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ABSTRACT: Catalysts based on Fe-Nx sites have promising catalytic activity for the oxygen reduction reaction (ORR). While
homogeneous Fe-N4 macrocycle molecules and heterogeneous Fe-N-doped carbon materials have been studied extensively,
systematic strategies to tune the ORR energetics and activities of Fe-Nx-based catalytic sites remain elusive. Herein, we show that
carbon-supported Fe-phthalocyanine-based catalysts (FePPc/C) can be functionalized by electron-withdrawing/donating
substituents to tune the electronic structures of the Fe center and the ORR catalytic activity. FePPc/C was synthesized via the
polymerization of FeSO4, pyromellitic diimide, and urea on acid-treated acetylene black. By partially replacing the bridging
pyromellitic diimide with terminal phthalimide bearing different functional groups (-R), functionalized Fe-phthalocyanine-based
catalysts (FePPc-R/C) were obtained with -R anchoring on the edge of the polymer. Notably, the Fe2+/3+ redox potential of Fe sites
from FePPc-R/C was shifted by 0.35 V via different functional groups, where increasing redox potential was correlated with greater
Hammett constants (i.e., stronger electron-withdrawing) of functional groups. Moreover, the specific and mass ORR activity of
FePPc-R/C in 0.1 M HClO4 could be increased by up to 20 times with increasing electron-withdrawing functional groups, where a
linear relationship was observed between the Fe2+/3+ redox potential and ORR activity, with dicarboxylate-functionalized FePPc-
(COOH)2/C showing the highest activity. This versatile method can be used to further design M-N4-based catalysts for ORR and
beyond.

KEYWORDS: oxygen reduction reaction, Fe-phthalocyanine, Fe-N4 center, redox potential, electronic tuning

1. INTRODUCTION

The sluggish kinetics of the oxygen reduction reaction (ORR)
represent a critical bottleneck in the development of fuel
cells.1−5 For example, proton-exchange membrane fuel cells
(PEMFCs) use Pt alloys2,4,6−10 to accelerate the ORR kinetics
in acids, but their high price and low reserve can hinder their
applications at scale. Recent studies have been focusing on
nonprecious-metal-based ORR catalysts, including transition-
metal nitrides,11,12 M-N4 macrocycle complexes,13 and M-N-
doped carbon (M-N-C) materials,14−17 where M-N-C-based
catalysts with M-N4 centers

18,19 are one of the most promising
candidates to replace Pt-based alloys to catalyze ORR in acids.
M-N4 macrocycles have been widely studied as ORR

catalysts.13,20 For example, the Fe-porphyrin molecule in
cytochrome c oxidase is a naturally occurring ORR catalyst.21

Artificial catalysts with M-N4 macrocycles such as metal
phthalocyanine (MPc) have been studied as ORR catalysts in
alkaline fuel cells since 1964.13 Later, MPc catalysts with
different metal centers (M = Fe, Co, Mn, Cr, Ni, Cu, and
Zn)22,23 and variable functional groups20,24,25 have been
examined to catalyze ORR in bases. For instance, Zagal and
co-workers have reported that the ORR activity of MPcs can
be manipulated by adjusting the M2+/3+ redox potential via the

Received: January 11, 2022
Revised: April 9, 2022
Published: June 3, 2022

Research Articlepubs.acs.org/acscatalysis

© 2022 American Chemical Society
7278

https://doi.org/10.1021/acscatal.2c00184
ACS Catal. 2022, 12, 7278−7287

D
ow

nl
oa

de
d 

vi
a 

M
A

SS
A

C
H

U
SE

T
T

S 
IN

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Se

pt
em

be
r 

7,
 2

02
2 

at
 1

6:
32

:4
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiayu+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yirui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+J.+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sujay+Bagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuriy+Roma%CC%81n-Leshkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Shao-Horn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Shao-Horn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.2c00184&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00184?fig=abs1&ref=pdf
https://pubs.acs.org/toc/accacs/12/12?ref=pdf
https://pubs.acs.org/toc/accacs/12/12?ref=pdf
https://pubs.acs.org/toc/accacs/12/12?ref=pdf
https://pubs.acs.org/toc/accacs/12/12?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.2c00184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf


replacement of metal centers (M = Fe, Co, Mn, and Cr)22 and
the introduction of electron-donating/withdrawing groups.24,25

A volcano relationship has been observed between the ORR
activity and M2+/3+ redox potential of MPcs in bases, where Fe,
Mn, and CrPcs are located on the strong oxygen-binding side
(with rate-limiting *OH desorption to generate OH−) and
CoPc is on the weak binding side (with rate-limiting O2
adsorption to generate *OOH).25 Despite their tunability and
high activity under alkaline conditions, the practical
applications of FePc-based catalysts in PEMFCs have been
limited by their low stability,26 where FePc undergoes
demetallation in acids under ORR potential, as revealed by
operando infrared (IR)27 and Raman28 spectroscopic studies.
Converting homogeneous FePc catalysts into heterogeneous

M-N-C-based materials has been shown to enhance the
stability during ORR.29−31 These M-N-C catalysts can be
synthesized usually by pyrolyzing carbon-supported MPc
molecules or other M-N-complexes at high temperatures
(600−1100 °C).15,29−33 This pyrolysis process breaks the
macrocyclic structure while transferring the M-N4 sites into the
carbon matrix.34 The facile pyrolysis method has triggered a
surge of M-N-C catalysts with enhanced ORR catalytic
activity30,33,35 (E1/2 = 0.85 VRHE with 800 μg cmgeo.

−2 catalyst
loading33) and stability17,33 (stable for 10,000 potential cycles
between 0.6 and 1.0 VRHE in 0.5 M H2SO4

33) compared with
molecular FePcs.27 Such M-N-C catalysts have been applied in
PEMFCs, achieving activity approaching state-of-the-art Pt
catalysts (0.4 mg cm−2 Pt at a cell voltage of ≥0.9 V).14,30,35,36

However, the high synthetic temperature complicates the
characterization of active centers37 and removes the organic
functional groups that could regulate the electronic structure
and catalytic activity of metal centers. These challenges limit
the understanding of the ORR mechanism16 and hinder further
rational designs of catalytic activity by tuning the coordination
environments of active sites. Therefore, synthetic methods are
needed to control the structure and activity of M-N4 catalytic
centers within the heterogeneous M-N-C catalysts.
Polymerization of FePc on the surface of carbon supports

allows the synthesis of heterogeneous Fe-N-C catalysts with
tunability comparable to that of molecular FePcs.38 For
example, Fe-phthalocyanine-polymers (FePPc) have been
synthesized on carbon supports (FePPc/C), which show
high activity (E1/2 = 0.80 V) and stability in acids (stable for
5000 potential cycles between 0.6 and 1.0 VRHE in 0.5 M
H2SO4),

39 comparable to that of Fe-N-C catalysts synthesized
by pyrolysis.33 Considering that the Fe sites are separated from
aggregation in FePPc/C,40 the material is expected to have
homogeneously dispersed Fe active sites within a heteroge-
neous platform. More importantly, the low polymerization
temperature (<400 °C) ensures the intactness of organic
functional groups, which opens opportunities for further
modification of FePPc/C catalysts via organic substitution.
Incorporating functional groups with different electron-with-
drawing/donating properties is expected to modulate the
electronic structures of the Fe catalytic center in heterogeneous
FePPc/C catalysts, analogous to the modulation of molecular
FePc catalysts.24,25 The resulting materials have the potential
to achieve high activity by molecular design while maintaining
the stability of heterogeneous catalysts. To achieve this goal,
functionalized FePPc/C materials (namely, FePPc-R/C) have
been synthesized by the polymerization of pyromellitic
diimide, functionalized phthalimide, and urea on acid-treated
acetylene black with a series of different electron-withdrawing/

donating functional groups, including amino (−NH2),
methoxyl (−OMe), methyl (−Me), −H, carboxylic acid
(−COOH), nitro (−NO2), dicarboxylic acid (−(COOH)2),
tetrachloro (−Cl4), and pyridyl (−py) groups. Importantly, the
modification of FePPc-R/C by electron-withdrawing groups
shifts the Fe2+/3+ redox to a lower potential, where the redox
peak shift is correlated with the Hammett constant of
incorporated functional groups. We further correlate the
ORR activity with the Fe2+/3+ redox potential, exhibiting a
linear relationship. The optimized catalyst, FePPc-(COOH)2/
C, has a half-wave potential of 0.80 VRHE in 0.1 M HClO4 at a
loading of 500 μg cmgeo.

−2 and retained 73% of current density
at 0.70 VRHE at 1600 rpm in O2-saturated HClO4 after
continuous operation at 0.6 VRHE for 5 h.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Functionalization of Fe-Phthalo-

cyanine Polymers on Carbon. The Fe-phthalocyanine
polymer on carbon was synthesized by reacting FeSO4,
pyromellitic diimide, urea, and acid-treated acetylene black,
with sodium molybdate serving as the catalyst. In previous
studies, pyromellitic dianhydride has been generally adopted as
the precursor to synthesize MPPcs.38,41,42 In this work, we
replace pyromellitic dianhydride with pyromellitic diimide for
the following reasons. First, pyromellitic diimide is expected to
coordinate with metal cations in the reaction precursor,43

which avoids the aggregation of Fe species. Second,
pyromellitic diimide is known to interact more strongly with
carbon supports than pyromellitic dianhydride,44 allowing for
the strong adsorption and uniform distribution of pyromellitic
diimide on carbon supports. Third, the imide is known as the
reaction intermediate during the synthesis of metal phthalo-
cyanine from anhydride precursors.45 Thus, the use of
pyromellitic diimide may shorten the reaction time and reduce
the synthetic temperature. Herein, FePPc/C was synthesized
successfully from the pyromellitic diimide precursor at 180 °C
for 6 h.
The amount of carbon was tuned to achieve different FePPc

loadings on the carbon support. The loading of Fe in FePPc/C
was determined by inductively coupled plasma-optical
emission spectrometry (ICP-OES) analysis of digested samples
(Supporting Information, Experimental Details), while the
weight ratio of organic phthalocyanine polymers, PPc, was
quantified by thermogravimetric analysis (TGA, Table S1).
The weight loss at 380 and 550 °C is attributed to the
decomposition of PPc and carbon species, respectively, from
which the weight percent of PPc was calculated (Figure S1). As
the amount of carbon increases from 25 mg to 200 mg, the
weight loss of FePPc/C at 380 °C decreases from 62.9 to
26.2%, indicating a reduced FePPc loading. The Fe-to-PPc
weight ratio in all FePPc/C products was estimated to be 0.16,
which is consistent with the formula of FePPc, [Fe-
(C10N4H2)2]n. The BET surface area of FePPc/C, measured
by N2 adsorption isotherms at 77 K, was found to decrease
with higher FePPc loading on carbon (Figure S2). This result
indicates that FePPc may occupy the pores of carbon supports.
The electrochemically accessible Fe sites were estimated by
integrating the Coulombic charge of Fe2+/3+ redox peaks in
cyclic voltammograms (CV). The amount of electrochemically
accessible Fe sites increases from 22 to 36 mmol g−1 as the Fe
loading increases from 3.5 to 7.0 wt % (Figure S3). Further
increasing the Fe loading to 10.1 wt % caused a significant
decrease in electrochemically accessible Fe sites to 0.2 mmol
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g−1, indicating that an excessive amount of FePPc may block
the pores of carbon, leading to inaccessible Fe sites. Therefore,
to maximize the electrochemically accessible Fe sites, the Fe
loading was controlled to 7.0 wt % when 100 mg of carbon was
added during the synthesis.
The complete reaction of pyromellitic diimide was

confirmed by the IR spectra, in which the CO stretch
peak from imide groups at 1773 cm−1 was absent (Figure S4).
The broad band centered at 1730 cm−1 (Figure S4) can be
attributed to the CO stretching in carboxylic groups either
on the peripheral position of the FePPc or the acid-treated
carbon support, consistent with the notion that the as-
synthesized FePPc/C is terminated by a pair of carboxylic
groups on the edge, possibly generated by the hydrolysis of
imide groups.42 Therefore, the as-synthesized material was
termed FePPc-(COOH)2/C in a later discussion.
To functionalize FePPc/C with other substituents, the

pyromellitic diimide precursor was partially replaced by
terminal phthalimide bearing different functional groups

during the synthesis (Figure 1a). Following the previous
method that bridging pyromellitic dianhydride and terminal
phthalic anhydride precursors can be copolymerized into
FePPc with edges terminated by phenyl groups,42 we
functionalized FePPc/C by placing different substituents on
phthalimide precursors. The synthesis of functionalized
FePPc/C (FePPc-R/C) was conducted by varying the
diimide-to-imide ratio in precursors, while the total amount
of imide moieties was maintained constant. Taking FePPc-H/
C as an example, the ratio between phthalimide (PI) and
pyromellitic diimide (PDI) was adjusted from 0 to 1.31, while
the moles of imide moiety (i.e., PDI *2 + PI) in the precursor
was maintained at 1.16 mmol (Table S2). The polymerization
reaction was conducted under the same condition as that of
FePPc/C, and the product was thoroughly washed with DMF
to remove any molecular FePc species. With the PI/PDI ratio
below 0.5, the FePPc-H weight loading on carbon was
maintained (Figure S5). Further increasing the PI/PDI ratio
caused a significant decrease of FePPc-H loading in the

Figure 1. (a) Synthesis of FePPc-R/C by reacting a solid mixture of pyromellitic diimide, functionalized phthalimide, FeSO4, and urea in a sealed
glass vial at 180 °C for 6 h. The inset shows the proposed local structure of the Fe center with functional groups placed on the edge of the phenyl
ring. (b) List of functional groups in FePPc-R/C with different electron-withdrawing/donating effects, including −NH2, −OMe, −Me, −H,
−COOH, −NO2, −(COOH)2, −Cl4, and −py groups.

Figure 2. TEM images of (a) FePPc-(COOH)2/C and (b) FePPc-Cl4/C. EDX-based elemental mapping of (c) FePPc-(COOH)2/C and (d)
FePPc-Cl4/C, showing uniform distributions of elements throughout the particle.
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products, possibly due to the formation of molecular FePc
species soluble in DMF (Figure S6). The PI/PDI ratio was
optimized to 0.5 to achieve maximum terminal ligand
incorporation while maintaining the FePPc-H loading on the
carbon support. Using functionalized phthalimide as precursors
and the imide/diimide of 0.5, a series of functionalized FePPc/
C were synthesized successfully (Figure 1b), namely, FePPc-
R/C (R = −NH2, −OMe, −Me, −H, −COOH, −NO2, −Cl4,
and −py). Powder X-ray diffraction (PXRD) patterns of
FePPc/C materials were dominated by the (002) peak of the
acetylene black carbon support (Figure S7), indicating the
amorphous nature of FePPc-R.
The morphology of FePPc-R/C (R = −(COOH)2 and

−Cl4) was examined by transmission electron microscopy
(TEM). TEM images show a uniform distribution of FePPc-R
on the surface of acetylene black particles with an average
particle size of ∼50 nm (Figures 2a,b, and S8). No aggregation
of Fe species was observed. High resolution-TEM (HR-TEM)
of FePPc-(COOH)2/C (Figure S8b) further confirmed the
isolated Fe sites without aggregation. Since FePPc-R/C with
different functional groups were synthesized under similar
conditions, we believe that the Fe-based nanoparticles were
not formed during the synthesis of FePPc-R/C materials. The
ability of FePPc/C in stabilizing high-concentration single Fe
sites can be attributed to the low synthetic temperature (180
°C) and well-separated phthalocyanine chelating sites that
prevent Fe aggregation.39,40 Elemental mapping by TEM with
energy-dispersive X-ray analysis (EDX) further demonstrated
the uniform distribution of Fe and N species in the particle,
which is in agreement with the monodispersed Fe-Nx centers
in the phthalocyanine−polymer framework (Figure 2c).
Moreover, the Cl signals were found to overlap well with Fe
and N species under elemental mapping (Figure 2d),
suggesting that the functional groups on the terminal
phthalimide precursors were incorporated homogeneously in
FePPc-Cl/C.
Further insights into the electronic structure of FePPc-R/C

were provided by XPS. The Fe 2p3/2 and 2p1/2 peaks were
located at 710.8 and 724.4 eV, respectively, corresponding to
trivalent Fe (Figure 3a). Although the Fe2+ precursor was
adopted in the synthesis, the Fe2+ species can be oxidized
during the synthesis of FePPc/C, which agrees with previous

work.39,41,42 The incorporation of functional groups does not
significantly change the Fe 2p peak positions (Figure 3a),
indicating similar oxidation states and coordination environ-
ments across all materials. The C 1s spectrum was
deconvoluted into three peaks corresponding to carbon species
in different chemical environments (Figure 3b). The C−C
peak at 284.5 eV corresponds to the sp2 carbon in the graphite
carbon support and phenyl rings of FePPc.46,47 The C−N or
C−O carbon at 285.4 eV can be assigned to the N-heterocycle
of the Pc moiety or the oxygen species from acid-treated
acetylene black.47 The O−CO peak at 288.5 eV was
attributed to carboxylic acids48 either on the peripheral
position of FePPc or on the surface of the acid-treated
acetylene black.49 The dicarboxylate- and monocarboxylate-
functionalized samples, FePPc-(COOH)2/C and FePPc-
COOH/C, show higher intensities of O−CO peaks than
other samples, in line with higher concentrations of carboxylic
acids (Figure S9a). In addition, the pyridinic (399.5 eV) and
pyrrolic (398.8 eV) nitrogen atoms in the Pc moiety47,50 were
observed unambiguously in the N 1s XPS spectra of all FePPc-
R/C samples (Figure 3c). Moreover, the peak at 401.6 eV for
FePPc-NH2/C was attributed to the −NH2 groups,

48 and the
pronounced absorption peak at 405.6 eV in the N 1s spectrum
of the FePPc-NO2/C sample confirmed the existence of −NO2
functional groups (Figure 3c).51 Lastly, the organic -Cl was
detected by the Cl 2p3/2 and 2p1/2 peaks at 200.4 and 202.1 eV,
respectively (Figure S9b), matching previous reports.51 The
NH2/Fe, NO2/Fe, and Cl/Fe ratios were calculated to be 0.77,
0.82, and 3.2 based on XPS, corresponding to ∼0.8 functional
ligands (−NH2, −NO2, and −Cl4) per Fe center. The
Npyridinic/Fe of FePPc-R/C (ranging from 3.5 to 4.6, Table
S3) supports the proposed FePPc structure. The Npyrrolic/Fe
ratio (ranging from 4.3 to 5.4, Table S3) is slightly higher than
the Npyridinic/Fe ratio, indicating that pyrrolic nitrogen atoms
may exist in the FePc center and the N-doped carbon support.
Overall, the comparable peak positions in Fe 2p and N 1s XPS
spectra (Figure 3) support that all FePPc-R/C materials
contain similar Fe-Nx centers. The valence band edge of all
materials approaches 0 eV as estimated by XPS (Figure S9c),
which can be explained by the fact that the valence band edge
region of XPS is predominated by the conductive carbon
supports.

Figure 3. X-ray photoelectron spectroscopy (XPS) measurements of FePPc-R/C. (a) Fe 2p binding energy region showing Fe3+ with a similar
coordination environment across FePPc-R/C. (b) C 1s binding region showing the existence of C−C, C−N, C−O, and O−CO species. (c) N
1s binding energy region confirming the existence of pyridinic and pyrrolic nitrogen atoms in the Pc moieties.
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2.2. Regulating the Redox Potential of the Fe Center
by Functional Groups in FePPc-R/C. The effect of

functional groups on the electronic structure and redox of
the Fe center of FePPc-R/C (R = −NH2, −OMe, −Me, −H,

Figure 4. (a) CVs of FePPc-R/C with different functional groups. CVs were conducted in Ar-saturated 0.1 M HClO4 at 10 mV s−1 using electrodes
composed of 500 μgcat. cmgeo.

−2 and a Pt wire counter electrode. (b) Redox potential of FePPc-R/C determined from CVs as a function of the
Hammett constant of functional groups.53 FePPc-py/C exhibited an additional redox peak (*) at 0.75 VRHE attributable to the pyridyl-coordinated
Fe, which decreased with time (Figure S10), indicating the leaching of weakly coordinated Fe at pyridyl sites. FePPc-NO2/C shows an additional
peak (**) at 0.61 VRHE, which can be explained by the reversible redox of −NO2/−NO groups.57 Error bars represent the standard deviations of at
least three independent measurements.

Figure 5. ORR activity of FePPc-R/C. (a) Polarization curves of FePPc-(COOH)2/C measured using a thin-film electrode composed of 500 μg
cmgeo.

−2 catalyst and a Pt wire counter electrode in O2-saturated 0.1 M HClO4 at a rotation rate of 1600 rpm and a scan rate of 10 mV s−1 after iR
correction. The top figure shows the H2O2 yield of FePPc-R/C measured by RRDE. The electron transfer number of FePPc-(COOH)2/C
measured by RRDE (3.9) matched well with the calculation based on the Koutecky−Levich plot derived from polarization curves at different
rotation speeds (3.9, Figure S16). (b) Tafel plots derived from CVs with mass transport corrected by the Koutecky−Levich equation (Experimental
Details of the Supporting Information). The electrochemical surface area was estimated by the double-layer capacitance (Table S4). (c) Correlation
between surface-specific kinetic current density at 0.75 VRHE and the Fe

2+/3+ redox peak potential. Error bars were obtained from standard deviation
based on at least three independent measurements.
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−COOH, −NO2, −Cl4, and −py) was studied by cyclic
voltammetry. All FePPc-R/C materials exhibit a pair of
reversible redox peaks located from 0.76 to 1.11 VRHE, which
can be assigned to the Fe2+/3+ redox process of the Fe-Nx
center (Figure 4a). While XPS showed no significant shifts in
Fe 2p peaks (Figure 3c), possibly due to the broad Fe 2p peaks
(full width at half maximum of ∼4 eV),52 the redox potential of
Fe2+/3+ was found to be different. Electron-withdrawing groups
were found to increase the Fe2+/3+ redox potential, while
electron-donating groups decreased the potential of the Fe2+/3+

redox. The Fe2+/3+ redox potential was found to increase
linearly with greater Hammett constants (i.e., stronger
electron-withdrawing effects) of functional groups with the
order of −NH2 < −OMe < −Me < −H < −COOH < −NO2 <
−Cl4 = −(COOH)2 < −py (Figure 4b).53 This trend could be
explained by the inductive effect of electron-withdrawing
groups that decreased the electron density and stabilized the d-
frontier orbital of Fe centers to favor their oxidation
process.24,54 A trend similar to that in Figure 4b has been
observed in MPcs (M = Fe and Co) with different substituents
attached to the molecular Pc macrocycles.25 Herein, we
compare the redox peak shift of our FePPc-R/C with FePcs
and Fe-N-C materials synthesized by pyrolysis. While the
redox potential shift of Fe2+/3+ in molecular FePcs can be
highly tunable (up to 0.5 V induced by different functional
groups),55 the tunability of Fe centers in the heterogeneous Fe-
N-C catalyst is quite limited (<0.1 V).16,56 The FePPc-R/C
synthesized in this work allows the Fe2+/3+ redox potential to
be modulated in a wide range (up to 0.35 V), which is much
higher than traditional heterogeneous Fe-N-C catalysts. The
effective shift of redox peaks enabled by FePPc-R/C samples
can be attributed to the uniform distribution of functionalized
ligands around the Fe center, which allows the electronic
tuning of the Fe center similar to molecular FePcs. On the
other hand, the lack of tunability of traditional heterogeneous
Fe-N-C catalysts synthesized by pyrolysis can be explained by
the removal of functional groups during high-temperature
synthesis (600−1100 °C).15,29−33

The Fe2+/3+ redox potential of heterogeneous FePPc-H/C
(0.82 VRHE) was found to be higher than that of molecular
FePc-H with the same −H terminated edges (0.65 VRHE).

58

The higher redox potential of FePPc-H/C can be explained by
the electron-withdrawing effect of neighboring Fe centers
through the conjugated FePPc polymers, which is supported
by DFT calculations showing that FePPc has more electron-
deficient Fe centers than molecular FePc.59 The strong
interaction between the oxidized carbon support and FePPc
layers may also contribute to the positive shift of the Fe2+/3+

redox potential.60 As the increase in the experimental Fe2+/3+

redox potential of FePc-R catalysts was shown to decrease the
binding energy of oxygen, which leads to increasing ORR
activity on metal centers,54 the FePPc-H/C catalyst is expected
to have greater ORR activity than FePc-H with the same
functional group. Furthermore, the ORR activity of FePPc-R/
C materials can be optimized by different functional groups.
2.3. Tuning the ORR Activity of FePPc-R/C. The ORR

activity was measured by CV using a thin-film electrode
consisting of 500 μg cmgeo.

−2 FePPc-R/C and 100 μg cmgeo.
−2

Nafion on a glassy carbon electrode (GCE) in O2-saturated 0.1
M HClO4 at a rotation speed of 1600 rpm.61 ORR polarization
curves for FePPc-R/C (R = −NH2, −OMe, −Me, −H,
−COOH, −(COOH)2, −Cl4, and −py) show the effect of
functional groups on the ORR activity (Figure 5a). The most

active catalyst, FePPc-(COOH)2/C, features a E1/2 of 0.80
VRHE at a catalyst loading of 500 μg cmgeo.

−2, which is only
slightly lower than the state-of-the-art Fe-N-C catalysts (E1/2 =
0.85 VRHE with 800 μg cmgeo.

−2 catalyst loading in 0.5 M
H2SO4).

15,29−33 To rule out the impact of the Pt counter
electrode on the ORR activity,62 control experiments were
conducted by measuring polarization curves of FePPc-
(COOH)2/C with Pt wire or carbon paper counter electrodes,
which gave comparable results (Figure S11). These results are
consistent with our observation that ICP-OES of the FePPc-
(COOH)2/C electrode and electrolyte did not detect Pt
species within the detection limit (0.1 ppm, Table S5),
suggesting that the counter electrode has minimal effects on
the ORR activity in our measurements. The selectivity and
electron transfer numbers of FePPc-R/C were measured by the
rotating ring-disk electrode (RRDE) with the FePPc-R/C
working electrode to reduce O2 and the Pt ring electrode to
detect generated H2O2. FePPc-R/C catalysts with −NH2,
−OMe, −Me, −H, −COOH, −(COOH)2, and −Cl4 func-
tional groups show comparable low H2O2 yield of ∼5%, in
contrast to the pyridyl-functionalized FePPc-py/C with higher
H2O2 yield ranging from 7 to 15%. Therefore, FePPc-R/C
catalysts with different functional groups mainly catalyze 4e−

ORR (number of electrons transferred during ORR, n = 3.9),
except for FePPc-py/C, which catalyzes both 2e− and 4e−

ORR (n = 3.75). The higher H2O2 yield of FePPc-py/C can be
attributed to its electron-deficient Fe center promoting the 2-
electron transfer pathway, which is associated with the lower
ORR activity of FePPc-py/C (E1/2 = 0.63 VRHE) than those of
4e− ORR catalysts. Electron-deficient sites with weak binding
of oxygenated intermediates are reported to impede the
*OOH to *O conversion (4e− reduction pathway involving *
+ O2 + H+ + e− → *OOH; *OOH + H+ + e− → *O + H2O;
*O + H+ + e− → *OH; *OH + H+ + e− → * + H2O) and thus
favor the *OOH to H2O2 conversion (2e− reduction pathway
involving * + O2 + H+ + e− → *OOH; *OOH + H+ + e− → *
+ H2O2, Figure S12).25,41,54 It should be noted that the
apparent H2O2 yield by RRDE can be dependent on the
catalyst loading, which has been shown previously.63−65 This
trend was also found for the FePPc-R/C catalyst, where the
detected H2O2 slightly increased from 2.5 to 3.5% as the
FePPc-(COOH)2/C loading decreased from 750 to 250 μg
cmgeo.

−2 (Figure S13). Similarly, the apparent H2O2 yield of
FePPc-NH2/C increased from 3.3 to 5.7% as the loading
reduced from 750 to 250 μg cmgeo.

−2 (Figure S14). While the
H2O2 yield slightly increased as the loading decreased, the
H2O2 yield was still less than 5.7% at a low loading of 250 μg
cmgeo.

−2, demonstrating that the 4e− ORR pathway remains
dominant for FePPc-R/C.
The activity of 4e− ORR catalysts was compared, including

FePPc-R/C (R = −NH2, −OMe, −Me, −H, −COOH,
−(COOH)2, and −Cl4). To eliminate the influence of mass
loading, surface area differences, and mass transport
limitations, the kinetic current densities were calculated from
the polarization curves (in O2-saturated 0.1 M HClO4 at a
rotation rate of 1600 rpm and a scan rate of 10 mV s−1 after iR
correction) by the Koutecky−Levich equation and normalized
by either the surface area or the mass loading of Fe. The
resulting surface-specific activity and mass-specific activity were
compared in the Tafel plots (Figures 5b and S15). The surface
area-normalized kinetic current density at 0.75 VRHE increases
with higher Fe2+/3+ redox peak potential (Figure 5c),
suggesting that weakening the binding of oxygenated species
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facilitates the ORR on FePPc-R/C (R = −NH2, −OMe, −Me,
−H, −COOH, −(COOH)2, and −Cl4). Given that the Fe2+/3+

redox potential is related linearly to the Hammett constant of
functional groups, the activity of FePPc-R can be rationally
tuned by selecting functional groups with appropriate
Hammett constants.
The most active catalyst, FePPc-(COOH)2/C, was further

investigated. FePPc-(COOH)2/C remained stable during ORR
activity tests, as revealed by the CVs before and after ORR
measurements (in O2-saturated 0.1 M HClO4 at a rotation rate
of 1600 rpm and a scan rate of 10 mV s−1 from 0.2 to 1.1 VRHE
for 5 cycles, Figure S17). Furthermore, the stability of FePPc-
(COOH)2/C was assessed by chronoamperometric tests at 0.6
VRHE in O2-saturated HClO4 for 5 h (Figure 6a). After the
chronoamperometric test, the current density at 0.70 and 0.75
VRHE at 1600 rpm in O2-saturated HClO4 was found to
decrease by 27 and 51%, respectively (Figure 6b). The H2O2
yield of FePPc-(COOH)2/C was measured to be 6.5% after
the chronoamperometric test (500 μg cmgeo.

−2 catalyst in 0.1
M HClO4 at 0.6 VRHE for 5 h) corresponding to an electron
transfer number of 3.7 (Figure S18). The stability of FePPc-
(COOH)2/C represents a significant improvement over the
molecular FePc catalyst, as FePc is known to undergo rapid
deactivation under ORR conditions within 10 min in acids.28

The higher stability of FePPc-(COOH)2/C than molecular
FePc can be tentatively attributed to the rigid network
structure and more electron-withdrawing ligands that prevent
the demetallation of FePPc and the protonation of PPc.17 The
stability of FePPc-(COOH)2/C is comparable to that of the
Fe-N-C catalyst synthesized by high-temperature pyrolysis.15

Previous studies on Fe-N-C materials reveal complicated
degeneration mechanisms, which possibly involve carbon
corrosion,66,67 Fe dissolution,68 and Fe aggregation.69,70

Therefore, we used ICP-OES, HR-TEM, and XPS experiments
to study the degradation mechanisms of FePPc-(COOH)2/C.
ICP-OES results indicate 15% leaching of Fe from FePPc-
(COOH)2/C after the chronoamperometric test in O2-
saturated HClO4 at 0.6 VRHE for 5 h (Table S5). HR-TEM
images do show the appearance of dark domains, which might
indicate the aggregation of Fe species, although the lattices of

Fe or Fe oxides were not observed (Figure S19). In XPS
spectra, the Fe 2p peak position was not shifted after the
chronoamperometric test, indicating the maintained oxidation
state of Fe species (Figure S20a). In addition, the C 1s, N 1s,
and O 1s signals were not significantly altered after the
chronoamperometric test (Figure S20b−d), which excludes
the oxidation of surface PPc or carbon species. Based on these
results, we infer that the decrease of ORR current density by
25 and 51% at 0.70 and 0.75 VRHE, respectively, is mainly
associated with the detachment of Fe from the FePc center.
This is in line with previous studies on the degradation of
FePcs during ORR.68 However, we cannot rule out the
possibility of Fe aggregation or coordination environment
change causing an activity change, which requires further
studies by Mössbauer or Fe K-edge extended X-ray absorption
fine structure (EXAFS) spectra.

3. CONCLUSIONS

In conclusion, we report a series of FePPc-R/C with functional
groups providing electronically tunable Fe centers. The
relatively low synthetic temperature ensures the intactness of
functional groups within FePPc-R/C, which is in sharp
contrast to the Fe-N-C materials synthesized by high-
temperature pyrolysis. The redox potential of FePPc-R/C
has been modulated over a wide range (up to 0.35 V),
demonstrating a significantly higher tunability than traditional
heterogeneous Fe-N-C catalysts. The Hammett constant has
been used as a descriptor of the electronic structure and ORR
activity of FePPc-R/C. The optimized catalyst, FePPc-
(COOH)2/C, achieves high activity (E1/2 = 0.80 VRHE in 0.1
M HClO4 at a loading of 500 μg cmgeo

−2). This work has not
only provided a promising precious-metal-free ORR catalyst
candidate but also invented a versatile synthetic method for
highly tunable heterogeneous electrocatalysts. Considering the
wide applications of M-N4-based materials in electrocatalysis,
photocatalysis, and thermal catalysis, future catalysts can be
rationally designed for targeted applications by selecting
functional groups with appropriate Hammett constants.

Figure 6. Stability test of FePPc-(COOH)2/C. (a) Stability test by chronoamperometry using a thin-film electrode composed of 500 μg cmgeo.
−2

FePPc-(COOH)2/C catalyst and a carbon paper counter electrode in O2-saturated 0.1 M HClO4 at 0.6 VRHE for 5 h. (b) ORR activity evaluated by
the current density at 0.70 and 0.75 VRHE from CV measurements at 10 mV s−1 and 1600 rpm, and Fe wt % in FePPc-(COOH)2/C measured by
ICP before and after chronoamperometric stability test (0.1 M HClO4 at 0.6 VRHE for 5 h).
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