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As one of the critical reactions in biotransformation and energy conversion processes, the oxygen reduction
reaction (ORR) catalyzed by iron porphyrins has been widely explored by electrochemical, spectroscopic,
and theoretical methods. However, experimental identification of all proposed intermediates of iron
porphyrins in one catalytic cycle is rather challenging in the mechanistic studies of the ORR driven by
electrochemical or chemical methods. Herein, we report the application of electrochemical mass
spectrometry (EC-MS) and chemical reaction mass spectrometry (CR-MS) to in situ uncover the catalytic
cycle of electrochemical and chemical ORRs mediated by an iron porphyrin molecular catalyst. Five

crucial iron—oxygen intermediates detected by both EC-MS and CR-MS help to build the whole catalytic
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Accepted 24th February 2025 cycle and indicate the details of the 4e /4H™ pathway to produce H,O in the electrochemical and
chemical ORRs. By combining in situ MS methods with electrochemical and spectroscopic methods to

DOI: 10.1035/d55c00102a characterize the intermediates and study the selectivities, this work provides a mechanistic comparison
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Introduction

The oxygen (O,) reduction reaction (ORR) is a critical step in
biotransformation and energy conversion processes, including
biological respiration,™* fuel cells,>* metal-air batteries,>® etc.
Inspired by the heme active sites in natural cytochrome c
oxidases,” iron porphyrins have been widely used and studied as
molecular catalysts for the ORR.”?® This simplified model
reaction helps researchers to better understand the mecha-
nisms and structure-activity relationships of the ORR under
controlled conditions with different catalyst ligands, solvents,
and proton/electron sources. Depending on electron sources,
the ORR catalyzed by molecular complexes can be driven by
electrodes or chemical reductants such as ferrocene deriva-
tives.”"*” Accordingly, most of the previous in situ character-
ization studies in this field investigated the kinetics and
mechanisms of the ORR by electrochemical, spectroscopic, and
microscopy methods assisted by theoretical calculations.'**¢
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of the electrochemical and chemical ORRs catalyzed by one model iron porphyrin.

Furthermore, the evidence of a series of reactive iron-oxygen
intermediates has also been obtained through spectroscopic
methods in single-turnover experiments mainly under
extremely low temperatures (Table S1 in the ESIT).*~*> However,
the identification of all possible key intermediates proposed in
one complete cycle under catalytic conditions is important but
inadequate in either the electrochemical or chemical ORR
catalyzed by iron porphyrins,'>'#2#31334345 which limits
comprehensive comparison and understanding of the mecha-
nistic details of the ORR driven by electrochemical and chem-
ical methods. Therefore, developing and applying novel in situ
characterization methods to detect as many intermediates as
possible under electrochemical and chemical conditions is
urgently necessary to reveal the mechanism of the ORR cata-
lyzed by molecular complexes including iron porphyrins.

Mass spectrometry (MS) is a powerful analytical technique to
characterize analytes with high sensitivity and selectivity, which
is widely employed in monitoring chemical/electrochemical
reactions and in elucidating their mechanisms by detecting
intermediates and products.>*** Dual micropipettes pulled
from glass theta capillaries are commonly applied as micro-
reactors, sampling collectors, and spray emitters in MS
analysis.*® Utilizing hybrid ultramicroelectrodes (UMEs)
fabricated from dual micropipettes, the in situ electrochemical
mass spectrometry (EC-MS) developed by Shao and Luo et al.
has been applied in the mechanistic studies of a series of
complicated electrochemical reactions.®®*” The in situ MS
method based on dual micropipettes and hybrid UMEs would

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the in situ MS setups to study (a)
electrochemical and (b) chemical ORRs mediated by [(TPP)Fe]*.

be an effective tool to identify intermediates and investigate
mechanisms in both chemical and electrochemical ORRs.

Herein, we apply EC-MS based on hybrid UMEs and chem-
ical reaction mass spectrometry (CR-MS) recently developed by
our group”™ to in situ reveal the mechanism of the ORR medi-
ated by a molecular catalyst 5,10,15,20-meso-
tetraphenylporphyrin iron(m) perchlorate ([(TPP)Fe™]|ClO,)
(Scheme 1). Five key suggested intermediates involved in the
electrochemical/chemical ORR were simultaneously detected
for the first time by both in situ MS methods, providing full
experimental evidence and mechanistic details to build the
whole catalytic cycle of the ORR mediated by [(TPP)Fe™]",231:33
Assisted by electrochemical and spectroscopic methods to
determine the selectivity, the same five iron-oxygen interme-
diates ([(TPP)Fe"™-0, "], [(TPP)Fe™ — O,H]", [(TPP)Fe"'-
O,H,]", [[TPP)Fe¥=0]", and [(TPP)Fe"'-OH]") detected with the
exact chemical compositional information by both EC-MS and
CR-MS suggest a good agreement of a 4¢ /4H" mechanism in
the electrochemical and chemical ORRs catalyzed by [(TPP)
Fe'"]". This work provides a methodology containing two sets of
complementary methods to characterize the intermediates and
study the mechanisms of electrochemical/chemical redox
reactions mediated by molecular catalysts, including the ORR
catalyzed by iron porphyrins.

Results and discussion
Electrochemical ORR

The electrochemical ORR mediated by [(TPP)Fe""]" was studied
by voltammetry and in situ EC-MS. The electrochemical behav-
iors of [(TPP)Fe™]|ClO, as an ORR molecular catalyst were first
investigated on the carbon hybrid UME in N,N-dimethylforma-
mide (DMF) with excess perchloric acid (HClO,) as the proton
source in the absence and presence of O, (Cell 1 in the ESIT).
The carbon hybrid UME was fabricated from quartz dual
micropipettes according to the reported procedures
(Fig. S11).7*”® In the cyclic voltammetry (CV) results (Fig. 1),
black (1 atm N,) and red (1 atm O,) curves show the potential
windows of the carbon UME using Cell 1 without [(TPP)Fe™]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 CV curves of 0.5 mM [(TPP)Fe""|CIO, in the absence (blue) and
presence (green) of 1 atm O, on a carbon UME in DMF (Cell 1). Black
(with N3) and red (with O;) curves are the potential windows of the
carbon UME using Cell 1 without [(TPP)Fe""|ClO,.

ClO,. When [(TPP)Fe'"|C10, was added under 1 atm N, a new
reversible steady-state curve (blue) emerged, which could be
ascribed to the reduction of [(TPP)Fe™]" to [(TPP)Fe"] (the half-
wave potential E;;, = —0.55 V vs. Fc'/Fc). When [(TPP)Fe™"|ClO,
was added under 1 atm O,, the CV curve (green) showed much
higher currents than in the presence of [(TPP)Fe™]" and N,
(blue), indicating the occurrence of the catalytic ORR. The
electrochemical ORR mediated by [(TPP)Fe™]" on the carbon
UME is comparable to those observed on the glassy carbon (GC)
electrode in previous reports,**** which proves that the redox
state of [(TPP)Fe™]" can be controlled to catalyze the ORR by
applying the potential on the carbon UME under steady-state
conditions. Furthermore, the selectivity of the electrochemical
ORR mediated by [(TPP)Fe™]Cl0O, was also studied by rotating
ring-disk voltammetry (RRDV) under the same conditions (Cell
2 in the ESI{). The results of RRDV prove that the catalytic ORR
(GC disk current) occurred and a trace of H,O, (Pt ring current)
was generated simultaneously when the voltage was less than
—0.55 V vs. Fc'/Fc (Fig. S27). The average number of electrons
neae transferred in the electrochemical ORR equals 3.88e™ /O,
from —0.6 V to —0.9 V vs. Fc'/Fc (Table S2f). The selectivity
studies by RRDV confirmed that the 4¢ /4H" pathway is domi-
nant in the electrochemical ORR catalyzed by [(TPP)Fe'"|ClO,.

Based on the above results by electrochemical characteriza-
tion of the ORR mediated by [(TPP)Fe™]|ClO,, in situ EC-MS
experiments were performed with Cell 3 (in the ESIt) under 1
atm O, using the oxygenated EC-MS setup which combines
hybrid UME techniques and relay electrospray ionization MS
(Scheme 1a and Fig. S31).°*” When the voltage of carbon UME
was off, only [(TPP)Fe'"]" (m/z 668), [(TPP)Fe'"-DMF]" (m/z 741),
and background signals were detected (Fig. S41). When the
voltage was on (at —0.6 V to —0.9 V vs. Fc'/Fc), five new signals,
m/z 684, m/z 685, m/z 700, m/z 701, and m/z 702, could be
simultaneously detected by MS along with the catalyst signal
(Fig. 2 and S57). The signals of m/z 700, m/z 701, and m/z 702
differing by m/z 1 probably correspond to the intermediate
[(TPP)Fe™-0,]" (ionized from [(TPP)Fe'™-0, "] by the principle
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Fig. 2 Mass spectra of the electrochemical ORR catalyzed by [(TPP)
Fe"1* in DMF when the voltage was at —0.8 V vs. Fc*/Fc. (a) Full-scale
mass spectra. (b) Zoomed-in mass spectra of iron—oxygen
intermediates.

of relay electrospray ionization),”® [(TPP)Fe! —O;H]|", and
[(TPP)Fe™-0O,H,]", respectively. According to the relative
abundance, the signal of m/z 701 and the signal of m/z 702 may
contain the isotope peak of [(TPP)Fe"™-0,]" and
[(TPP)Fe™ — O;H]|", respectively. Likewise, the signal of m/z 685
might also correspond to a mixture including the monoisotopic
mass peak of [(TPP)FeV-OH]" and the isotope peak of [(TPP)
Fe"=0]". The iron-oxo species could also be of the form [(TPP")
Fe'Y=0]" 77 and we have uniformly represented it in the formal
[(TPP)Fe'=0]" form in this work. The crucial intermediates
[(TPP)Fe=0]" and [(TPP)Fe'V-OH]" detected by EC-MS indicate
that the electrochemical ORR catalyzed by [(TPP)Fe™]" involves
a 4e /4H' pathway to produce H,O under the described
conditions.

Chemical ORR

For the chemical ORR mediated by [(TPP)Fe]", stopped-flow
UV-vis spectroscopy was first used to detect the intermediates
and study the selectivity. The experiments were performed by
mixing a solution of air-saturated DMF containing 0.05 mM
[(TPP)Fe™|CIO, and 5 mM HCIO, with an equal volume of an
air-saturated DMF solution of 5 mM decamethylferrocene
(MeyoFc) in a stopped-flow instrument.** Fig. 3a shows that the
signals of iron porphyrin intermediates gradually changed with
the increasing concentration of Me;oFc' (715 nm), suggesting
the occurrence of the catalytic ORR. By comparing the results
with known spectra of iron porphyrins,” the intermediate of
Fe' can be identified, while the spectra of other intermediates
are overlapped and cannot be distinguished. The selectivity of
the chemical ORR catalyzed by [(TPP)Fe™]ClO, was indicated by
determining the amount of Me,,Fc" produced in the ORR. The
results in Fig. 3b suggest that the n.,, consumed in the chemical
ORR equals 3.90e /O,, which is close to that in the electro-
chemical ORR.
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Fig. 3 (a) UV-vis spectra observed during the chemical ORR with
(TPP)Fe"ICLO,. (b) Time profiles of the Me;gFc* formation during the
chemical ORR with and without [(TPP)Fe"|ClO,.

To further investigate the mechanism of the chemical ORR
catalyzed by [(TPP)Fe'"]" in DMF, in situ CR-MS experiments
were performed with 10 mM Me,,Fc and 1 mM [(TPP)Fe'"|ClO,
separately in each barrel of a quartz dual micropipette reactor
under 1 atm O, using the same oxygenated MS setup (Scheme
1b and Fig. S31). HCIO, (5 mM) and [Bu,N][PFs] (10 mM) were
added in both barrels of the dual micropipette. Fig. S61 shows
that only [(TPP)Fe™]" (m/z 668), [(TPP)Fe'"~-DMF]" (m/z 741), and
background signals were detected when no Me, Fc was added.
When the reductant Me;,Fc was added, the signals of the five
intermediates, [(TPP)Fe"=0]" (m/z 684), [(TPP)Fe"-OH]" (m/z
685), [(TPP)Fe™-0,]" (m/z 700), [(TPP)Fe™ — O;H|" (m/z 701),
and [(TPP)Fe™-O,H,]" (m/z 702) were simultaneously detected
by MS (Fig. 4). The detected species of iron-oxygen intermedi-
ates in the chemical ORR are the same as those in the electro-
chemical ORR, which proves the same 4e /4H" mechanism in
the ORR driven by both the electrode and the chemical reduc-
tant. Additionally, it should be pointed out that the peaks of m/z
686 and m/z 703 in both electrochemical and chemical ORRs are
attributed to the second strongest isotopic peaks of MS spectra
for [(TPP)Fe™V-OH]" and [(TPP)Fe™-0,H,]", respectively.
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Fig. 4 Mass spectra of the chemical ORR catalyzed by [(TPP)Fe"*
with MejoFc as the reductant in DMF. (a) Full-scale mass spectra. (b)

Zoomed-in mass spectra of iron—oxygen intermediates.
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Isotope-labeling experiments and ORR mechanism

To further confirm the iron-oxygen intermediates, isotope-
labeling electrochemical and chemical ORRs were performed
and measured by in situ MS, using 0, (97 atom% "®0) in place
of '°0, under the same conditions. As shown in Fig. 5, [(TPP)
Fe"="%0]" (m/z 686), [[TPP)Fe"™-'%0,]" (m/z 704), and [(TPP)
Fe"'-'®0,H,]" (m/z 706) were all detected by MS in both elec-
trochemical and chemical ORRs, while [(TPP)Fe"V-"*0H]" (m/z
687) can only be identified in the electrochemical ORR because
its signal intensity is much higher than the relative abundance
of the second strongest isotopic peak of [([TPP)Fe"="%0]". In
addition, possible [(TPP)Fe™ — 80;H]" cannot be identified in
the isotopic experiments due to the signal intensity of m/z 705
being close to that of the second strongest isotopic peak of
[(TPP)Fe™-"%0,]".

According to the above in situ EC-MS/CR-MS, RRDV, and UV-
vis spectroscopy results, five iron-oxygen intermediates,
including [(TPP)Fe™-0, "], [(TPP)Fe™ — O;H|", [(TPP)Fe''-
0O,H,]", [(TPP)Fe¥=0]", and [(TPP)Fe'V-OH]", are experimen-
tally confirmed to be produced in both electrochemical and
chemical ORRs catalyzed by [(TPP)Fe™]". Scheme 2 shows the
proposed mechanism of the 4e /4H" ORR based on the exper-
imental results in this work and kinetic analysis in previous
reports.’***”” Note that we used formal oxidation/reduction
states to assign these intermediates. In the catalytic cycle of
the ORR with [(TPP)Fe™|" as the catalyst, [(TPP)Fe™]" is first
reduced by the electrode or Me,oFc to give [(TPP)Fe']. After that,
[(TPP)Fe"] binds an O, molecule to produce the ferric super-
oxide [(TPP)Fe""~0, "], and then [(TPP)Fe""-0, "] is protonated
to form [(TPP)Fe™ — O;H|".**** The perhydroxyl complex
[(TPP)Fe™ — O3H|" is next protonated at the distal oxygen
along with 1 eq. electron (proton-coupled electron transfer,
PCET) to form [(TPP)Fe™-0,H,]" and then [(TPP)Fe™-O,H,]"
releases 1 eq. H,O to produce [(TPP)Fe'=0]".1>?° Subsequently,
[(TPP)Fe'=0]" undergoes successive PCET processes to
produce [(TPP)Fe"V-OH]" and [(TPP)Fe™]" along with 1 eq. H,O
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Fig. 5 Mass spectra of *®0,-labeling (a) electrochemical and (b)
chemical ORRs catalyzed by [(TPP)Fe"]*.
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Scheme 2 Proposed mechanism of the 4e”/4H* ORR with [(TPP)
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to finally restart the catalytic cycle of the ORR.”” Among these
intermediates, [(TPP)Fe™-0,H,]" is the key to determining the
selectivity of the ORR catalyzed by [(TPP)Fe™]" and its exact
configuration has two possible forms ([(TPP)Fe"'-OOH,]" and
[(TPP)Fe"™'-HOOH]").*? In the 4e~/4H" pathway, the water could
be produced via the [(TPP)Fe"™-OOH,]" configuration. For the
ORR catalyzed by [(TPP)Fe™]", the main difference between
electrochemical and chemical-driven methods is the resource of
electrons, one is from the electrode, and the other is from the
reductant. The consistent results of the mechanism and selec-
tivity together confirm the agreement of the ORR driven by
these two methods.

Conclusions

In summary, we have investigated the mechanism of the
electrochemical/chemical ORR catalyzed by [(TPP)Fe™]ClO,
using in situ EC-MS/CR-MS assisted by electrochemical charac-
terization and stopped-flow UV-vis spectroscopy. The crucial
iron-oxygen intermediates detected by in situ MS give detailed
experimental evidence to establish the complete catalytic cycle
of the ORR with [(TPP)Fe™]" as a molecular catalyst and indicate
a 4e”/4H' mechanism of this reaction, further supplementing
the mechanistic details lacking in previous studies.***"** This
work provides a set of systematical in situ analytical methods to
study the mechanisms of electrochemical and chemical redox
reactions mediated by molecular catalysts. Future work needs to
try more kinds of hybrid UMEs and explore the mechanisms of
PCET reactions mediated by other molecular catalysts, not
limited to the ORR.

Data availability

All experimental data are available in the manuscript and ESI.
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