 229

Θ =
+ − −

1
1 e F RT E EFe(III) / ( )redox (2)

where F is the Faraday constant, R is the universal gas constant,
and T is the temperature. Interestingly, the curve of ΘFe(III)
derived from eq 2 with the Eredox of 0.64 VRHE nearly overlaps
the experimental ΘFe(III) of FePc-300/C derived from XANES
(Figure 2b). These results firmly verify that the second redox
peaks around 0.64 V indeed originate from the Fe(III)/Fe(II)
redox transition, and the redox transition of Fe can be captured
by in situ XAS.
However, the Fe(II)/Fe(I) redox transition previously

assigned to the redox peaks at the lower potential22−24 (Figure
1) is not seen by in situ XAS because there is no significant
XANES shift around 0.16 VRHE (Figure 2b). In addition, the
shoulder around 7117 eV, which is the fingerprint of the
square-planar Fe(II)−N4 structure,

18,21 remains unchanged in
the potential range of 0.1 to 0.5 VRHE. These results indicate
that the Fe(II)−N4 configuration remains intact even below the
redox potential of 0.16 VRHE identified electrochemically,
thereby questioning the occurrence of the Fe(II)/Fe(I) redox

Figure 2. (a) In situ XANES of FePc-300/C collected at 0.1 to 1.0 VRHE in N2-saturated 0.1 M HClO4. (b) Experimental ΘFe(III) for FePc-300/C, in
comparison with the calculated ΘFe(III) derived from eq 2.
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transition. To ensure that the imperceptibility of the Fe(II)/
Fe(I) redox transition to in situ XAS is not related to the low
potential region or acidic media, iron tetraphenylporphyrin
(FeTPP) pyrolyzed at 300 °C was chosen for similar studies in
0.1 M KOH, in which its Fe(III)/Fe(II) redox potential is ∼0.3
VRHE (Figure S2a). This redox transition can be captured by in
situ XAS, as reflected by the XANES shift with potentials
(Figure S2b).
Because the in situ XAS results implicate that the redox peaks

of FePc around 0.16 VRHE is not associated with the Fe(II)/
Fe(I) redox transition, we examined the alternative explanation
that relates the redox peaks to the redox behavior of the Pc ring.
We pyrolyzed FePc/C at various temperatures, which has been
demonstrated to selectively demolish the ring but preserve the
Fe−N4 center.

18,21,30 As a result, the redox peaks around 0.64
VRHE associated with the Fe(III)/Fe(II) redox transition are
present in the CVs of all pyrolyzed FePc/C samples (Figure
3a), indicating the preservation of the Fe−N4 center. This is
further confirmed by the XANES shift of the FePc/C pyrolyzed
at 800 °C (FePc-800/C), with potentials that closely resemble
that of FePc-300/C (Figure 3c,d). Conversely, the redox peaks
around 0.16 VRHE gradually diminish with increasing pyrolysis
temperature, suggesting the destruction of the Pc ring. This was
also confirmed by the disappearance of the Fourier transform of
the extended X-ray absorption fine structure (EXAFS) signals
around 2.5 Å arising from the scattering of the second shell of
the carbon atoms in the Pc ring (Figure 3b). The observation
that the destruction of the ring of FePc is accompanied by the
disappearance of the redox peaks around 0.16 VRHE strongly
suggests that the redox peaks of FePc around 0.16 VRHE arise
from the redox behavior of the Pc ring rather than the Fe(II)/
Fe(I) redox transition, as widely assumed hitherto. This
argument is further supported by the observation that the
Fe−N4 materials synthesized NOT from metal macrocycle

precursors with pre-existing Fe−N4 moiety only exhibit the
Fe(III)/Fe(II) redox peaks at the high potential.1,18 However,
the assignment of the low potential redox peaks to the Pc ring
seemingly contradicts the absence of the redox peaks for H2Pc
that also contains the Pc ring.
Note that the absence of either the metal center (H2Pc) or

the ring (FePc-800/C) leads to the absence of the redox peaks
at the low potential end. This implicates that this redox
transition probably involves both the metal center and the ring.
The imperceptibility of the Fe(II)/Fe(I) redox transition to in
situ XAS does not necessarily mean that this transition does not
happen. An oxidation state of Fe needs to be stable to be
captured by XAS. This is unlikely the case for all three
oxidation states of iron involved here. The Fe(II)Pc (with its
electronic configuration of [Ar]4s23d6) in the neat state or in
aqueous media is at the intermediate spin state,3 which is a
stable state as the fully occupied dz

2 orbital inhibits the charge
transfer from the axial ligand to the dz

2 orbital. The Fe(II)Pc
can switch to the low spin state in nonaqueous media upon
complexation with axial ligands, and this octahedral complex is
stable as the Fe has fully occupied t2g orbitals with all the d-
electrons paired.13 The Fe(III) state ([Ar]4s23d5) with an
unpaired t2g electron is stabilized by the axial adsorption of
OH− from water splitting (eq 1). The Fe(I) state ([Ar]4s23d7)
also contains an unpaired eg electron and requires a strongly
electron-donating axial ligand for stabilization, which may not
occur in aqueous media due to the lack of a suitable axial ligand.
If this was the case, then the Fe(I) state would be invisible to
XAS despite the occurrence of the Fe(II)/Fe(I) redox
transition.
To test the hypothesis, FePc and H2Pc/C were studied in a

high DN organic solvent dimethyl sulfoxide (DMSO)-based
electrolyte, anticipating that the strong interaction between the
Fe−N4 center and the DMSO with its DN of 29.8 may stabilize

Figure 3. (a) CV plots collected for FePc/C pyrolyzed at various temperatures in a N2-saturated 0.1 M HClO4 electrolyte at 20 mVs−1 at room
temperature; the prominent peak of FePc-800/C around 0.4 V arises from the acidic dissolution of the iron oxides formed upon high-temperature
treatment, as we discussed previously.21 (b) FT-EXAFS of FePc/C pyrolyzed at various temperatures. (c) In situ XANES of FePc-800/C collected at
0.1 to 1.0 VRHE in N2-saturated 0.1 M HClO4 at room temperature. (d) Experimental ΘFe(III) for FePc-300/C and FePc-800/C in comparison with
the calculated ΘFe(III) derived from eq 2.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b01126
J. Phys. Chem. Lett. 2017, 8, 2881−2886

2883

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01126/suppl_file/jz7b01126_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01126/suppl_file/jz7b01126_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b01126


the Fe(I) state. As seen in Figure 4, FePc exhibits three redox
peaks at 2.2, 2.6, and 3.8 V (the potentials in nonaqueous

media are versus Li/Li+ reference electrode), respectively,
whereas the H2Pc/C exhibits a couple of prominent peaks
around 2.3 V, followed by a couple of trivial peaks around 2.6
V. The small peaks of H2Pc/C around 2.6 V arise from the
FePc impurities in the commercial H2Pc/C.

31 The peaks at 2.2
and 2.3 V are from the ring for FePc/C and H2Pc/C,
respectively. The slight difference in their redox potentials is
expected from the interaction between the Fe−N4 center and

the ring that alters the electronic properties of the ring. These
comparison results indicate that the redox peaks around 2.6 V
arise from the Fe(II)/Fe(I) redox transition. This is further
verified by in situ Raman (in situ XAS is not suitably applicable
to this nonaqueous electrolyte system owing to technological
limitations associated with a volatile solvent in a flowing O2
atmosphere), as shown next.
In situ Raman spectra were collected as the electrode was

scanned cathodically from the open-circuit voltage (OCV =
2.74 V) to 2.0 V and then scanned anodically to 4.0 V to
capture the redox transitions of FePc (Figure 4). Reversible
Raman peaks at 260, 584, 745, and 1000 cm−1 and between
1000 and 1600 cm−1 were observed when the electrode
potential was scanned across 2.6 V. To facilitate the
interpretation of these occurrences, the changes of the local
coordinates and structure of FePc upon the redox-induced
interactions with DMSO are depicted in Scheme 1. At the
OCV, the FePc is in the Fe(II) state and six-coordinated
containing two DMSO molecules at the axial positions,
(DMSO)2Fe(II)Pc.

32 The appearance of the Raman peaks
below 2.6 V indicates the symmetry change associated with the
loss of the planarity of (DMSO)2Fe(II)Pc upon the formation
of an asymmetric five-coordinated complex (DMSO)Fe(I)Pc
by releasing one of the two DMSO molecules.13,33 When
Fe(I)Pc was further reduced as the electrode was polarized
down to 2.0 V, the Pc ring was reduced as reflected by the new
Raman peaks at 1425 and 1490 cm−1 (Figure 4) that can be
assigned to the pyrrole C−C and C−N stretching vibrations
arising from the reduction of the ring (Scheme 1).13,33 These
results verify the redox transition of the Fe(II)/Fe(I) as well as
of the ring of FePc in nonaqueous media.
Because the redox transitions of Fe(III)/Fe(II) and the ring

were detected by spectroscopy both in aqueous and non-
aqueous media, we infer that the Fe(II)/Fe(I) redox transition
observed in nonaqueous media also occurs in aqueous
electrolytes but just indiscernible to spectroscopy, especially
considering that the redox behavior is determined by the nature
of the active center. The major difference between nonaqueous
media and aqueous media is that in the former environment the
solvent (DMSO here) can stabilize the Fe(I) state by coupling
with the unpaired 3dz

2 (eg
1) electron via the formation of

(DMSO)Fe(I)Pc with DMSO bound to the axial position;

Figure 4. (a) CVs of H2Pc/C on a glassy carbon electrode in an Ar-
purged solution of 0.1 M LiPF6/DMSO and 1 mM FePc dissolved in
the same Ar-purged electrolyte with a scan rate of 10 mV s−1. (b) In
situ Raman spectra recorded for Ar-purged 1 mM FePc/0.1 M LiPF6
in DMSO.

Scheme 1. Redox Behaviors of the FePc in Nonaqueous (left) and Aqueous Media (right)
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whereas the Fe(I) state is not stabilized in aqueous media due
probably to the low donor number of water (DN = 18)
(Scheme 1), which is not a strong enough electron donor to
bind with the eg

1 electron. As a result, the unpaired eg electron
is spontaneously delocalized into an empty π* orbital of the Pc
ring forming [Fe(II)Pc]−.25,34 In other words, the Fe(II)/Fe(I)
redox transition of FePc still occurs in aqueous media despite
its imperceptibility, but the redox peaks are formally associated
with the redox of the Pc ring with the electron shuttled via the
Fe(II)/Fe(I) redox transition of the Fe center. This delicate
picture highlights the critical role of the metal center in
promoting the redox behavior of the macrocycle ring. It
provides a plausible explanation for the redox peaks of FePc at
the low potential end requiring the presence of both the metal
center and the macrocycle ring.
In summary, we have demonstrated that the redox peaks of

FePc at the low potential end in aqueous media are associated
with neither solely the Fe(II)/Fe(I) redox transition nor solely
the redox behavior of the ring, as previously assumed. They are
associated with the redox behavior of the ring with the electron
shuttled to it via the Fe(II)/Fe(I) redox transition of the Fe
center, which is indiscernible by means of regular spectroscopy
methods owing to the lack of a suitable axial ligand to stabilize
the Fe(I) state. This fundamental knowledge to electrocatalysis
resolves the long-held ambiguity about the redox transitions of
metal macrocycles in ORR catalysis.
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