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Graphene supported non-precious metal-
macrocycle catalysts for oxygen reduction
reaction in fuel cells

Hyun-Jung Choi,®t Nanjundan Ashok Kumar,®t and Jong-Beom Baek®

Fuel cells are promising alternative energy devices owing to its high efficiency and eco-
friendliness. While platinum is generally used as a catalyst for the oxygen reduction reaction
(ORR) in a typical fuel cell, limited reserves and prohibitively high costs limits its future use.
The developments of non-precious and durable metal catalysts are being constantly
conceived. Graphene has been widely used as substrate for metal catalysts due to its unique
properties, thus improving stability and ORR activities. In this feature, we present an overview
on the electrochemical characteristics of graphene supported non-precious metal containing
macrocycle catalysts that include metal porphyrin and phthalocyanine derivatives. Suggested

research and future development directions are discussed.

Introduction

The alarming increase of environmental pollution and ever
increasing energy consumption has turned research attention
towards clean and energy efficient alternative systems. Lithium
ion batteries (LIBs), supercapacitors and fuel cells show
promise to meet the colossal energy demand. Fuel cells are
devices that directly convert chemical energy from a fuel into
electricity by an electrochemical reaction,'™ and are in par with
supercapacitors and LIBs. With near zero emission of
pollutants, high power density and high energy-conversion, fuel
cell technology is swiftly shifting from basic research towards
commercial development.*® Typical fuel cells consist of an
anode, cathode and a membrane. At the cathode,
electrochemical fuel oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) take place, whereas hydrogen
oxidation reaction (HOR) and hydrogen evolution reaction
(HER) takes place at the anode.® The challenging and current
bottleneck lies in the sluggish ORR kinetics on the cathode that
significantly limits the efficiency and performance of the fuel
cell device. Because platinum-based (Pt) electrocatalysts have
been traditionally used to catalyze the ORR, a fuel cell stack
alone accounts up to 50% of the cost of the whole system.’
Although Pt-based composites are most efficient cathode
catalysts, they still suffer from serious drawbacks that include
crossover poisoning, low stability, especially in acidic media
thus leading to declined activity or performance loss. Most
important of all, limited reserves and prohibitively high cost
hinder the wide spread commercialisation of fuel cells in

This journal is © The Royal Society of Chemistry 2013

general. Therefore, exploring new electrocatalysts with
enhanced ORR activities and stabilities for the replacement of
this costly noble metal with non-precious alternatives is highly
warranted and is of paramount importance to commercialise
fuel cells as well as for other renewable energy applications. In
the intensifying search for durable and efficient materials,
researchers have tried to reduce the amount of Pt used by
lowering platinum usage,®'® use of non-precious metal
catalyst'"'? that are abundant in nature and also metal free
catalyst for ORR have been actively explored.”*"'® Obviously,
the latter two hold astounding importance in realising cheap
fuel cell technology. Up to day, various types of non-precious
ORR catalysts have been investigated and detailed in recent
accounts, which include, graphene and graphene based
derivatives,'” doped-carbon materials,”® metal containing
carbon nitrides supported on graphene,?' as well as transition
metal chalcogenides.?

Apart from the above-mentioned materials, the use of
transition metal containing N, chelate macrocycle complexes to
catalyze ORR have attracted wide attention ever since
Raymond Jasinski pioneered and reported the activity of cobalt
pthalocyanines as a fuel cell cathode catalyst in 1964.> Since
then, many metal containing N, chelate macrocycle complexes
such as phthalocyanines and porphyrins, have been widely
investigated for ORR activity in fuel cells. In addition, the
incorporation of such a metal containing macrocycle with
graphene or other carbon material for enhanced ORR activity
has been recognized in the recent past. Especially, graphene,
which is a two-dimensional sheet composed of sp>hybridised
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conjugated carbon atoms remains a material of choice® because
graphene acts as a new class of support material for metal
catalysts owing to its excellent electrical conductivity,”* large
surface area,” chemical®® and mechanical stability,?” eventually
increasing the stability and improving the electrocatalytic
activities in ORR reactions. Albeit in its nascent stage,
considerable amount of work has been done recently and
herein, we review important advances involving such a metal
containing macrocycle with carbon-based composite structure
in ORR enhancement. We highlight important results,
especially, with graphene supported composites and discuss the
role of other carbon structures and their influences in catalyzing
ORR. Future research strategies are also discussed in brief.

Metal macrocycle/graphene composites in ORR

Non-precious metal macrocycles, such as porphyrin (P) and
phthalocyanines (Pc), have been deemed to be choice materials,
because they have unique properties and show promising
electrocatalytic activity that could be useful in various field

2933 capacitors,* and fuel

including sensing,”® optoelectronics,
cells.*>*® In particular, transition metal N -macrocycles such as
metal-P and metal-Pc, are very interesting materials to
overcome the sluggish ORR kinetics in both alkaline and acid
medium for fuel cells.’”** The catalytic activities of these kinds
of electrocatalysts depend mainly on the core metal, the
precursor, the supporting substrate, and the heat treatment
temperature. In principle, C, N, and Fe (or Co) are necessary to
obtain active sites. Here, we mainly discuss the influence of the
core metal, Co and Fe precursors containing nitrogen, P and Pc
on the elctrocatalytic activities towards ORR. A multidenate
ligand is called chelating ligand, if on co-ordination forms a
cyclic or closed ring. This complex is called chelate, which is
more stable than a non-cyclic or open complex compound, or
the macrocyclic effect. Prominent among them are metal
complexes with macrocyclic ligands that contain four nitrogen
donors (metal-N4 chelates), adsorbed on carbon supported and
heat treated of resulting materials in an inert atmospheres.* The
stoichiometric value of 4.0 is an ideal metal-N, macrocyclic
structure, while the non-stoichiometric metal content indicated
that some of the nitrogen could not integrate with metal to form

catalytic active sites.

Metal porphyrin/graphene composites in ORR

Metalloporphyrin catalysts have been extensively explored as a
potential replacement for Pt in the catalysis of the ORRs. Loh
and co-workers synthesised a hybrid metal organic framework
(MOF) by addition of pyridinium dye-functionalized rGO (G-
dye) sheets to iron-porphyrin frameworks.** The chemical
structures of the various subunits in the assembled MOF are
illustrated in Fig. 1. The MOF is created by linking the
porphyrin, namely, 5,10,15,20-tetrakis(4-carboxyl)-21H,23H-
porphyrin (TCPP) and FeCl; (Fe—P), MOF to yield (G-dye-
FeP), MOF. Here, the G-dye represents rGO sheets that are

2| J. Name., 2012, 00, 1-3

functionalized with m-electron donor-acceptor dye, which
terminates in pyridinium moieties (electron-withdrawing
systems by stabilizing the electron-rich phenylethyl group, and
prevents aggregation). The electroactive surface area of 50
wt.% G-dye mixed with (Fe-P), MOF clearly shows that the
incorporation of G-dye increases the electroactive surface area
of the electrode and enhances charge transfer kinetics. The
cathodic current peaks of -0.23 V within the potentials of -0.8
V to 0.3 V in O, saturated 0.1 M KOH, was obtained for the
(G-dye 50 wt.%-FeP), MOF, which is higher than that of
exfoliated graphene (-0.44 V) and GO (-0.35 V). The electron
transfer number n of (Fe-P), MOF and GO for ORR was
calculated to be between 2 to 4 which critically depended on
the over potential, whereas the electron transfer number at the
(G-dye 50 wt.%-FeP), MOF electrode was always ~4, and
independent of the potential tested. Synergistic effects of
framework porosity, larger bond polarity due to the presence of
nitrogen ligand in the G-dye and the catalytically active
iron—porphyrin in the structure of the hybrid MOF were
attributed to the improvements in the catalytic activity.

N
- ¥

o

Fig. 1. Schematic of the Chemical Structures of (a) Reduced GO (r-GO), (b) G-dye,
(c) TCPP, (d) (Fe-P), MOF, (e) (G-dye-FeP), MOF, and (f) Magnified View of Layers
Inside the Framework of (G-dye-FeP),. (Reproduced from ref. 44 with
permission. Copyright 2012, American Chemical Society)

Similarly, Tang ef al. studied the influence of cobalt
porphyrin multilayers decorated on rGO sheet for ORR.*
Using a layer by layer assembly technique, Co®’-rGO with
5,10,15,20-tetrakis(4-hydroxyphenyl) porphyrin (THPP)
(tGO/Co*-THPP),; [,, is cycle number of one composite layer
of Co*" and THPP] were synthesised (Fig. 2a). The LBL
assembly method can be efficiently control the structure and
thickness of the Co?*-THPP layers on to the rGO substrate.*®
The ORR activity increased until the 5 layers of rGO/Co?*-
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THPP, composites and over 5 layers, it shows similar ORR
performance. This result indicated that the optimised number of
Co*-THPP layers improves electrocatalytic activity, while,
over 5 layers of Co®>"-THPP layers interrupt diffusion of both
0, and electrolyte towards the inner Co®'-THPP layers. The
limiting current density of rGO/Co>"-THPP; at -1.0 V was up to
about -4.0 mA cm™ that was comparable to C/Pt (Fig. 2b) and
higher than other rGO based materials. It was shown that the
composite had better stability after 40,000s (c.a. 80%) and
better tolerance of methanol crossover compared with C/Pt
(Fig. 2¢).

Electrochemical of cobalt[5,15-(p-
aminophenyl)10,20(pentafluorophenyl)-porphyrin]
functionalized GO (ERGO-CoAPFP) was also carried out.*>*
The half wave potential (E;;,) of O, reduction for the ERGO-
CoAPFP (-0.19 V) was positive than that of GO supported
material. This result demonstrated that cobalt plays a significant

reduction

role in improving the ORR catalytic activity with enhanced
electron transfer reaction than that of GO. The O, reduction
onset potential of ERGO-CoAPFP was about -0.054V with
high ORR current. the composite follows a
favourable 4-electron transfer pathway (n>3.8) and much lower

In addition,

H,0, production than that of a GO based material was noticed.
In addition, ERGO-CoAPFP also exhibited much better
tolerance to methanol and ethanol than that of commercial Pt/C
with long term stability compared to Pt/C after 2.5 hours.
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Fig. 2. (a) Preparation procedure of rGO/(Co**~THPP),. (b) LSV on RDE of rGO,
rGO/Co*, rGO/THPP, rGO/Co30,4, rGO/(Co**~THPP),, and C/Pt in O,-saturated
0.1M KOH solution with a sweep rate of 10 mV/s at a RDE rotation rate of 1600
rpm, and (c) normalized /-t chronoamperometric responses of rGO/(CoZ+—THPP)7
and C/Pt at -0.25 V in O, saturated 0.1 M KOH solution at a rotating rate of 1000
rpm. . (Reproduced from ref. 45 with permission. Copyright 2013, John Wiley &
Sons)
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Very recently, Jaing et al. developed a series of non-noble-
metal catalysts for oxygen reduction reaction (ORR), based on
metal 5,10,15,20- tetrakis(4-hydroxyphenyl)porphyrin (M-
THPP; M:Fe**, Co*", Ni*", Mn?") grown on poly(sodium-p-
styrenesulfonate) functionalized rGO (M-THPP/PSS-rGO) by
using an in situ solvothermal synthesis method.*® This method
can be regarded as effective and commercially viable method
because of many merits such as the possibility to control the
morphology, inexpensive raw materials, and low growth
temperature. The ORR catalytic activity of M-THPP/PSS-rGO
based on half wave potential were found to be in the order of:
CoTHPP/PSS-rGO (-0.22 V vs. SCE) > MnTHPP/PSS-rGO (-
0.32 V vs. SCE) > FeTHPP/PSS-rGO (-0.38 V vs. SCE) >
NiTHPP/PSS-rGO (-0.40 V wvs. SCE) (Fig. 3a). Electron
transfer number of M-THPP/PSS-rGO, ranked in descending
order are as follows this order: CoTHPP/PSS-rGO (3.79-3.83)
> FeTHPP/PSS-rGO (3.69-3.80) > MnTHPP/PSS-rGO (3.19-
3.72) > NiTHPP/PSS-rGO (2.65-2.82) (Fig. 3b). The
CoTHPP/PSS-rGO composites show the lowest production of
HO, ™ (8.60-10.70%) of the M-THPP/PSS-rGO (Fig. 3c). These
results indicate that COTHPP/PSS-rGO is best suitable catalyst
among other metal based porphyrins used and also throw light
that the electrocatalytic activities of these M-THPP/PSS-rGO
can be affected by the nature of the central metal.
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Fig. 3. (a) RRDE tests for the ORR on M-THPP/PSS-rGO in O,-saturated 0.1M
NaOH at a rotation speed of 1600 rpm. (b) Electron transfer number and (c)
hydrogen peroxide ion percentage of CoTHPP/PSS-rGO, FeTHPP/PSS-rGO,

MnTHPP/PSS-rGO and NiTHPP/PSS-rGO. (Reproduced from ref. 48 with
permission. Copyright 2014, Royal Society of Chemistry)
Generally, metal-porphyrin-graphene composites shows

excellent electrochemical activities for ORR with ~4 electron
transferred behaviour and they exhibit better stability >80%
than commercial Pt/C with outstanding alcohol crossover
tolerance.

Metal phthalocyanine/graphene composites in ORR

Very recently, Yin et al. reported the formation of a 3D iron
nitride/nitrogen doped-graphene aerogel hybrid, in which iron
phthalocyanine was uniformly dispersed and anchored on
graphene surface with the assist of m—m stacking and oxygen-
containing functional groups and studied their ORR activity. By
using FePc as Fe precursors, a simple hydrothermal process
could in situ grow Fe N nanoparticles on to the graphene layer
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in NH; atmosphere,* (Fig. 4a). While acting as a precursor of
Fe and Nitrogen, FePc not only prevents the restacking between
GO layer, a porous morphology with high surface area could
also be obtained.>® In addition, FePc do not ionize H,O and the
7-T interactions can make stable suspension with GO without
the use of any stabilizer.*” The ORR activity of the synthesised
3D nitrogen doped (NG) graphene aerogel supported Fe N
nanoparticles (Fe,N/NGA) were then estimated by CV. The
onset potential of Fe,N/NGA appeared at 0.01 V vs. Ag/AgCl,
which was slightly positive than that of commercial Pt/C (-0.12
V) (Fig. 4b). The catalytic activities obtained by CV were
confirmed with RDE measurements (Fig. 4c). In addition,
Fe N/NGA hybrid exhibited much lower Tafel slope (52 mV
dec™!) than Pt/C (68 mV dec™), and showed similar Nernstian
Tefel slope (59 mV dec™') at low over potentials. This slope
implied that the rate determining step of ORR was caused by
the breaking of O-O bonds when two electrons transferred from
active sites to adsorbed O, molecules and Fe (III) in Fe-N-C
structure provided the sites for O, adsorption.’’ Moreover, from
the electrochemical impedance spectroscopy measurement, it
was shown that Fe N/NGA to have low electron transfer
resistance with 10.5 Q, small charge transfer resistance and
mass transfer resistance. The Fe,N/NGA hybrid does not affect
methanol oxidation and were very stable for 20,000s at constant
voltage of -0.4 V. The results indicate that the Fe,N/NGA has
comparable electrocatalytic activity for ORR than Pt/C at the
same catalyst loading, while its stability and resistance to
methanol crossover were found to be superior.

Hydrothermal
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Fig. 4. (a) Scheme of the synthesis procedure of Fe,N/NGA. (b) CV curves of
FexN/NGA hybrid and commercial Pt/C in Oj-saturated (solid line) or N—

saturated (dash line) 0.1 M KOH. (c) RDE voltammograms of Fe,N/NGA hybrid,

4| J. Name., 2012, 00, 1-3

Journal Name

Fe,N +NGA mixture, NGA, free Fe,N and Pt/C in O,-saturated 0.1 M KOH at a
sweep rate of 10 mV s at 1600 rpm. (Reproduced from ref. 49 with permission.
Copyright 2014, John Wiley & Sons)

A similar strategy was also reported where iron
phthalocyanine (FePc) and nitrogen doped graphene (NG)
composite (FePc/NG), were synthesized by a solution process
in the presence of GO and ammonia.’> ORR activities of
FePc/NG, were measured by CV and RDE. With a peak current
at -0.14 V vs. Ag/AgCl, the CV showed a positively shifted (-
0.01 V) onset potential than that of pristine FePc (-0.06 V) and
NG (-0.08 V). Due to the improved electrical conductivity, the
composites showed enhanced ORR activity compared to that of
commercially available Pt/C. In addition, tolerance to methanol
crossover in a direct methanol fuel cell (DMFC) was also
demonstrated. In the case of FePc/NG, no significant change
with and without 1M methanol, while Pt/C clearly showed an
oxidation peak at -0.25 V after addition of methanol. This
phenomena indicates that FePc/NG is very suitable for DMFCs
with good methanol crossover tolerance.*’

Stability and tolerance to alcohol crossover, fuel poisoning
effect and long-term stability are also important issues in fuel
cells. Therefore, iron tetrasulfophthalocyanine functionalized
graphene  nanosheets (GNs-FeTSPc)  synthesized by
noncovalent functionalization between GNs with FeTSPc by =-
7 stacking interaction through ultrasonication were tested for
ORR activity (Fig. 5a).%

1000 2000 3000 4000 5000 6000
t/sec.

FeTSPc
l Ultrasonication

GNs-FeTSPc

500 1000 1500 2000 2500 3000 3500
t/sec

Fig. 5. (a) lllustration of noncovalently functionalized GNs with FeTSPc via a m-1t
stacking interaction. (b) CO-poisoning effect on the i-t chronoamperometric
response at -0.3 V for Pt-C/GC (solid) and GNs-FeTSPc/GC (short dot). (c) i-t
chronoamperometric response obtained at GNs-FeTSPc/GC electrode at -0.3 V in
0.1 M KOH. Then 3.0 M methanol, 1.0 M formaldehyde, 1.0 M glucose and 1.0
Methanol were added, respectively. (d) i-t chronoamperometric response
obtained at the Pt-C/GC electrode with 3.0 M methanol. (Reproduced from ref.
39 with permission. Copyright 2014, Elsevier)

CO poisoning and crossover data of GNs-FeTSPc and Pt-C
in Fig. 5b-d showed that GNs-FeTSPc had good tolerance from

This journal is © The Royal Society of Chemistry 2012
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CO poisoning effects, while the Pt-C was affected by CO
injection. The carbonyl intermediates can strongly absorb onto
the surface of the Pt-C, otherwise in case of FeTSPc, irons were
located in centre of molecules which was protected by intensive
planar heteroaromatic © conjugation systems, which were less
affected by CO poisoning.”® Moreover, fuel crossover occurred
from the anode to the cathode. Four kinds of fuels including 3
M Methanol, 1 M formaldehyde, 1 M glucose and 1M ethanol
were chosen to check the fuel crossover effects (Figs. 5c&d).
The FeTSPc shows very good tolerance among all of four fuels,
while the Pt-C shows rapidly increased methanol oxidation
current due to methanol crossover. The authors concluded that
GNs-FeTSPc composites can be used as an electrcatalyst for
ORR in methanol, formaldehyde, glucose and ethanol fuel
cells.

In another instance, iron phthalocyanine (FePc)/GO (g-
FePc) synthesized through m-m interaction between FePc and
GO.** Graphene, prevented agglomeration of the molecules
during electrochemical test, and was homogeneously attached
on to the surface of GO. The g-FePc shows a cathodic ORR
peak at 0.9 V in presence of O, by CV measurement, which
was more positive than Pt/C (0.85 V). The electron transfer
number calculated by K-L plots was found to be 3.96~4.00 at
0.15~0.35 V. In addition, the HO, of g-FePc produced < 3%.
With long-term stability at about 84.0% and good tolerance
from methanol crossover and CO poisoning and a 4-electron
pathway these hybrids were rendered suitable for such fuel cell
applications.

Cobalt(Il) tetranitrophthalocyanine (CoTNPc) incorporated
with poly(sodium-p-styrenesulfonate) functionalized graphene
(PGr) (CoTNPc/PGr) composites were prepared by an in-situ
solvothermal synthesis method.™ CV measurement, indicate a
cathodic peak potential of PGr and CoTNPc at c.a. -0.35 and
c.a -0.39 V vs. SCE, respectively. On the other hand, the peak
potential for CoOTNPc/PGr was founded to be -0.22 V which is
positively shifted compared to PGr and CoTNPc and much
similar with Pt/C. LSV on RDE measurement were carried out

to further investigate the ORR activity. An onset potential at c.a.

-0.10 V vs SCE was found for CoTNPc/PGr. This material
exhibits better ORR activity compared to that of PGr and
CoTNPc¢ and similar with PtC (-0.05 V) and follows a favorable
4 electron pathway. These hybrid materials show reasonable
stability with retention of 69.9% after 24h, while Pt/C stability
dramatic decreased to 13.3% after 24h. Undoubtedly, graphene
supported phthalocyanine/non-precious metal catalysts shows
good stability during long-term chronoampherometric
experiments, and outstanding tolerance to fuels and CO
poisoning. In majority of the case studies, the electrocatalytic
activity follows a 4-electon pathway, with similar onset
potential and better density Dbetter or similar
performance to commercially available Pt/C. Above studies
indicate that such hybrids are vital to replace expensive and
noble Pt based catalysts.

current

This journal is © The Royal Society of Chemistry 2012
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Catalytic role of other nanocarbon materials and their
composite derivatives for ORR

In general, carbon based materials have widely been used as
supporting substrate for non-precious metal catalysts owing to
its advantageous chemical/thermal properties,”®*’ mechanical
stability®’ large surface area,® and pore volumes. Carbon based
materials, including carbon nanotube (CNT),®* carbon
black,®"% carbon nanosphere® and covalent organic polymer
(COP),*” aids the stability of the hybrid. In this section, we
highlight the role of such carbon substrates other than graphene
as support matrices for metal-macrocycle
composites.

The formation of covalent network of porphyrins around
MWNT surfaces by the adsorption of cobalt(I) meso-
tetracthynylporphyrins on the nanotube sidewalls followed by
the dimerization of the triple bonds via Hay-coupling was
reported (Fig. 6).%

non-precious

Fig. 6. Scheme of Synthesis of MWNT-CoP.?

J. Name., 2012, 00, 1-3 | 5
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? Reagents and conditions: a) Co(OAc),, 4 H,0, DMF, 120 °C, 1h, 86%; b) TBAF,
THF, 0 °C, 95%; c) CuCl, TMEDA, NMP, rt. (Permitted from ref. 58. Copyright
2014, American Chemistry Society)

Here, the CNT acts as a template for the formation of the
polymeric layer. The hybrid material (MWNT-CoP) had
pronounced stability resulting from the cooperative effect of the
multiple n-stacking interactions between the porphyrins and the
nanotube and by the covalent links between the porphyrins. The
nanotube hybrids when tested as the supported catalyst for the
oxygen reduction reaction (ORR) in a series of electrochemical
measurements under acidic conditions, showed improved
catalytic performances with an average value of transferred
electrons that was close to 4.

A similar work reported by Guan and coworkers™ studied
the ORR activity of Iron(II) phthalocyanine coated on single-
walled carbon nanotubes (FePc/SWCNTSs) in alkaline medium.
The over potential of FePc/SWCNTs (20 wt.% FePc) was
almost the same with commercial Pt/C (20 wt.% Pt), while the
current was higher. FePc/SWCNTs also exhibited excellent
tolerance to the crossover effect, when methanol coexisted with
oxygen in alkaline medium. The measured over potential values
were -0.18 V for FePc, -0.30 V for SWCNTSs, and about -0.16
V for FePc/SWCNTs in O, saturated 0.1 M NaOH solution.
LSV shows that the onset potential for the FePc/SWCNTs
started at about -0.02 V and was constant under different
rotation speeds. The half-wave potential for the ORR was about
-0.10 V for the FePc/SWCNTs. These two potentials were
almost the same as those for the Pt/C. However, the ORR
limiting currents for the FePc/SWCNTs were higher than those
for the Pt/C under the same rotation rate. The transferred
electron number per oxygen molecule on the FePc/SWCNTs
involved in the ORR was 3.7~4.0 at the potential range of -0.40
~-0.70 V.

Similarly, Cobalt phthalocyanine (CoPc) assemblies were
prepared using several kinds of MWNT templates by in situ
solid synthesis in a muffle furnace.”* The assemblies of
CoPc/MWCNTs using acid functionalized MWNTSs ranging
from 10 to 30 nm in the outer diameter (OD) exhibited higher
thermal stability. The obtained MWCNT-templated CoPc
assemblies with coaxial nanotube structure exhibit higher
catalytic activity. Depending on their assembled structures, they
displayed different electrochemical characteristics. A novel g-
C;Ny-derived non-precious metal catalyst with high ORR
activity and stability in acidic medium, was prepared by in situ
polymerizing Fe-doped graphitic carbon nitride on carbon black
(Fe—g-C3N,@C).*' RDE/RRDE tests demonstrate that the
pyrolyzed 10% Fe—N—C (750 °C) composite exhibits excellent
ORR activity, almost four electron transfer processes, and
better durability in comparison to Pt/C in acid electrolyte,

In another approach, Kim et al. were synthesized Fe-
phthalocyanine based mesoporous carbon (FP-MCS) and
phthalocyanine based mesoporous carbon (P-MCS) via solution
plasma process in the benzene/dodecane.®® From the CV data,
cathodic peak and onset potential of P-MCS showed at -0.22 V
and -0.09 V, respectively. In the case of FP-MCS, not only

6 | J. Name., 2012, 00, 1-3

cathodic peak and onset potential were slightly shifted to -0.17
V and -0.04 V, respectively, but also current density increased
from -2.3 (P-MCS) to -3.5 mA cm? (FP-MCS), and the half
wave potential was shifted from -0.18 V to -0.12 V when P-
MCS was exchanged with FP-MCS. After the 20,000s, the
current density loss of FP-MCS-3 was only 7%, implying
excellent stability compared with P-MCS (17%). These results
implied that Fe-N, site big improved the ORR activities leading
to good stability.

In another interesting approach, 2D covalent organic
polymer complexes (COP) with non-noble metals (M=Fe, Co,
or Mn) prepared by Yamamoto polycondensation and were
used as catalysts for ORR by Dai and co-workers.®” Additional
heat treatment could further carbonise into C-COP materials
(C-COP-P-M) in order to form the regular metal/nitrogen
distribution and good stability in acidic and alkaline medium
(Fig. 7a). CV measured the -electrocatalytic activities of
samples. The peak potential and current density of all of the
three C-COP-P-M shows more positive and higher current
density than metal free 2D-COP (C-COP-P). Especially, peak
potential of C-COP-P-Fe and C-COP-P-Co samples were at
0.77 V vs. RHE, (increased to 60%) compared to C-COP-P.
Carbonization temperature was also tested to find the optimal
temperature for ORR performances. It was found that the
electrocatalytic activity was significantly improved at 950 °C.
At temperature below 950 °C, carbonization would not lead to
enough graphitization to establish high conductivity. On the
other hand, when carbonization temperature over 950 °C, the
conjugated structure of the C-COP-P framework were
decomposed leading to lower conductivity. The linear sweep
voltammogram shows that the onset potential of C-COP-P-Fe
was similar to that of commercially available Pt/C (0.98 V vs.
RHE) and the C-COP-P-Co showed a higher limiting current
density than that of the Pt/C (Fig. 7b).

Metal coordination

Carbonization

C-COP-P-M

C

, T

Current Density (mA cm™)

e

Current

"~ —C-COP-P-Co

C-COP-P-Fe

. C-COP-P-Co
1.0 00 02 04 06 08 10
Potential/ V versus RHE

00 02 04 06 08
Potential (V versus RHE)
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Fig. 7. a) The incorporation of non-precious metals (Fe, Co, or Mn) into C-COP in
this work. b) LSV curves of metal-incorporated C-COP-P-M in O,-saturated 0.1 M
KOH at 1600 rpm at a sweep rate of 5 mV st c) Rotating ring-disk electrode
(RRDE) voltammograms recorded with the metal-incorporated C-COP-P-M
graphene in O,-saturated 0.1 M KOH at 1600 rpm. (Reproduced from ref. 67 with
permission. Copyright 2014, John Wiley & Sons)

The electron transfer number of C-COP-Fe and C-COP-Co
was 3.81 and 3.56, respectively. The electron transfer number
calculated from the rotating ring-disk electrode (RRDE)
measurements (Figure 7c¢) confirms a nearly 4-electron oxygen
reduction pathway. Furthermore, all of the three C-COP-P-M
electrodes were not affected from methanol crossover, but these
samples exhibits slightly decreased CO poisoning (c.a. 0%).
This results indicated that C-COP-P-M electrode much stable
from the CO poisoning than that of Pt/C (80% decreased). In
addition, the resultant metal-incorporated C-COP materials
were found to show efficient electrocatalytic activities toward
4e oxygen reduction in both alkaline and acid media with an
excellent stability such as methanol crossover and CO
poisoning effect than that of the Pt/C. Clearly, therefore, these
newly-developed metal-incorporated C-COP materials seem to
hold great potential as efficient ORR catalysts for fuel cells in
both alkaline and acidic medium.

Conclusions, prospect and Outlook

In this review, recent developments of non-precious metal
catalysts for ORR in fuel cells are discussed. For a sustainable
fuel cell commercialization, developing active, durable, and
non-precious metal catalysts to replace currently used
expensive Pt-based catalysts is a prerequisite. Summarizing
various preparation methods, ORR kinetics, and fuel cell
performances of non-precious metal catalysts; focus is paid on
Fe and Co based catalysts. Up to day, several advances have
been made in developing cheaper and eco-friendly synthesis
routes to enhancing not only the -catalytic activity and
durability, but also selectivity towards the ORR, to improve
fuel cell performance. Graphene-supported non-precious metal
electrocatalysts for ORR are also reviewed, that include non-
pyrolyzed and pyrolyzed metal nitrogen-containing complexes.
Graphene supported non-precious metal catalysts shows big
improved stability because it led to prevent aggregation of non-
precious metal and increase the catalytic activities. Among
pyrolyzed
metal

these candidates, carbon supported nitrogen
catalysts show  better
ORR. While

significant advances have been realised in basic or alkaline

containing  non-precious

electrocatalytic activities and stability for
media, a pressing challenge however involves the development
of non-precious catalysts for devices operating in acidic media.
With operational stability being one of the current limiting
factor, catalyst utilization and improving the ORR activity of
such non-precious metal catalyst is still a short-term research
and development priority. Only if the ORR activity successfully

approaches the provided targets, research and development into

This journal is © The Royal Society of Chemistry 2012
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improving the stability of these materials will move to the
forefront of investigations. As the cost of non-precious catalysts
pales in comparison with platinum based catalysts, significantly
higher catalyst loading is also feasible ensuring catalyst layer
with the
development of high-performance non-precious metal/metal-

thickness improved ORR activity. In future,
free catalysts is imperative and is expected to provide immense
economic advantages with improved electrocatalytic activities
over Pt/C catalysts with good stability, tolerance to CO

poisoning and fuel crossover effect.
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