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Abstract: Recently, the development of non-precious electrocatalysts for the oxygen reduction
reaction (ORR) has become important in replacing currently employed platinum (Pt)-based
catalysts. Although Pt-based catalysts exhibit satisfactory ORR performances, their high price,
easy methanol/CO; poisoning, and poor long-term stability significantly hamper the forward
movement of fuel cell technology. Among the various candidates, graphene-supported iron
phthalocyanine (FePc) composites have attracted great attention because of their unique advantages,
including low cost, good dimensional stability, high durability, and tunable catalytic activity. In the
composite catalyst, FePc molecules are immobilized on graphene via noncovalent or covalent
interactions. In addition, two-dimensional graphene substrates can improve not only the electrical
conductivity of the composite, but also the dispersion of FePc molecules, triggering a significant
improvement in the catalytic properties of the composite catalyst. Herein, we summarize the recent
advances in FePc/graphene composite catalysts used for the ORR. Moreover, we discuss the challenges
and future perspectives of this promising field.
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1. Introduction

As demand to reduce emerging environmental and energy-related global issues has increased,
enormous attention has been paid to the development of green and sustainable resources for energy
conversion and storage applications. Direct methanol fuel cells (DMFCs), in which the chemical
energy of a fuel is directly converted to useful electrical energy through electrochemical reactions
(Figure 1A), are of particular importance due to their unique advantages, such as high power density,
minimized pollutant emission, long operational time, and good safety [1,2]. One of the major obstacles
in DMFC technology is the sluggish kinetics of the oxygen reduction reaction (ORR), which occurs
at the cathode. This not only decreases the overall performance of DMFCs, but also requires a high
loading of noble platinum (Pt) catalysts [3,4]. The mechanism of ORR usually follows either a two-step
two-electron pathway or a one-step four-electron pathway. The former generates undesirable HyO™
(in an alkaline medium) or H,O, (in an acidic medium) intermediate species, while the latter involves
the favorable direct reduction of O, molecules into OH- (in an alkaline medium) or H,O (in an acidic
medium) (Figure 1B) [5]. Although Pt-based catalysts exhibit satisfactory catalytic activities toward
the ORR, the large-scale production of DMFCs is significantly impeded by the high cost and limited
supply of Pt. In addition, these noble Pt catalysts suffer from several serious drawbacks, such as
methanol crossover, CO, poisoning, and low operational stability [6]. To address these problems,
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the development of alternative non-precious metal or metal-free catalysts has become crucial. A number
of candidates have been considered so far, including hetero-atom-doped carbon materials [7-10],
metal-chalcogenides [11,12], conducting polymers [13,14], transition metal oxides [15,16], and metal
chelates [17,18]. However, these materials possess significant drawbacks, and are still difficult to be
commercialized. For example, the catalytic performances of most hetero-atom-doped carbon materials
are inferior to those the conventional Pt-based catalysts, and metal-chalcogenides often require
complicated and costly synthetic methods [6]. In the case of conducting polymers, although they can
provide the structural tunability and high porosity, the scalable and reproducible synthetic approaches
need to be developed [13]. In addition, the practical application of metal oxides and metal chelates is
limited, due to the poor electrical conductivity and low stability in acidic media, respectively [19-22].
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Figure 1. (A) Schematic of direct methanol fuel cells (DMFC), adapted from ref [23], (B) The oxygen
reduction reaction in alkaline and acidic conditions, adapted from ref [5] Copyright 2010 American
Chemical Society. Chemical structure of (C) iron phthalocyanine (FePc), and (D) two-dimensional
graphene, adapted from ref [24] Copyright 2016 Elsevier.

Among several candidates, metallo-phthalocyanine (MPc) has attracted great attention owing to
its low cost, good dimensional stability, and tunable catalytic activity [25-27]. MPc generally exhibits
peculiar spectral, optical, and electrochemical characteristics, aside from excellent chemical and thermal
stability. Depending on the inserted metal ions and the peripheral substituents, the resulting MPc
properties can be effectively modified, which finds it suitable for sensors, supercapacitors, sensitizers,
and electrocatalysts [28-31]. The first MPc-based ORR electrocatalyst dates back to 1964, in which
Jasinski reported the catalytic activity of cobalt phthalocyanine (CoPc) in the cathode of fuel cells [32].
The catalytic properties of MPc are mainly governed by the central metal atoms, and their activity
usually increases in the following order: copper, nickel, cobalt, and iron (Fe) [33]. Iron phthalocyanine
(FePc), which has the best ORR performance, a facile synthetic method, and a low cost, is considered
to be one of the most promising Pt-free ORR catalysts (Figure 1C). In addition, variations in the
chemical environment around FePc achieved by controlling the substituents on the Pc ligand can play
important roles in determining the catalytic properties of FePc [34]. However, because FePc derivatives
exhibit poor conductivity and undesirable aggregation, their catalytic performances are often inferior
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to those of Pt-based catalysts. To overcome these limitations, composite FePc-based electrocatalysts,
in which FePc is immobilized on the surface of carbon-based materials, have been pioneered [35-39].
In these composite catalysts, the carbon-based not only improves the electrical conductivity and
long-term stability, but also induces the uniform dispersion of FePc on the substrates. Graphene,
a two-dimensional sp?-hybridized carbon sheet, is widely considered to be a promising supporter for
the fabrication of composite catalysts because of its excellent electrical conductivity, large surface area,
and good chemical and mechanical stability (Figure 1D) [37]. Because of the synergistic effects between
the two constituents, FePc/graphene composite electrocatalysts exhibit great potential for the ORR.
Herein, we summarize the recent progress in the development of FePc/graphene composite catalysts
for the ORR. In addition, we discuss perspectives and important challenges in this promising field.

2. Iron Phthalocyanine/Graphene Composite Catalysts for ORR

2.1. Noncovalent Approaches for Hybrid Catalysts

Noncovalent methods are usually regarded as more versatile and promising for producing
composite materials because the useful intrinsic properties of all constituents can be largely preserved.
Generally, various driving forces, such as van der Waals forces, electrostatic forces, hydrogen bonding,
and 7-7t stacking interactions, have been employed for the noncovalent modification of graphene [40].
Noncovalent modification can easily take place over the entire graphene surface and is suitable for
applications requiring high electrical conductivity. Interestingly, the planar aromatic structure of
FePc enables it to easily adhere to the basal plane of graphene via the noncovalent 7-7 stacking force;
the high strength of 7-7r stacking force between the two materials can induce the facile formation
of stable composite materials [37]. In the composites, the graphene substrate can significantly
improve the electron transfer process and the dispersion of FePc, thereby resolving the serious
problems of aggregation and low conductivity found in FePc-based catalysts [41]. Together with
pristine FePc and graphene, chemically functionalized FePc [42,43] and nitrogen-doped (n-doped)
graphene [44] have also been utilized for the preparation of composite catalysts, with the aim of
achieving enhanced ORR performances. The resulting composite catalysts exhibit superior ORR
performances, excellent long-term stability, and good tolerance to methanol crossover and CO,
poisoning. Moreover, the additional advantages of FePc/graphene composites, which include low
cost, easy preparation, and scalability to mass production, make them promising non-precious
ORR electrocatalysts.

2.1.1. FePc on Graphene

First, Jiang et al. reported the synthesis of an efficient composite ORR catalyst, in which pristine
FePc and reduced graphene oxide (RGO) were stacked together through 7-7 stacking interactions
(Figure 2Aa) [41]. The RGO used in this study was made through the mild thermal reduction of
graphene oxide (GO) without any hazardous reducing agent. Subsequently, the mixture of RGO and
FePc in dimethylformamide was stirred at room temperature and ultrasonicated to produce the target
composite catalyst, denoted by g-FePc. As expected, the uniform dispersion of FePc aggregates with
an average size of 40-50 nm on the surface of the RGO sheet was confirmed by transmission electron
microscopy (TEM) image of g-FePc. Cyclic voltammetry (CV) measurements were conducted in a 0.1M
KOH electrolyte to evaluate the ORR activity of g-FePc. As shown in Figure 2Ab, a prominent ORR
peak at —0.90 V with an enhanced current density was observed in O,-saturated electrolyte, while an
almost flat smooth curve was observed in the Nj-saturated electrolyte. This result clearly indicates the
satisfactory ORR selectivity of g-FePc. In addition, linear sweep voltammetry (LSV) measurements
revealed the superior catalytic ORR activity of g-FePc, compared to its individual components and
to FePc/C (Figure 2Ac). FePc/C was also a composite catalyst, in which FePc was mixed with the
commercial Volcan XC-72 carbon. The transferred electron numbers (1) of g-FePc, calculated from
the Koutechky-Levich (K-L) plots, are 3.96, 3.97, and 4.00 at 0.35, 0.25, and 0.15 V, respectively;
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this indicates that the g-FePc catalyst dominantly follows the favorable four-electron pathway during
the ORR process under alkaline conditions. The synergistic effect of FePc and RGO through strong 7-7t
stacking interactions can result in the markedly enhanced ORR performance of g-FePc.
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Figure 2. (A) (a) Schematic of the interaction between FePc and graphene, (b) CV curves of g-FePc in
Nj- and O,-saturated 0.1 M KOH electrolyte at a scan rate of 10 mV/s, and (c) linear sweep voltammetry
(LSV) curves of FePc/C, g-FePc, FePc, and graphene in O,-saturated 0.1 M KOH electrolyte at 1600 rpm
adapted from ref [41] Copyright 2013 American Chemical Society. (B) (a) TEM image of FcPc/ERGO.
The inset shows a photograph of the FcPc/ERGO film on the indium-tin-oxide glass. (b) LSV curves
of FcPc/ERGO, FePc/rGO(1), FcPc/rGO(2), and Pt/C, adapted from ref [45] Copyright 2015 American
Chemical Society. (C) (a) HAADA-STEM image of FePc/Go hydride with photographs of GO solution,
FePc solution, and the precipitated FePc/Go hydride, and (b) LSV curve of FePc/Go hydride, FePc/Go
bilayer, and Pt/C in 0.1 M KOH electrolyte at 1600 rpm, adapted from ref [46] Copyright 2013 Wiley-VCH.

Similarly, Liu et al. reported the superior catalytic activity of an electrochemically reduced
graphene oxide (ERGO)-supported FePc composite toward the ORR [45]. The target composite catalyst,
named FePc/ERGO, was prepared by a two-step reaction in which a mixture of FePc and GO was first
stirred for 6 h to create the FePc/GO precursor, then the precursor was reduced on the electrode using
CV in the range of +0.2 to —1.3 V for 20 cycles. Two composite samples, FcPc/rGO(1) and FcPC/rGO(2),
were prepared simultaneously for comparison. The former was synthesized by thermal reduction of
the FePc/GO precursor, while the latter was produced by mixing thermally reduced RGO and FePc.
The TEM image of the FePc/ERGO composite, shown in Figure 2Ba, displays a uniform dispersion of
FePc nanoparticles with an average size of 3.5 nm on the surface of the graphene sheets. In addition,
FePc/ERGO can be readily deposited on the conductive substrates without using a binder (inset of
Figure 2Ba); this is beneficial for the long-term durability of the catalytic activity and facile deposition
on the electrode. After confirmation of the structural features of the composite catalysts, the ORR



Energies 2020, 13, 4073 50f17

catalytic activities of the samples were analyzed by rotating disk electrode (RDE) measurements in an
Os-saturated 0.1 M KOH electrolyte. The LSV curves of the samples, shown in Figure 2Bb, reveal the
superior ORR activity of FePc/ERGO with a positively shifted onset potential of —0.015 V. However,
the onset potentials of FcPc/rGO(1) and FcPC/rGO(2) were limited to —0.08 and —0.04 V, respectively.
Notably, compared to commercial Pt/C, the FePc/ERGO catalyst exhibited enhanced performance with
respect to most ORR properties, such as the onset potential, current density, n value, methanol crossover,
and long-term stability. These results indicate the usefulness of ERGO for producing high-performance
FePc-based composite catalysts for the ORR.

Taniguchi et al. also demonstrated a self-assembly route for preparing a hybrid electrocatalyst
composed of FePc and RGO to facilitate the ORR process [46]. During the preparation of the target
composite, denoted by FePc/rGO, an ultrathin FePc layer was first self-assembled on the surface of GO
through 7-7t stacking interactions, then reduced electrochemically. The electrochemical reduction is
usually regarded as a fast, clean, and nondestructive approach compared to conventional chemical
reduction. The uniform distribution of FePc nanoclusters onto GO was confirmed by a high-angle
annular dark-field scanning electron microscopy (HAADF-STEM) image, shown in Figure 2Ca.
In addition, the atomic force microscopy (AFM) image of FePc/GO reveals that the thickness of the
FePc nanodomains ranged from 0.4 to 1.5 nm (Figure 2Cb). Therefore, the self-assembled FePc on
the surface of graphene GO was composed of a single layer or a few layers. Moreover, the optimum
FePc/GO weight ratio in the hybrid catalyst was 5/1. A smaller ratio may lead to insufficient coverage
of the FePc molecule on GO, while a higher ratio results in the formation of an undesirable thicker
layer of FePc on GO. In both cases, the ORR activities of the composite catalyst can be significantly
deteriorated. The ORR catalytic performance of the FePc/rGO hybrid was assessed by RDE linear sweep
voltammograms in an O,-saturated 0.1 M KOH electrolyte. A bilayer sample, in which a thick layer of
FePc was deposited on an electrode-bound layer of GO, was also prepared and tested to elucidate the
effects of the thickness of the FePc layer on the ORR activity of the hybrid catalyst. As depicted in
Figure 2Cc, the reduction current of the FePc/rGO hybrid in most Tafel regions became higher than
those of the bilayer sample and commercial Pt/C. Interestingly, the n number of FePc/rGO exceeded 3.95
over the range of 0.2. to 0.9 V; this number was also higher than those of the other samples. Together
with the dominant four-electron reduction pathway, the FePc/rGO hybrid catalyst exhibited excellent
long-term operational stability. The self-assembly strategy used in this study is considered to be a
promising approach to creating a high-performance ORR hybrid electrocatalyst, due to the ultrafast
ORR kinetics and improved catalytic activities of the resultant FePc/rGO. Furthermore, this promising
method can be extended to develop other functional carbon-based hybrid composite materials for
emerging energy conversion and storage applications.

Recently, Wang et al. developed a well-defined composite catalyst, denoted by monolayer
graphene (MLG)/FePc/Si, to exemplify encapsulated types of catalysts. In this configuration, the ORR
active site of FePc was sandwiched between MLG and a Si substrate (Figure 3) [47]. This model
catalyst was designed to investigate whether the surface carbon monolayer can be activated by the
adjacent FePc molecule to facilitate the ORR process. As a reference, a FePc/MLG/Si catalyst, where
the FePC molecule was located on the top MLG layer of the composite film, was also prepared.
Interestingly, the ORR catalytic performances of the MLG/FePc/Si catalyst in Op-saturated 0.1 M HySO4
electrolyte was comparable to that of the reference FePc/MLG/Si. Because O, molecules cannot be
assessed directly to FePc molecules, the ORR activity of the MLG/FePc/Si catalyst can be attributed
to the efficient activation of the surface carbon monolayer toward the ORR by the embedded FePc
molecules. In addition, the FePc/MLG/Si catalyst was highly susceptible to SCN™ poisoning tests,
while MLG/FePc/Si was not sensitive to SCN™ ions under the same conditions. This study highlights
the usefulness of the encapsulated type ORR catalysts from the viewpoint of excellent tolerance to
poisoning species, which can suppress the ORR activity of the catalyst.
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Figure 3. Schematic of the fabrication of monolayer graphene (MLG)/FePc/Si and FePc/MLG/Si, adapted
from ref [47] Copyright 2020 Elsevier.

2.1.2. Functionalized FePc on Graphene

Generally, the peripheral substituents on the aromatic macrocycles of FePc can significantly tailor
not only its physical and chemical properties, but also the electron density of the central iron atom [42].
These changes can also induce a strong influence on the ORR activity of FePc. Various functional
groups have been incorporated into the periphery of the Pc ligand with the aim of improving
the ORR activity of the resultant FePc-graphene composite catalysts. First, Yu et al. reported the
development of a composite ORR catalyst composed of iron tetranitrophthalocyanine (FeTNPc) and
poly(sodium-p-styrenesulfonate)-modified reduced graphene oxide (PSS-rGO). The FeTNPc/PSS-rGO
composite was prepared by a solvothermal-assisted - assembly approach (Figure 4Aa) [42].
The detailed synthesis route followed three consecutive steps; the TeTNPc and PSS-tGO were
well-dispersed in dimethylformamide solution using ultrasonication, then the mixture was transferred
to a Teflon-lined autoclave and placed into a convection oven at 160 °C for 12 h. Once the reaction
was completed, the composite catalyst was centrifuged and washed several times. For comparison,
a composite catalyst composed of FeTNPc and activated carbon (AC), denoted by FeTNPc/AC,
was also prepared under the same synthetic conditions. The mass ratio between the FeTNPc and
the carbon supporters was optimized to 1/1. Notably, the FeTNPc/PSS-rGO composite catalyst
exhibited a more positive onset potential and higher current density during rotating ring disk electrode
(RRDE) measurement compared with the commercial Pt/C and FeTNPc/AC in O;-saturated 0.1 M
KOH electrolyte. (Figure 4Ab). The n values of the samples were calculated from the relationship
between the disk and ring current of the RRDE curves; the values for FeTNPc/AC, FeTNPc¢/PSS-rGO,
and Pt/C were approximately 3.4, 3.9, and 4.0, respectively. In addition, FeTNPc/PSS-rGO exhibited
the best long-term stability and tolerance to methanol crossover of all the samples. The superior
ORR catalytic performance of FeTNPc/PSS-rGO may be induced by the synergistic effects between
the two components. However, the role of peripheral nitrogen substituents on FePc should not be
overlooked. They not only serve as additional active sites, but also decrease the electron density of the
central iron atom, which can efficiently induce the enhanced O, adsorption and ORR activity of the
composite catalyst.
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Figure 4. (A) Synthetic procedure for FeTNPc/PSS-rGO composites and (b) RRDE voltammograms
of Pt/C, FeTNPc¢/AC, and FeTNP¢/PSS-rGO, adapted from ref [42] Copyright 2016 Elsevier. (B) (a)
Molecular structure of FeTPPc, (b) schematic of the four-electron oxygen reduction reaction (ORR)
pathway on FeTPPc/Gr, and (c) RRDE voltammograms of FeTPPc/Gr and Pt/C, adapted from ref [43]
Copyright 2015 Elsevier. (C) (a) llustration of GNs-FeTsPC via the 7-7t stacking interaction, and (b)
LSV curves of GNs-FeTsPC in air-saturated 0.1 M KOH electrolyte at different rotation speeds, adapted
from ref [48] Copyright 2014 Elsevier.

Second, Cui et al. demonstrated the synthesis of an iron tetrapyridyloxyphthalocyanine
(FeTPPc)-decorated graphene (FeTPPc/Gr) composite ORR catalyst using a solvothermal-assisted -7t
assembly approach [43]. Motivated by the excellent ORR activity of pyridinic nitrogen frequently
observed in n-doped graphene derivatives, Cui et al. incorporated four pyridine units into the
peripheral macrocycles of FePc (Figure 4Ba). In the CV measurements, a clear oxygen reduction peak
around —0.118 V was observed for FeTPPc/Gr in an O,-saturated 0.1 M NaOH electrolyte. The current
density of the FeTPPc/Gr composite catalyst was maximized at a weight ratio of 1/1. The n values
of the samples were also analyzed using the well-known K-L plot; the electrocatalytic ORR process
of FeTPPc/Gr followed a one-step four-electron pathway along almost the entire potential range
(Figure 4Bb). Interestingly, the synergistic effects between FeTPPc and graphene improved ORR activity
on FeTPPc/Gr compared with the individual component (Figure 4Bc). Moreover, while maintaining
excellent long-term stability and tolerance to methanol crossover, the FeTPPc/Gr composite catalyst
exhibited a more positive onset potential, half-wave potential, and higher current density than the
commercial Pt/C catalyst. The enhanced ORR performance of the FeTPPc/Gr catalyst is attributed to
the positive contributions of the pyridine substituents in FeTPPc, such as providing additional catalytic
sites and facilitating O, adsorption and ORR activity.
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Finally, Gao et al. utilized iron tetrasulfophthalocyanine (FeTSPc) and graphene nanosheets
(GNs) to produce a high-performance ORR composite catalyst named GNs-FeTSPc (Figure 4Ca) [48].
Although FeTSPc possesses a promising potential to catalyze the ORR process under alkaline conditions,
its direct utilization in the ORR catalyst is almost impossible because of its extremely good water
solubility. During operation, FeTSPc molecules can be readily removed from the surface of the
electrode. Therefore, the fabrication of the composite catalyst with FeTSPc and GNs can be regarded
as a desirable approach not only for solving the solubility problem, but also for utilizing the superb
ORR activity of FeTSPc. FeTSPc molecules are readily coated onto the surface of GNs during the
simple ultrasonication process. The superior hydrophilic nature of FeTSPc molecules can prevent the
undesirable aggregation of GNs. The resultant GNs-FeTSPc displays satisfactory long-term stability
in alkaline electrolytes and outstanding resistance against CO and methanol crossover. In addition,
the ORR activity of GNs-FeTSPc follows a promising one-step four-electron process, which was
confirmed by kinetic studies using LSV curves at rotation speeds from 400 to 2000 rpm (Figure 4Cb).
Furthermore, the catalytic properties of GNs-FeTSPc outperform those of the commercial Pt/C catalyst,
indicating the significant effects of FeTSPc on promoting the ORR activity of the composite catalyst.
Because of the positive contributions of polar substituents, such as nitro, pyridine, and sulfonate
groups, at the periphery of FePc, significant improvement in the ORR activity was achieved from the
hybrid composite catalysts composed of functionalized FePcs and graphene. These functional groups
in the composite catalyst often play dual roles as additional ORR active sites and as promoters of ORR
activity by controlling the electronic structures of the adsorbed FePc molecules.

2.1.3. FePc on Nitrogen-Doped Graphene

Nitrogen-doped graphene (NG) has emerged as a particularly promising alternative metal-free
ORR catalyst because of its prominent catalytic activity, large surface area, and excellent dimensional
stability [6]. When NG is adopted as a conductive substrate in FePc-based catalysts, rather than
non-doped graphene, a significant enhancement in the ORR activities of the hybrid catalyst can be
anticipated. In this regard, Zhang et al. verified the usefulness of NG as a conductive substrate for
fabricating FePc-based hybrid catalysts by comparing the ORR activity of three composite catalysts
with different types of graphene, such as NG, GO, and rGO [44]. Three representative composite
catalysts, denoted as FePc/NG, FePc/GO, and FePc/rGO, were prepared using simple ultrasonication
for 1 h. FePc/NG exhibited the best ORR catalytic performance, with the highest onset potentials and
the largest current densities, in addition to excellent tolerance to methanol crossover. These greatly
improved ORR activities of FePc/NG were induced by the merits of using NG as a conductive substrate
in the composite catalyst, such as high electrical conductivity and large populations of ORR active sites.

Notably, Yin et al. prepared a three-dimensional (3D) NG aerosol-supported iron nitride (FexIN)
nanoparticle (FexN/NGA) composite as an efficient ORR catalyst using a simple two-step process
(Figure 5Aa) [49]. In the first step, FePc molecules were uniformly dispersed and anchored on the
surface of GO via m-7t interactions; then, the mixture was treated by a hydrothermal process to
produce the FeN/NGA intermediate. Subsequently, the target composite of FexN/NGA was obtained by
lyophilization and annealing of FeN/NGA in an NH3 atmosphere at 700 °C. Additionally, the individual
components of FexN and NGA, without the addition of GO and FePc during the hydrothermal process,
respectively, were separately prepared. In the CV analysis, the 3D hybrid exhibited a remarkable ORR
peak at —0.12 V in an O,-saturated 0.1 M KOH electrolyte, while an almost smooth featureless curve
was obtained from the Nj-saturated condition, indicating its excellent ORR selectivity (Figure 5Ab).
Compared with those of Pt/C, the onset potential and current density of the ORR peak from the
FexIN/NGA composite were more favorable. To further investigate the ORR activity of Fe,N/NGA,
RDE measurements of the samples were carried out in an O;-saturated 0.1 M KOH electrolyte.
The results are summarized in Figure 5Ac. Interestingly, the polarization curve of FexN/NGA was
almost similar to that of the Pt/C catalyst, indicating the satisfactory ORR activity of the newly
developed 3D composite catalyst. In comparison, the individual components of FexN and NGA
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showed relatively poor ORR activity under the same conditions. The simple physical mixture of the
two individual components did not show any enhancement to catalytic activity. Therefore, the strong
and synergistic interactions between FeyN and NGA are crucial for the remarkable ORR activity of the
3D composite catalyst, FexN/NGA.
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Figure 5. (A) (a) Schematic of the preparation of the Fe,N/NGA catalyst, (b) CV curves of Fe,N/NGA
and Pt/C in O;-saturated and Nj-saturated 0.1 M KOH electrolyte, and (c) LSV curves of all samples
in Op-saturated electrolyte at 1600 rpm, adapted from ref [49] Copyright 2014 Wiley-VCH. (B) (a)
SchBematic view of the preparation of the FePC/N-GP950 catalyst, and (b) LSV curves of FePc, N-GP950,
FePc/N-GP950, and Pt/C catalyst in O;-saturated 0.1 M KOH electrolyte at 1600 rpm, adapted from
ref [50] Copyright 2019 Elsevier.

Recently, Komba et al. fabricated a composite catalyst in which FePc was immobilized onto
a surface of n-doped electrochemically exfoliated graphene (N-GP950) [50]. The electrochemical
exfoliation process is considered to be a low-cost, fast, scalable, and eco-friendly method for producing
high-quality graphene sheets. As depicted in Figure 5Ba, N-GP950 was prepared by the pyrolysis of
electrochemically exfoliated graphene under an Ar/NHj; atmosphere. Then the prepared N-GP950
was mixed with FePc, with the formation of the target FePc/N-GP950 composite catalyst Because of its
unique morphological and compositional features, the FePc/N-GP950 catalyst exhibited outstanding
ORR activity, with superior onset potential (0.97 V vs. RHE), half-wave potential (0.89 V vs. RHE),
and current density at 0.8 V (5.0 mA cm~2) in 0.1 M KOH electrolyte, compared with the individual
components and 20% Pt/C (Figure 5Bb). In addition, extraordinary long-term stability without any
appreciable reduction in activity even after 5000 cycles was observed for FePc/N-GP950. Overall,
the utilization of an n-doped graphene substrate can be regarded as one of the most promising strategies
for enhancing the ORR activity of the FePc/graphene composite catalyst.
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2.2. Covalent Approaches for Hybrid Electrocatalysts

Although the noncovalent approach based on the strong 7-7r stacking interactions between
FePc and graphene is beneficial for preserving their intrinsic properties in the composite catalysts,
its practical application still suffers from low loading levels and insufficient long-term stability of FePc
molecules on the graphene surface. However, specified FePc molecules with functional groups can
be readily anchored onto the edge and basal plane of graphene via covalent bonds. In this condition,
although the intrinsic conductivity of graphene can be compromised by the formation of covalent
bonds, more intimate interactions between FePc and graphene occur with the enhanced structural
stability of the composite. Herein, we focus on the recent advances in covalently functionalized hybrid
composite catalysts between FePc and graphene for the ORR.

2.2.1. Amide Linkage between FePc and Graphene

Liu et al. developed a composite catalyst in which FePc molecules are covalently linked to a
graphene (Gr) substrate through amide linkage [51]. A condensation reaction between the amine groups
in iron tetraaminophthalocyanine (FeTAPc) and carboxylic acid moieties in carboxylic-functionalized
graphene oxide (CFGO) was first carried out to prepare intermediate hybrid materials decorated with
amide linkages. Subsequently, the reduction reaction of the intermediate materials using hydrazine
hydrate produced the target composite catalyst (FePc-Gr). The overall synthetic route of FePc-Gr is
outlined in Figure 6A. The successful incorporation of FePc units on the graphene surface via amide
linkage was confirmed by various structural analyses, such as scanning electron microscopy, TEM,
and X-ray photoelectron spectroscopy. To investigate the electrocatalytic activity of FePc-Gr during
the ORR process, RDE measurements were conducted in an O,-saturated 0.1 M NaOH electrolyte.
As depicted in Figure 6B, the ORR peak of FeTAPc itself starts at —0.128 V in the polarization curve,
while the onset potential of the FePc-Gr composite is positively shifted to —0.018 V. This value is
even better than that of the commercial Pt/C catalyst (=0.075 V). In addition, the current density of
the FePc-Gr composite catalyst becomes higher than that of FeTAPc and is almost comparable to
that of Pt/C. The n values for the ORR process of FePc-Gr, FeTAPc, and Pt/C catalyst were calculated
from the K-L plot, and the results are shown in Figure 6C. The n values of FePc-Gr ranged from
3.99 to 4.44, indicating that the FePc-Gr catalyst follows the favorable four-electron pathway during
the ORR process. On the other hand, the n values of FeTAP are limited to a range of 2.99 to 3.64 in
the same condition, pointing out the coexistence of two-electron and four-electron pathways in its
ORR mechanisms. Moreover, the FePc-Gr composite catalyst displayed higher tolerance to methanol
crossover and better long-term stability compared to Pt/C. In summary, the application of the covalent
linkage between FePc and graphene can lead to significant improvement in the catalytic performance of
the composite catalyst toward the ORR in alkaline media; this is attributed to the close and synergistic
interactions between the two components.

2.2.2. Fe-O-C Linkage between FePc and Graphene

Guo et al. reported the development of a high-performance hybrid composite catalyst in which
FePc molecules with different valence states were covalently anchored on the surface of RGO through a
Fe-O-C linkage [52]. To synthesize the target composite, FePc perchlorate precursors were first reacted
with GO under axial covalent conditions; then, the obtained FePc/GO composites were further reduced
in the presence of NaNH, and hydrazine hydrate as reducing agents (Figure 7). The resulting axial
complex, denoted by Fe(II)Pc/Fe(IlI)Pc/RGO, was produced via Fe-O-C linkage of between FePc and
RGO and applied as the ORR electrocatalyst. The molar ratio of FePc to the graphene substrate was
carefully controlled to optimize the ORR activity of the composite catalyst. In addition, the coexistence
of Fe(II)Pc and Fe(IlI)Pc in the composite was confirmed by X-ray absorption near edge structure
spectra; this coexistence can induce a synergistic catalytic effect because of the strong dependence of
the ORR activity of the composite catalyst on the dynamic structures of Fe?*/Fe>*. Moreover, the axial
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coordination between FePc and RGO via Fe-O-C linkage can not only prohibit the aggregation and
deformation of FePc molecules, but also improve the conductivity and stability of the composite.
Consequently, compared with the commercial Pt/C catalyst, the optimized Fe(II)Pc/Fe(Il)Pc/RGO
catalyst exhibited superior ORR performance in terms of onset potential, half-wave potential, and
durability in alkaline electrolyte.

Koh et al. prepared covalently functionalized graphene quantum dots (GQDs) with FePc using
a simple ferric chloride reaction [53]. As illustrated in Figure 8Aa,b, the conjugation of GQDs with
FePc in the composite was achieved by the formation of Fe-O-C bonds between them. In addition,
the average lateral size of the GQD-FePc composite (3.77 nm) was larger than that of the pristine
GQDs (2.76 nm) upon successful covalent hybridization (Figure 8Ac,d). As depicted in Figure 8Ba,
the LSV curves at 1600 rpm in an O,-saturated 0.1 M KOH electrolyte reveal a clear comparison of
the ORR activity between the samples. The onset potential and limiting current of the pristine GQDs
are limited to —0.13 V and —1.65 mA/cm?, respectively, while those of the GQD-FePc composite are
significantly improved to —0.04 V and —4.68 mA/cm?, respectively. These enhanced ORR activities of
the composite catalyst can be attributed to the faster charge transfer and synergistic effects between
FePc and GQDs. The n values of the samples were estimated from the K-L equation, and the results
are shown in Figure 8Bb. Interestingly, GQD-FePc exhibits a promisingly high average n value of 3.80,
indicating the dominant four-electron pathway for the ORR. The 1 value of the composite catalyst is
almost comparable to that of the Pt/C catalyst (3.77). In addition, GQD-FePc exhibits the additional
advantages of prolonged electrochemical stability and notable tolerance to methanol crossover and CO
poisoning. Overall, the covalently functionalized GQD-FePc composite exhibits good potential as a
non-precious electrocatalyst for the ORR.
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Figure 6. (A) The synthetic route of the FePc-Gr composite catalyst, (B) LSC curves of FePc-Gr,
FePC, and Pt/C in O,-saturated 0.1 M NaOH at a scan rate of 10 mVs™!, and (C) the number of
electrons transferred at different potentials of FePc-Gr, FePC, and Pt/C adapted from ref [51] Copyright
2013 Elsevier.
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3. Conclusion and Outlook

In this review article, recent developments related to hybrid ORR catalysts composed of FePc and
graphene have been discussed. Some noticeable achievements are summarized in Table 1. There is a
strong demand to replace the currently used expensive Pt-based materials with non-precious high
performance ORR electrocatalysts, in order to sustainably commercialize DMFC technologies. In this
regard, various kinds of FePc and graphene derivatives have been utilized and combined during the
preparation of hybrid catalysts. Owing to their facile synthetic protocols and satisfactory catalytic
performances, FePc/graphene composites have emerged as promising alternatives to commercial
Pt-based electrocatalysts for the ORR. Two distinct methods, noncovalent and covalent modification,
can be considered for the preparation of hybrid composites with FePc and graphene. The former is
more versatile and suitable for maintaining the intrinsic properties of both components, while the latter
can induce closer mutual interactions through the strong covalent bonds between FePc and graphene.
Despite impressive progress up to now, research in the related field is still in its infancy.

Table 1. Summary of FePc/graphene composite catalysts for the ORR.

Materials Main Driving

Interaction - Force Remark Ref.
Phthalocyanine Graphene

Noncovalent FePc ERGO -7t stacking ORRnp:easnga;, 6%(1)5[ \Ii(\;SH SCE 46
FePc MLG € 7 stacking ORR peaéflaltv?.lifyo VHvs. RHE 47
FePc N-GP950!  momstacking ORR P:eggg,f 097V v, RHE %
FeTAPc ™ RGO Amidebond  ORRPeak g,t IREvP A 51
Covalent FePe,CIO, RGO Fe-O-C bond ORRnprlfoatOﬁO& \;(xésHRHE 50
FePc GQD™ Fe-O-C bond ORR peak at —,0.10 V vs. Hg/HgO, 53

n =3.80,0.1 M KOH

2 RGO: Reduced graphene oxide. P RHE: Reversible hydrogen electrode. ¢ ERGO: Electrochemically
reduced graphene oxide. ¢ SCE: Saturated calomel electrode. © MLG: Monolayer graphene. f FeTNPc:
Iron tetranitrophthalocyanine. & PSS-rGO: Poly(sodium-p-styrenesulfonate) modified reduced graphene oxide.
h FeTPPc: Iron tetrapyridyloxyphthalocyanine. ! FeTSPc: Iron tetrasulfophthalocyanine. } NG: Nitrogen-doped
graphene. ¥ NGA: Nitrogen-doped graphene aerosol. ! N-GP950: Nitrogen-doped electrochemical exfoliated
graphene. ™ FeTAPc: Iron tetraaminophthalocyanine. ™ GQD: Graphene quantum dot.

Firstly, the development of new synthetic strategies for high performance hybrid catalysts is of
great importance. For example, functionalized FePc derivatives with controlled chemical structures
and tailored electronic structures can be considered because the performance of the composite ORR
catalyst is closely related to the type and amount of adsorbed FePc molecules along with their electronic
properties. In addition, the exploitation of alternative covalent approaches can be attempted to increase
the ORR activity of the composite catalyst. So far, only simple amide and Fe-O-C bonds have been used
for the preparation of covalently functionalized ORR composite catalysts. These linkages can belong to
the sp® hybridized bond category; thus, the efficient charge transporting phenomena between FePc
and graphene can be significantly interrupted. Therefore, new preparation methods for the covalent
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anchoring of FePc molecules on graphene substrates through more favorable sp or sp? linkages can
enhance the ORR performance of the composite catalysts.

Secondly, the optimization of the size of graphene is worth considering, due to the crucial
role of the conductive substrate in determining the catalytic performances of the composite catalyst.
When smaller-sized graphene is applied, the number of active sites can be increased; however,
the electrical conductivity of the conductive substrate can be deteriorated by a higher interfacial
resistance originating from reduced grain size [54]. Although Koh et al. reported a promising ORR
composite catalyst using graphene quantum dots as a conductive supporter [53], more in-depth studies
on controlling the size of graphene substrates are expected to be highly beneficial for moving the
technology forward.

Finally, the research on the detailed ORR reaction mechanism of FePc/graphene hybrid catalysts
is highly demanding, but remain a challenge. Furthermore, the investigation on specific catalytic
sites, dispersion condition, and the synergistic effects of hybrid catalysts is also insufficient. It is also
noteworthy that these composite catalysts possess huge potentials in other promising electrochemical
energy applications, such as hydrogen evolution reaction [55,56] and photocatalytic oxidation
reaction [57-59]. Although three plausible approaches for developing high-performance ORR composite
catalysts have been proposed, there is still much room for further improvement of their performances.
With continuous and innovative efforts, FePc/graphene composites can afford a promising pathway for
energy conversion technologies like ORR based on scalable and non-precious approaches.
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