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latinum-based catalysts represent a state of the art in the electrocatalysis of oxygen reduction reaction (ORR) from the point

of view of their activity and durability in harnessing the chemical energy via direct electrochemical conversion.
However, because platinum is both expensive and scarce, its widespread implementation in such clean energy applications
is limited. Recent breakthroughs in the synthesis of high-performance nonprecious metal catalysts (NPMCs) make
replacement of Pt in ORR electrocatalysts with earth-abundant elements, such as Fe, Co, N, and C, a realistic possibility.
In this Account, we discuss how we can obtain highly promising M—N—C (M: Fe and/or Co) catalysts by simultaneously
heat-treating precursors of nitrogen, carbon, and transition metals at 800—1000 °C. The activity and durability of resulting
catalysts depend greatly on the selection of precursors and synthesis chemistry. In addition, they correlate quite well with
the catalyst nanostructure. While chemists have presented no conclusive description of the active catalytic site for this class
of NPMCs, they have developed a designed approach to making active and durable materials, focusing on the catalyst
nanostructure. The approach consists of nitrogen doping, in situ carbon graphitization, and the usage of graphitic
structures (possibly graphene and graphene oxides) as carbon precursors. Various forms of nitrogen, particularly pyridinic
and quaternary, can act as n-type carbon dopants in the M—N—C catalysts, assisting in the formation of disordered carbon
nanostructures and donating electrons to the carbon. The CNx structures are likely a crucial part of the ORR active site(s).
Noteworthy, the ORR activity is not necessarily governed by the amount of nitrogen, but by how the nitrogen is incorporated
into the nanostructures.

Apart from the possibility of a direct participation in the active site, the transition metal often plays an important role in
the in situ formation of various carbon nanostructures by catalyzing the decomposition of the nitrogen/carbon precursor.
We can control the formation of different nanostructures during the synthesis of M—N—C catalysts. For example, in situ
formed nitrogen-doped graphene-sheets can only be derived from polyaniline (PANI), probably due to structural
similarities between the aromatic structures of PANI and graphene. Highly-graphitized carbon nanostructures may serve
as a matrix for the formation of ORR-active groups with improved catalytic activity and durability, containing nitrogen and
most probably also metal atoms. In the future, we will likely focus NPMC synthesis approaches on precise control of
interactions between precursors of the metal and carbon/nitrogen during the heat treatment. The main purposes will be to
maximize the number of active sites, optimize nitrogen doping levels, and generate morphologies capable of hosting active
and stable ORR sites.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) have been generally
viewed as one of the most promising energy conversion
technologies available today thanks to their high overall
fuel conversion efficiency and significant reduction in CO,
and other emissions. In spite of recent spectacular progress
in this technology, a large-scale market introduction of
PEFCs continues to face numerous challenges, associated
with their high cost and still insufficient performance. Cur-
rently, Pt-nanoparticle catalysts, supported on high-surface-
area carbonaceous materials, represent state-of-the-art elec-
trocatalysts for hydrogen oxidation reaction (HOR) and oxy-
gen reduction reaction (ORR) at the PEFC anode and cathode,
respectively. However, the prohibitive price and scarcity of Pt
have limited its widespread implementation in PEFCs, espe-
cially for the ORR at the cathode that accounts for approxi-
mately 80% of the Pt loading in fuel cell electrodes.'
Alternative nonprecious metal catalysts (NPMCs), synthe-
sized from earth-abundant elements, for example, Fe, Co,
N, and C, have the potential to efficiently catalyze the ORR
and generate clean energy via a direct electrochemical
conversion.'? In the past decades, some promising NPMCs
have been studied, including organometallic components,
nonprecious metal chalcogenides, and transition-metals-
derived nitrogen-doped carbon catalysts." = The best per-
forming NPMCs exhibit ORR activity and stability in alkaline
electrolytes that approach or even exceed those of Pt-based
catalysts;> however, the NPMC performance in acidic fuel
cells is far from sufficient. Thus, the development of high-
performance NPMCs for Nafion-based acidic PEFCs con-
tinues to be the main challenge for the technology.

Recent advances in the development of high-perfor-
mance NPMCs at Los Alamos National Laboratory
(LANL)®~° and in other research centers'®~'® show that
M—N-C catalysts (M: Fe and/or Co), obtained by simulta-
neously heat-treating precursors of a transition metal, nitro-
gen, and carbon at 800—1000 °C, yield the most promising
NPMCs for the ORR. The approach has been continuously
pursued since the original research of Jasinski'® and Yeager
et al.?° who heat-treated transition-metal macrocycles at
temperatures exceeding 700 °C and demonstrated signifi-
cantly enhanced ORR activity and stability of the resulting
catalysts relative to the performance of unheated macro-
cydles. In later studies, the expensive macrocycle precursors
were replaced with a wide variety of more common
and cost-effective nitrogen precursors (ammonia, acetoni-
trile, amines, etc.), transition-metal salts (sulfates, nitrates,
acetates, hydroxides, and chlorides), and carbon supports
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FIGURE 1. Activity and stability of PANI-derived ORR catalysts at LANL:
(a) RDE polarization plots recorded at 25 °C and 900 rpm in 0.5 M H,SO4
solution (Pt catalyst was tested in 0.1 M HCIOy); (b) fuel cell polarization
plots (bottom) and life test data (top). Cell temperature, 80 °C; air/O,
pressure, 2.8 bar. Reprinted from ref 6 with permission from AAAS.

(Vulcan XC-72, Ketjenblack, Black Pearls, etc). While it was
learned that simultaneous heat treatment of virtually any
combination of transition-metal, nitrogen, and carbon pre-
cursors can yield materials with certain ORR activity, better-
performing catalysts required a careful and creative choice
of precursors and supports, and synthesis conditions (control
over precursor reactions in solution, heat-treatment tem-
perature and atmosphere, post-treatment conditions, etc).?’
As a result of such an approach to NPMC synthesis, an Fe-
based catalyst, developed by Dodelet and co-workers, has
reached a volumetric activity in PEFC testing of 230 A cm 3
at 0.80 V (values extrapolated from Tafel plots).?? Recently,
we reported a family of NPMCs that utilized polyaniline
(PANI) as a precursor of a carbon/nitrogen template for
high-temperature synthesis of Fe- and Co-based catalysts.®
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FIGURE 2. Drawings and micrographs of in situ nitrogen-doped carbon nanostructures in M—N—C catalysts: Carbon nanotubes in PANI-derived
catalyst (left); onionlike carbon structure in HDA-derived catalyst (middle); and graphene formed in PANI-derived catalyst (right). The drawing and the
micrograph (below-middle) reprinted from refs 10 and 28, Copyright 2006 and 2011, respectively, with permission from Elsevier. Micrograph
(below-right) reprinted with permission from ref 8. Copyright 2012 American Chemical Society.

PANI-Fe-C tuned out to be the most active and four-electron-
selective PANI-derived catalyst, as determined in rotating
disk electrode (RDE) and rotating ring disk electrode (RRDE)
tests, respectively. The catalyst was shown to catalyze the
ORR in acid media at potentials within ca. 60 mV of those
delivered by a state-of-the-art carbon-supported Pt catalyst
(Figure 1a).° Much improved performance durability was
achieved with another catalyst from the PANI family, a
binary FeCo catalyst (PANI-FeCo-C) that maintained durable
performance for nearly 700 h in a H»-air fuel cell operated at
a constant voltage of 0.4 V. Fuel cell performance of the
catalysts was compared with that of a Pt reference cathode
operated on both air and oxygen (Figure 1b).°

Although catalysts with respectable ORR activity in alka-
line media can be prepared without any detectable metal
content,>?324 so far only the presence of Fe and/or Co has
been found to generate catalysts with high activity and best
durability in acidic environments."? The two metals appear
to differently contribute to the active-site formation. ORR
sites generated in the presence of Co have electrochemical
properties similar to those exhibited by metal-free nitrogen-
doped carbon (N-Q) catalysts, abundant in CN, moieties
(pyridinic and quaternary nitrogen) as potential active
sites." Unlike Co, there is mounting evidence in support of
the hypothesis that Fe species coordinated by nitrogen, such
as a Fe—N,, directly participate in the ORR active site(s) and
are responsible for an enhanced intrinsic activity of Fe-based
catalysts.'?212>26 However, the exact nature of the active
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site(s) in M—N-C catalysts synthesized using a heat-treat-
ment approach remains unknown. Also lacking is direct
evidence of transition-metal participation in the active sites.
In either case, while nitrogen species embedded within the
carbon structures are likely critical to the active-site perfor-
mance, the bonding character and structure of active sites
are yet to be conclusively identified.

M—N-C catalysts are rich in carbon nanostructures in situ
formed during catalyst synthesis. The nanostructures in-
volve for example carbon tubes, onion-like carbon, and
platelets (multilayer graphene) shown in Figure 28102728
The active ORR catalysts developed at LANL are especially
rich in nitrogen-doped graphene, generated directly in the
graphitization process of PANI in the presence of transition
metal species (Co and/or Fe).°~#2'29 Those highly graphitic
structures can serve as a matrix for hosting ORR-active
nitrogen or metal moieties.*'® While such efforts are on-
going at LANL and elsewhere, in the present Account, we
primarily focus on correlation between ORR performance of
M—N-C catalysts and their nanostructures.

2. Nitrogen-Doped Carbons in ORR Catalysts

Nitrogen Doping. Nitrogen doping plays a critical role in
modifying carbons, especially due to the comparable atomic
size of both elements and five valence electrons in nitrogen
available to form a strong covalent bond with carbon atoms.
In the case of carbon doping, nitrogen atoms act as n-type
dopants assisting in the formation of disordered carbon
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FIGURE 3. Nitrogen functionalities in graphene. Reprinted with
permission from ref 18. Copyright 2012 American Chemical Society.

nanostructures and donates electrons to carbon, thus facil-
itating the ORR.3° It was experimentally found that nitrogen
atoms can be readily incorporated into the carbon lattice,
replacing carbon atoms at different sites and leading to the
formation of defects'®'®3' (Figure 3'8). Among different
methods of nitrogen doping into carbon structures, heat
treatment of a nitrogen—carbon precursor is one of the most
effective.'®3'! The process can be further promoted by the
presence of transition metals. Nitrogen doping via heat
treatment at high temperatures (800—1000 °C) yields nitro-
gen atoms with XPS binding energies that can be assigned to
pyridinic (398.6 + 0.3 eV) and quaternary nitrogen (401.3 +
0.3 eV).3? Pyridinic nitrogen is obtained by doping at the
edge of the graphene layer and quaternary nitrogen is the
result of in-plane doping. In addition, he pyrrolic form of
nitrogen (400.5 & 0.3 eV) observed at the relatively low
heat-treatment temperature (600—700 °C) is assighed to
nitrogen atoms in a pentagon structure, which is indistin-
guishable in XPS from pyridone (pyridinic nitrogen next to
an OH group).?' Both the pyrrolic and pyridone nitrogen
have been shown to decompose at temperatures above
800 °C to either pyridinic or quaternary nitrogen.3" Nitro-
gen species with a high binding energy (402405 eV) can be
assigned to oxidized nitrogen, such as a pyridinic N*—O~
species.®! One specific type of quaternary nitrogen is “gra-
phitic’ nitrogen, which corresponds to nitrogen within a
graphene plane, bonded to three carbon atoms.
Nitrogen-doped graphitic nanostructures show enhanced
disorder and dislocation in graphene stacking.® Using
Raman analysis, Stevenson and co-workers3° found that
disorder in nitrogen-doped carbon nanotubes (N-CNTs) in-
crease proportionally to the nitrogen content, thus providing
direct evidence that the carbon disorder is related to nitrogen
doping. A possible disorder mechanism is that nitrogen
inclusion facilitates the formation of nanocrystallites and
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FIGURE 4. N 1s XPS spectra of PANI-Fe-KJ catalysts with different Fe
loading in the synthesis.

suppresses surface diffusion of carbon atoms during graph-
itization.3* The resulting doped-nitrogen defects at the gra-
phene edges and in plane may serve as sites for oxygen
adsorption. Pyridinic nitrogen, linked to only two sp* carbon
atoms, contributes one p,, electron to the graphitic = system.
Quaternary nitrogen atom in the in-plane position, where it
substitutes carbon atom shared by three adjacent rings,
contributes two p,, electrons. Lahaye and co-workers>® con-
firmed that nitrogen-doped carbons have higher surface
polarity than carbons without doped nitrogen. As a result,
compared to undoped carbon black, a nitrogen-doped gra-
phitic layer exhibits a faster charge-transfer rate at the
electrode/electrolyte interface,3*3° favorable to the proton
and electron transfer inn the ORR.

Effect of Transition Metal on Nitrogen Doping. Gaining
some control over N-C structures in nitrogen-doped
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FIGURE 5. Dependence of nitrogen content and the pyridinic-to-
quaternary nitrogen ratio on Co loading used in the synthesis of PANI-
Co-MWNT catalysts. Reprinted with permission from ref 8. Copyright
2012 American Chemical Society.

M—N-C catalysts was found to be possible by fine-tuning of
the synthesis conditions.*' Regardless of whether ethylene-
diamine (EDA) or PANI were used as nitrogen precursors, the
XPS shows higher content of quaternary nitrogen in
Fe—N—C than Co—N-C catalysts, indicating that in the
presence of Fe nitrogen atoms are preferentially doped into
the plane rather than at the edges of a graphene layer.?' Asa
general rule, the pyridinic-to-quaternary nitrogen ratio tends
to reach “equilibrium” during the heat treatment of carbon/
nitrogen precursors.! The addition of Fe seems to shift that
equilibrium toward quaternary nitrogen.

Metal Loading versus Nitrogen Doping. The type and
content of nitrogen functionalities formed during the doping
process depend on the metal loading used in synthesis.
Regardless of the metal, that is, Fe versus Co, the total
content of the doped nitrogen has been found to consis-
tently decrease with an increase in the loading of metal
precursors, even though the change in the metal content
itself in the catalyst is often insignificant.*' Also, the ob-
served decrease in the total content of nitrogen does not
lead to a commensurate drop in ORR activity.?' These results
suggest that ORR activity of M—N—C catalysts does not
depend on the quantity of doped nitrogen atoms but more
likely on how those atoms are incorporated into carbon. In
the case of Fe-based catalysts, the amount of quaternary
nitrogen relative to pyridinic nitrogen goes up as Fe loading
is increased (Figure 4), the change accompanied by an
enhancement in the ORR activity.

In the case of Co-based catalysts, the pyridinic-to-
quaternary nitrogen ratio increases from 0.58 in a Co-free
sample to 0.79 in the catalyst synthesized from precursor
containing more than 10 wt % of Co (Figure 5).2 Contrary to
iron, cobalt appears to promote the formation of pyridinic
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nitrogen functionalities. One likely reason for that is the
abundance of graphene sheets in Co-based catalysts, with
pyridinic nitrogen functionalities likely forming at their edges.
This attests to a different effect of the two metals on the
formation of nitrogen functionalities in M—N—C catalysts.
Successful replacement of carbon atoms at the edge of
graphene layers by the (pyridinic) nitrogen has been often
linked to the enhancement in ORR activity.'®'" The incor-
poration of (quaternary) nitrogen in the interior of graphitic
sheets has only recently been correlated with ORR activity.'”

Impact of Heat-Treatment Temperature on Nitrogen
Doping. The content and relative ratios of different types of
doped nitrogen in both Fe- and Co-based catalysts can be
controlled by tuning the heat-treatment temperature
(Figure 6).22" In catalysts based on both metals, a raise in
the heat-treatment temperature leads to a decrease in the
total nitrogen content that does not necessarily result in a
drop in the ORR activity. The quaternary-to-pyridinic nitro-
gen ratio rises with an increase in the heat-treatment tem-
perature from 800 to 1000 °C.”#2! This data indicates once
again that quaternary nitrogen and the optimal C—N, con-
figuration reflected by the ratio of the two of nitrogen
functionalities, may be as important for the ORR activity as
the pyridinic nitrogen.'®

3. In Situ Formed Graphitized Carbon
Nanostructures

Apart from the obvious advantage of high electronic con-
ductivity and enhanced corrosion resistance, the highly
graphitized carbon nanostructures present in the M—N—C
may serve as a matrix for hosting nitrogen and metal
moieties. As shown in our previous NMPC research, the
presence of graphitized carbon appears to enhance stability
of the ORR catalysts.?'%83738 The formation of different
carbon nanostructures, which can be correlated to the
performance, depends on nitrogen and transition-metal
precursors, heat-treatment temperature and the type of
support utilized in the catalyst synthesis.”?'28:39
Carbon/Nitrogen Precursors. The nature of carbon/
nitrogen precursor plays a key role in the formation
of the catalyst nanostructure in the heat-treatment step.
When amine-based nitrogen—carbon precursors, such
as EDA'" and hexamethylenediamine (HDA)?”2 are used,
the morphology of the resulting M—N—C catalysts is domi-
nated by diverse carbon nanostructures, involving nano-
tubes and onion-like carbon nanoshells (Figure 7).''2728
Such structures may originate from the carbonization
of interlinked [-Co(HDA);—], complexes. Well-defined
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FIGURE 6. N 1s XPS spectra of (a) PANI—Fe-C catalyst and (b) PANI-Co-MWNT catalyst as a function of heat-treatment temperature ranging from 800
to 1000 °C. Panel (a) reproduced from ref 21 by permission of The Royal Society of Chemistry. Panel (b) reprinted with permission from ref 8.

Copyright 2012 American Chemical Society.

graphitized carbon shells surrounding metal-rich particles
were also observed with iron(lll) tetramethoxyphenyl
porphyrin chloride (FeTMPP-Cl) when the heat-treatment
temperature was raised to 1000 °C.*° An increase in the
open-circuit ORR potential of the catalysts in oxygen-
saturated solution was correlated with the formation of such
graphitic shells.

Multilayer graphene sheets were observed only in the Co-
and Fe-based catalysts derived from PANI as a carbon/
nitrogen precursor (Figure 8),”8 perhaps due to the simila-
rities between the aromatic structures of PANI and gra-
phene. Traditionally, single- and few-layer graphene struc-
tures have been grown epitaxially via chemical vapor de-
position (CVD) of hydrocarbons on the metal substrates or by
thermal decomposition of SiC.>®> The new synthesis route of
graphene layers from polymers adds a degree of freedom in
controlling the catalyst morphology and nitrogen function-
alities in M—N—C catalysts with enhanced oxygen reduction
activity.

The formation of different carbon structures in M—N—C
catalysts have been linked to significant variations in the

ORR activity and durability.?"?® Generally, catalysts derived
from aromatic precursors, such as PANI, exhibit a better
combination of activity and durability than catalysts derived
from aliphatic amines, implying that the type of carbon
nanostructure formed during the heat treatment may be
critical to catalyst performance.

Transition-Metal Precursors. In addition to nitrogen/
carbon precursors, transition metal can impact the forma-
tion and of carbon nanostructures in M—N—C catalysts. No
highly graphitized carbon nanostructures are formed in
metal-free catalyst derived from PANIL.2 When PANI is used
as a nitrogen/carbon precursor for metal-based catalysts
supported on Ketjenblack, the dominant presence of multi-
layer graphenesheets can be seen in the PANI-Co-C catalyst,
but not in the PANI-Fe-C catalyst.*' These significant mor-
phological differences between the two catalysts attest to
the effect of the transition metal on the formation of carbon/
nitrogen structures during the heat treatment of the poly-
mer. Co appears to be more effective at catalyzing the
decomposition of PANI and formation of carbon and nitro-
gen species that are capable of rearranging and coalescing

Vol. 46, No. 8 = 2013 = 1878-1889 = ACCOUNTS OF CHEMICAL RESEARCH = 1883



Nanostructured Nonprecious Metal Catalysts Wu and Zelenay

FIGURE 7. Nanoshells and onionlike carbon particles observed in M—N-C catalysts derived from (a, b) EDA and (c, d) HDA. Panels (a) and (b) reprinted
with permission from ref 8. Copyright 2012 American Chemical Society. Panels (c) and (d) reprinted from ref 28, Copyright 2011, with permission

from Elsevier.

FIGURE 8. Graphene-sheet-like morphology in PANI-derived Co—N—C
catalysts: (a) SEM image; (b—d) HR-TEM images. Reprinted with
permission from ref 8. Copyright 2012 American Chemical Society.

to yield highly graphitic carbon structures. Contrary to Co, Fe
catalyzes the breakdown of PANI into relatively large frag-
ments that are not precursors for graphitic structures.?'
Although Co species seem to facilitate the formation of
graphitized carbon, which can potentially benefit ORR
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electrocatalysis via enhancements to the corrosion resis-
tance and electronic conductivity, Co-based catalysts are
generally less active in the ORR than the Fe-based materials.
This is probably due to the difference(s) in the nature of the
ORR active sites formed in catalysts derived, correspond-
ingly, from Co and Fe, with, as already stated above, iron
being part of the more active ORR site. Perhaps not surpris-
ingly, the bimetallic catalysts involving both Co and Fe seem
to benefit at the same time from the unique graphene-rich
morphology due to Co and from the intrinsically active Fe-
containing sites.%'"%® Our ORR electrocatalysis research to
date has provided strong evidence of a correlation between
the appearance of graphene sheets in the catalyst and
enhanced performance durability.®'337

Multiwalled Carbon Nanotubes as Catalyst Support.
Carbon nanotubes offer several notable advantages over
carbon blacks as supports for fuel cell electrocatalysts. Those
advantages include improved mass transfer of reagents/
products, enhanced electronic conductivity, reduced impur-
ity level, and higher resistance to corrosion.*' ~*3 Recently,
we introduced multiwalled carbon nanotubes (MWNTS) into
the synthesis of M—N—C catalysts derived from PANI and
Fe.3° In contrast to the impact of carbon supports on the
activity of Pt catalysts,** the ORR activity of PANI-Fe catalysts
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FIGURE 9. ORR performance of PANI-Fe catalyst supported on various carbon materials: (a) steady-state RDE polarization plots; (b) fuel cell life test.
Cell temperature: 80 °C. Three images of the same region of PANI-Fe-MWNT catalyst: () TEM; (d) HAADF-STEM,; (e) SE. Layered-graphene “bubbles’,
carbon nanotubes, and FeS,-rich regions/particles are indicated with the green, yellow, and red arrows, respectively. Reproduced from ref 39 by

permission of The Royal Society of Chemistry.

supported on different carbons (Vulcan XC-72, Ketjenblack,
Black Pearls, and MWNTS) is virtually the same (Figure 9a).3°
At the same time, the durability of the catalyst supported on
MWNTs is significantly better than that of catalysts sup-
ported on other carbons. MWNTSs act in this case as a
template for the in situ formation of carbon nanostructures
with specific surface area and porosity.2?! As shown in
Figure 9b,3° the MWNT-supported Fe-based catalyst shows
no performance degradation for more than 500 h of opera-
tion at a cell voltage of 0.4 V. By comparison, catalysts
supported on carbon blacks exhibit much faster perfor-
mance loss. Enhanced performance durability of catalysts
supported on MWNTSs can be linked to the unique carbon
nanostructures observed in the catalyst. As shown by the
TEM image, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image, and
secondary electron (SE) image acquired from the same
region of the PANI-Fe-MWNT catalyst in Figures 9¢, d, and
e, respectively, the catalyst contains a large number of
layered-graphene “bubbles” (green arrows) that are found
to be colocated with carbon nanotubes (yellow arrows) and

FIGURE 10. SEM images of a PANI-derived Fe—N—C catalyst obtained
(a) before and (b) after the heat treatment at 900 °C. (c, d) Corresponding
SEM images of Co—N—C catalyst.

the FeS, regions/particles (red arrows).>® Since MWNTSs
(vellow arrows in Figure 9d—e) remain abundant in the
catalyst after the heat treatment, the graphene sheets are
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likely not derived from the carbon nanotubes. Unlike in the
PANI-Fe-MWNT catalyst, a very few graphene sheets/bub-
bles were observed in a PANI-Fe-KJ catalyst, that is, in the
catalyst supported on a conventional carbon black rather
than nanotubes. The unique properties of the graphene
sheets/bubbles, such as their high surface area and electro-
nic conductivity, as well as the presence of sp-conjugated
carbon atoms in the basal plane® may all contribute to
the much-improved performance durability of the PANI-Fe-
MWNT catalyst.>°

The Role of Heat-Treatment Temperature. ORR activity
of M—N—C catalysts strongly depends on the temperature of
the heat-treatment step that also governs the catalyst mor-
phology. As shown in Figures 10a and b for PANI-Fe-C
catalysts, the characteristic PANI nanofibers gradually dis-
appear as the heat-treatment temperature increases®' A
higher degree of graphitization, evidenced by the formation
of graphitic shells covering metal-rich particles, is observed
after the heat treatment at 900 °C, the temperature that
corresponds to the highest ORR activity.?' Heat treatment at
even higher temperatures yields catalysts with less uniform
morphology, containing particles significantly larger than
those present in the original carbon black. The surface area
of such catalysts is significantly reduced and ORR activity
gradually lost.

As shown in Figure 10c and d for the PANI-Co-MWNTSs
catalyst, the morphology of Co-based catalysts also depends
on the heat-treatment conditions.? The graphene-sheet-like
structures grown over the solid metal-rich particles (CogSg, in
this case) are only observed after the heat-treatment tem-
perature is raised to 900 °C. The appearance of graphene-
sheet-like morphology is in a good agreement with an
increase in the BET surface area (to 278 m? g ').8 Large
differences in the ORR performance resulting from the
changes in carbon structures point to the importance of
the metal-catalyzed transformation of the precursors into
new carbon forms in M—N—C catalysts.*’

4. Ex Situ Graphene and Graphene Oxide as
Potential NPMC Precursor

As discussed above, nitrogen-doped graphene structures are
abundant in the most active PANI-derived M—N-C
catalysts.°~®2?" It is thus possible that high catalytic activity
can be accomplished by incorporating metal into nitrogen-
doped graphene. Graphene has attracted a great deal of
interest since its discovery by Novoselov et al.in 2004.%° The
unique physical and chemical properties of graphene, such
as high surface area (theoretical value of ~2630 m? g ),
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FIGURE 11. DFT-calculated M—N, moieties as possible ORR active sites
embedded into graphene structure. Reproduced from ref 47 by
permission of the Royal Society of Chemistry.

high chemical stability, excellent conductivity, and distinctive
structure, as well as the easiness of functionalization make
graphene attractive for NPMC research.'®234® Density func-
tional theory (DFT) calculations imply that a transition-metal
site can be stabilized by, for example, four pyridinic nitrogen
atoms doped in graphene, creating structures of an M—N,
type, that according to DFT should be active toward ORR
(Figure 11).*” Incorporating a metal, for example Fe, into a
nitrogen-doped graphene can be a key to the ORR activity. In
that context, it is of fundamental interest to investigate how
nitrogen doping and metal incorporation affect the structure
of graphene and how the ensuing chemical structures can be
manipulated to maximize the activity.

The number of active sites in M—N—C catalysts, which
likely involve metal centers coordinated by nitrogen-
containing ligands, is limited by the total number of defects
and/or nitrogen-doped sites in the carbon.*® As a main pre-
cursor of graphene-based materials, graphene oxide (GO) po-
tentially represents a promising catalyst precursor with defects
or vacandies tunable by selective chemical oxidation.'”4? It
was demonstrated that successful reduction of GO can
restore the z-conjugated structure and ultimately lead to
highly conductive graphene materials (Figure 12).°° GO can
thus be a useful precursor alternative to graphene, which
can be doped with nitrogen and incorporated with transition
metals in a controlled manner to obtain graphene-based
M—N-C catalysts. In a typical approach, GO samples are
treated with various nitrogen precursors (e.g, ammonia,
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FIGURE 12. Reduction process aimed at restoring s-conjugated graphene structure from GO. Reprinted from ref 50 by permission from Macmillan

Publishers Ltd: [Nature Chemistry], copyright 2009.

hydrazine, cyanamide)'”'® to form nitrogen-doped GO,
followed by chemical reduction to yield reduced GO (rGO).
The rGO can then be treated with various metal salt (Co and
Fe) solutions to bind metal ions and induce ORR activity. An
Fe-N-rGO catalyst, reported by Shao-Horn and co-workers,'3
exhibits ORR mass activity comparable to that of the state-
of-the-art M—N—C catalysts reported to date.'” The ap-
proach offers a pathway toward utilizing the unique order
and properties of rGO in creating active sites for the ORR.

5. Conclusion

M—N-C catalysts obtained by simultaneously heat-treating
precursors of a transition metal, nitrogen, and carbon (often
nitrogen/carbon precursor), typically in the temperature
range of 800—1000 °C are the most promising nonprecious
metal ORR catalysts for the polymer electrolyte fuel cell
cathode. The activity and durability of these catalysts
strongly depend on the nitrogen and/or carbon precursor(s),
the transition metal, and support as well as on the heat-
treatment conditions. The catalyst nanostructure, often cor-
related with the activity and durability, can be to a certain
degree controlled during nitrogen doping and carbon gra-
phitization. Nitrogen-doping of carbon and formation of CNy
groups on the surface, including pyridinic and quaternary
nitrogen, play a critical role in inducing ORR activity via
structural and electronic modification of the carbon. The
location and coordination of doped nitrogen is more im-
portant for the activity and durability of M—N—C catalysts
than the total nitrogen content. While, in agreement with
previous reports, nitrogen doping at the graphene edge
appears to a key to the ORR activity, the importance of
quaternary nitrogen cannot be ruled out as well.

Highly graphitic carbon nanostructures formed during the
heat treatment of nitrogen/carbon precursor in the presence

of a transition metal represent an important component of
M—N-C catalysts. Those structures likely act as a host for the
ORR active sites. Their composition and morphology depend on
the synthesis conditions, including the nature of all the precur-
sors, type of the support, and heat-treatment temperature.

Future effort in the synthesis of M—N—C catalysts is likely
to focus primarily on precise control of interactions between
nitrogen/carbon and metal precursors during the heat treat-
ment in order to produce catalysts with optimum chemical
composition and morphology, as well as to maximize the
population of ORR active sites. Detailed, in-depth knowledge
of the active-site and ORR reaction mechanism will be
essential for the rational design of nonprecious metal cata-
lysts with the activity, selectivity and stability matching, and
ultimately exceeding, those of platinum-based catalysts of
oxygen reduction.
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