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Electrocatalysts

The notion of metal-free catalysts is used to refer to carbon materials
modified with nonmetallic elements. However, some claimed metal-
free catalysts are prepared using metal-containing precursors. It is
highly contested that metal residues in nitrogen-doped carbon (NC)
catalysts play a crucial role in the oxygen reduction reaction (ORR). In
an attempt to reconcile divergent views, a definition for truly metal-free
catalysts is proposed and the differences between NC and M-N,/C
catalysts are discussed. Metal impurities at levels usually undetectable
by techniques such as XPS, XRD, and EDX significantly promote the
ORR. Poisoning tests to mask the metal ions reveal the involvement of
metal residues as active sites or as modifiers of the electronic structure
of the active sites in NC. The unique merits of both M-N,/C and NC
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catalysts are discussed to inspire the development of more advanced

nonprecious-metal catalysts for the ORR.

1. Introduction

Carbon materials modified with nonmetallic elements,
including boron, fluorine, nitrogen, phosphorus, and sulfur,
are of emerging importance in electrocatalysis,['™ heteroge-
neous catalysis, 'l and material science."''¥ As a consequence
of their low cost, these materials are considered as potential
replacements for costly catalysts in some vital reactions, for
example, as substitutes for platinum for the oxygen reduction
reaction (ORR) in fuel cells, metal/air batteries, and in chlor-
alkali electrolysis.">**1524 Nitrogen-modified carbons
(NCs)P»? have been more intensively investigated as
heteroatom-modified carbon catalysts for the ORR than
their counterparts modified with boron,'”-*3% fluorine,*"
phosphorus, %3231 and sulfur.***! NC catalysts essentially
contain nitrogen incorporated in the carbon structure, either
at the edges or within the core structure of the carbon
material by replacing one of the sp>-hybridized carbon atoms
in the graphitic structure. Figure 1 shows the various forms of

Graphitic N

Pyrrolic N

Pyridinic N

Figure 1. Different forms of nitrogen-functionalized carbon. C gray,
N blue, and O red.

NC structures which are considered to be relevant for the
ORR. There are contradicting theories about the structure of
the active sites of NC catalysts.

Some authors claim that the graphitic species plays the
dominant role,****¥! while others contend that the pyridinic
species is more active and dominant.”**! Some studies
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propose the involvement of both pyridinic and graphitic
species, as well as the pyrrolic species, as active sites.?237-40-4]

There is enormous research activity concerned with the
development of NC catalysts for the ORR, and the methods
used for their synthesis are numerous. The synthesis of NC
catalysts can be conveniently grouped into two categories,
namely, methods which do not involve the use of any metal
precursors and those which make use of metal precursors.
Whereas the catalysts produced by the former method may be
appropriately classified as metal-free, controversy arises
when the catalysts produced by the latter method are
designated as “metal-free”. This controversy arises because
of the close similarity between NC catalysts produced using
metal precursors and the M-N,/C catalysts, where the
presence of the metal (M =Co, Fe, or Mn) is considered
essential.***! Proponents of the M-N,/C catalysts believe that
the metal ion is involved in the active site, contrary to the
theories that claim that the metal ions only facilitate the
formation of active sites but do not themselves participate as
active sites."'%

It is commonly reported that metal residues in NC
catalysts produced using metal precursors are leached out
with the aid of mineral acids." However, this is highly
contested because of the limitations of the methods employed
to determine trace metal impurities at concentrations which
are believed to profoundly influence the ORR.I¥#-671 [p
particular, it has been demonstrated that XPS, EDX, and
XRD are not sensitive enough to preclude the presence of
metal impurities in NC catalysts. Several reports confirm that
prolonged treatment of carbon nanotubes (CNTs) prepared

[*] Dr. ). Masa, Prof. Dr. W. Schuhmann
Analytical Chemistry and Center for Electrochemical Sciences (CES)
Ruhr-Universitat Bochum
NC04/788, 44780 Bochum (Germany)
E-mail: wolfgang.schuhmann@rub.de
Homepage: http://www.rub.de/elan
Dr. W. Xia, Prof. Dr. M. Muhler
Laboratory of Industrial Chemistry, Ruhr-University Bochum
NBCF 04/690, 44780 Bochum (Germany)
E-mail: Muhler@techem.rub.de

Wiley Online Library

Chemie

10103



10104 www.angewandte.org

Angewandte

Reviews

using chemical vapor deposition (CVD) does not rid them of
all the metal residues that were used as catalysts.”*” In
a study by Pumera and Iwai,””! treatment of multiwalled
carbon nanotubes (MWCNTs) with nitric acid at 80°C only
leached out 88wt% of the metal residues. Relatedly,
Kobayashi et al.l® reported that treatment of a catalyst
obtained by pyrolysis of iron phthalocyanine with a phenolic
resin polymer at 800°C in the presence of hydrochloric acid
only reduced the Fe content by 36%. A recent study found
that Fe particles encapsulated inside CNTs promote the
ORR, and the Fe particles are shielded from dissolution in
acid electrolytes by the graphitic layers surrounding them.*”!
In separate studies, we were able to unzip and simultaneously
oxidize buried metal residues by thermal oxidation after
washing nitrogen-doped CNTs (NCNTs) with hydrochloric
acid.™ The resulting partially embedded metal oxides served
as excellent catalysts for both the ORR and the oxygen
evolution reaction. On the other hand, some presumed metal-
free catalysts which are prepared from graphene oxide may
contain metal impurities, notably Mn, if Hummer’s method is
used for the synthesis of the graphene oxide.™%! The
maximum threshold of Fe impurities in CNTs that would be
electrochemically insignificant was reported to be in the range
of 10 to 100 ppm.®! Therefore, the designation of NC
catalysts produced using metal precursors as “metal-free”
should either be avoided or there should be definitive proof of
their complete removal or, if present, of their non-involve-
ment in the electrocatalytic reaction of interest.
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This Review aims to reconcile divergent views on the role
of metal impurities in NC catalysts, and to clarify the validity
of the notion of a metal-free catalyst. We therefore 1) propose
a definition of a metal-free catalyst, 2) distinguish between M-
N,/C and NC catalysts, 3) highlight research frontiers in the
development of NC and M-N,/C catalysts, and 4) propose
perspectives for exploitation of the unique merits of both M-
N,/C and NC catalysts to achieve advanced nonprecious
catalysts for the ORR. However, truly metal-free NC
catalysts cannot be discussed exhaustively in this Review,
which is focused on the impact of often-overlooked trace
metal contaminations.

2. Electrocatalysis of Oxygen Reduction
2.1. The Oxygen Reduction Reaction

The electrocatalytic reduction of O, in aqueous electro-
lytes proceeds through one of two generally recognized
pathways, as summarized in Equations (i)—(iv).

Acidic medium Alkaline medium

O, + 4H* + 4e 2H,0 § O,+2H,0 +4e — 40H" o
0, +2H* +2e H,0, | Op+H0 +2e ——HO, + OH i)
Ha0p + 2H" + 26—~ 2H,0 | HO; +Hp0 +2e — 30H (i)
H20; H,0 + 1120, | HOy ——~ OH +1/20, (V)
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In galvanic systems involving O, reduction, such as fuel
cells, maximum free energy is harnessed when O, is reduced
by the four electron reduction pathway (i). The reduction of
O, by the two electron transfer pathway (ii) affords only
about half of the energy compared to the four electron
reduction pathway. Reaction (i) is favorable on electrocata-
lytically active surfaces, where rupture of the O—O bond
occurs, and involves active sites and geometries which favor
dissociative adsorption of O,, for example, as in the case of
the lateral adsorption of oxygen on platinum.*! At least four
modes of interaction of O, with a catalytic site have been
proposed and they include bridge-cis and bridge-trans inter-
actions, as proposed by Collman etal.®™ and Yeager,™
respectively, and end-on and side-on interaction, as proposed
by Pauling®®! and Griffith,® respectively. The bridge-cis and
bridge-trans forms of interactions favor rupture of the O—O
bond and leads to reduction of O, through Equation (i), while
end-on and side-on interactions generally favor the formation
of H,0, through Equation (ii). The H,O, formed in Equa-
tion (i) may be further reduced to H,O or OH™ through
Equation (iii), or undergo disproportionation according to
Equation (iv), thereby regenerating O, in the process. Reac-
tions (iii) and (iv) may occur competitively in parallel,
depending on the nature of the catalyst, its composition,
and properties. Some of the O, regenerated in reaction (iv)
may be cyclically re-reduced until it is completely reduced to
H,O or OH™, while a fraction of it may be lost.[*"!

The theoretical equilibrium potential for the ORR is
1.229 V (versus RHE) under standard conditions.® This
reaction is, however, very inefficient in practice and occurs at
a considerable overpotential. In addition, the reaction is
inherently very slow kinetically because of the coupled
multielectron multiproton reactions involving many reaction
intermediates and reaction barriers.”"! Overcoming these
drawbacks necessitates the use of catalysts. We thus discuss
a few of the most important classes of electrocatalysts for the
ORR in aqueous electrolytes.

2.2. Types of Catalysts for Oxygen Reduction
2.2.1. Platinum Group Catalysts

The most effective catalysts for the ORR in aqueous
electrolytes involve elements of the Pt group, including alloys
of Pt and 3d transition metals.***'! Platinum itself is by far the
most active element for the ORR under both alkaline and
acidic conditions. As a consequence of concerns over scarcity
and affordability, there has been tremendous research effort
to replace Pt with less costly catalysts for the ORR and to
improve its utilization through decreased loading.®*? Alloy-
ing Pt with transition metals has been demonstrated by
several groups to cause a significant increase in activity.[**
The Pt loading can also be significantly reduced by nano-
structuring of the Pt and dispersion on high surface area
supports, typically carbon.

However, the grim reality is that even the most ingenious
design approaches cannot dispel concerns over the scarcity
and cost of Pt. Therefore, the search for non-platinum-based
catalysts, also referred to as nonprecious-metal catalysts, has
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been the effort of many researchers for several de-
cades.F”#929%%1 In the following, we discuss the most
promising classes of non-platinum catalysts.

2.2.2. Non-Platinum Catalysts for Oxygen Reduction

One of the earliest classes of non-platinum catalysts for O,
reduction were complexes with macrocyclic N, ligands.’® A
major drawback of these complexes is their low activity as
well as low stability in alkaline and acidic electrolytes. They
are incapable of sustaining a meaningful current for a reason-
able duration under the harsh conditions of fuel cells.
Pyrolysis of carbon-supported Nj-macrocyclic complexes at
high temperatures, typically between 550°C and 1000°C,
yields much more active and more stable catalysts, although
the macrocyclic structure of the complex is partially or
completely destroyed.’”*! Pyrolyzed N,-macrocyclic com-
plexes are thus commonly designated as MNC, or M-N,/C,
where M is a 3d transition metal, mostly Fe or Co, and x (1 <
x <4) represents the number of nitrogen atoms coordinated
to MO 1% Interestingly, M-N,/C-type catalysts can also be
prepared by pyrolysis of simple mixtures of metal salts,
carbon, and nitrogen precursors.’!¥-3895101-103 \eta] carbides
and nitrides,””"! metal oxides,'"'*! and heteroatom-doped
carbon materials”*2*1%l are other examples of non-platinum
oxygen reduction catalysts that have been widely investi-
gated. M-N,/C catalysts are the most promising class of non-
platinum catalysts for the ORR, and also are important in
understanding the origin of the controversy of the role of
metal entities in NC catalysts.*!

2.2.3. M-N,/C Catalysts

It is imperative to give some background on the M-N,/C
catalysts and to describe their relationship with NC catalysts
to understand the cause of the controversy of the role of metal
entities in NC catalysts on the ORR. M-N,/C catalysts are the
most promising class of non-platinum catalysts for the ORR
in acidic and alkaline electrolytes.[>-%-91.92.103.107.108] Ty-5djtion-
ally, M-N,/C catalysts are prepared by pyrolysis of carbon-
supported nitrogen-rich metal complexes or mixtures com-
prising a metal salt, a nitrogen-rich organic compound, and
carbon in the presence of ammonia or an inert gas.*1°:1%]
Recently, Li et al.®' reported M-N,/C catalysts synthesized by
controlled oxidation of CNTs to expose buried residual
catalysts and subsequent treatment with NH; vapor to form
M-N,/C.

The Bao research group® reported a Fe-N,/C-like
catalyst with the metal encapsulated inside peapod-like
CNTs. Fundamentally, the metal is considered an essential
part of the active site in M-N,/C catalysts.*>>* 11011 However,
nitrogen-functionalized carbon species are also part of the
pyrolytic products.

Figure 2 shows a schematic representation of the struc-
tural composition of M-N,/C catalysts prepared by the high-
temperature pyrolysis of metal, nitrogen, and carbon pre-
cursors. The current theories for the active sites of M-N,/C-
type catalysts are based on the theories first proposed for
pyrolyzed N, -metallomacrocyclic complexes.*>>3:9%-10.112]
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Figure 2. Active sites of a) M-N,/C and b) Fe-N,/C and Fe-N,,,/C in
M-N,/C catalysts. Redrawn from Refs. [45] and [115], respectively, with
some minor modifications, with permission from the ACS and the
AAAS.

According to van Veen etal.,''"! the highest activity of
pyrolyzed Nj-metallomacrocyclic complexes supported on
carbon is observed at moderate pyrolysis temperatures (500
600°C). It is believed that the M-N, moieties of the complex
are conserved and serve as the active sites for the ORR. The
Yeager research group® ¥ proposed that decomposition of
the N,-macrocyclic complex commences at about 400-500°C
and is completely dissociated above 800°C to yield oxides,
metallic species, and nitrogen-functionalized species bound
on carbon. This group believed that the actual active sites
were formed upon contact of the catalyst with an electrolyte,
where the metallic and oxide species undergo dissolution and
subsequently adsorb or coordinate to nitrogen-containing
functional groups on the carbon matrix to form M-N,-C
moieties, which are the active sites. In contrast, Wiesener!"'¥
postulated that the metal ions, Fe or Co, in the N,-metal-
lomacrocyclic complexes facilitated the decomposition of the
nitrogen-rich chelate during pyrolysis at high temperatures,
thereby leading to the formation of nitrogen-functionalized
forms of carbon, NC, which serve as the active sites.
According to this theory, the metal ions were considered to
play no role in the ORR.

2.2.3.1. Oxygen Reduction on M-N,/C Catalysts

M-N,/C catalysts exhibit the most promising activity
based on the 2017 milestone for non-platinum based fuel-
cell electrocatalysts set by the Department of Energy (DOE).
The DOE activity target for 2017 is to achieve an iR-corrected
volumetric current density of 300 Acm ™ at 0.8 V.l Zelenay
and co-workers designed M-N,/C catalysts with outstanding
activity by using polyaniline (PANI) as a carbon-nitrogen
template and Co and Fe salts."" Figure 3 (bottom panel)
shows rotating-ring disk electrode (RRDE) data for their
catalysts with different compositions and thermal treatment
temperatures under N,. The RRDE data was recorded in
H,SO, (0.5M), with the exception of the Pt/C catalyst which
was performed in HCIO, (0.1M) to avoid suppression of its
activity as a result of adsorption of bisulfate anions. Their best
catalyst PANI-Fe/C (curve 7) delivered the same current as
the state-of-the art catalyst (ETEK-Pt/C) at only 60 mV
overpotential. The catalysts pyrolyzed with both polyaniline
and the metal salts were considerably more active than those
pyrolyzed without any metal Fe or Co precursors.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Steady-state ORR polarization curves (bottom) and H,0,
yields (top) measured with different polyaniline (PANI) derived cata-
lysts and reference materials: 1. As received carbon black (Ketjenblack
EC-300); 2: heat-treated carbon black; 3: heat-treated PANI-C;

4: PANI-Co-C; 5: PANI-FeCo-C(1); 6: PANI-FeCo-C(2); 7: PANI-Fe-C;
8: ETEK Pt/C (20 ugpcm ). Electrolyte: O,-saturated 0.5m H,SO, and
0.1m HCIO, in the case of the experiment with the Pt catalyst.
Reproduced from Ref. [103] with permission from the AAAS.

Selectivity measurements reveal that the catalysts pyro-
lyzed without any metal precursors generate high proportions
of H,0,. Carbon black without any treatment reduces oxygen
nearly exclusively to H,O,. Functionalizing the carbon black
with nitrogen results in the amount of H,O, being signifi-
cantly reduced from over 70 % to less than 20 %. In contrast,
all the metal-containing catalysts generated less than 6%
H,0,. The iron-containing catalysts PANI-FeCo-C (curve 6)
and PANI-Fe-C (curve 7) generated less than 1% H,O,. The
catalysts with both Fe and Co (PANI-FeCo-C) showed
excellent performance in a H,/O, fuel cell (Figure4),
approaching the performance of Pt/C. In addition, a stable
performance was sustained for at least 700 h at 0.4 V. TEM
studies revealed that the catalyst was comprised of metal
particles encapsulated inside onionlike graphitic carbon
nanoshells.

A review by Jaouen et al.””! compared the physicochem-
ical properties of M-N,/C catalysts prepared in different
leading laboratories and found that their mass activity was in
the range of 1020 Ag™' at 0.8V versus the reversible
hydrogen electrode (RHE). Only one catalyst reached
a mass activity of 80 Ag™', or 19 Acm?, which corresponds
to one-seventh of the 2010 DOE target of 130 A cm>.'""! This
study concluded that the activity of the catalysts was limited
by the area of the microporous surface and not the absolute
amount of metal (Fe or Co) and nitrogen in the catalysts. A
low density of active sites is attributed to be one of the causes
of the relatively lower performance of M-N,/C catalysts

Angew. Chem. Int. Ed. 2015, 54, 1010210120
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Figure 4. Polarization curves for the H,/O, fuel cell recorded with

various PANI-derived cathode catalysts at a loading of 4 mgcm™2.

1: PANI-C; 2: PANI-Co-C; 3: PANI-FeCo-C(1); 4: PANI-FeCo-C(2) (stan-
dard deviations from three independent measurements marked for all
data points); 5: PANI-Fe-C. The performance of the H,/air fuel cell
with a Pt cathode (0.2 mg Ptcm ™) is shown for comparison (dashed
line). All tests used a Pt/C catalyst at a loading of 0.25 mg Ptcm 2 at
the anode; anode and cathode gas pressure: 2.8 bar. Reproduced from
Ref. [103] with permission from the AAAS.

compared to platinum, especially at low overpotentials,
as can be seen in Figure 3.

A remarkable effort to overcome this drawback
was reported by Lefevre etal. "] who employed
planetary ball-milling to fill the micropores of carbon
black with 1,10-phenanthroline or perylenetetracar-
boxylic dianhydride (PTCDA) and iron acetate fol-
lowed by pyrolysis, first in argon then in ammonia. The
best catalyst synthesized by this method achieved
a volumetric current density of 99 Acm >, which at OH
the time was very close to the 2010 DOE target of ™10
130 Acm . The main results of this study are
summarized in the H,/O, fuel cell test data presented
in Figure 5. It is worth noting that the catalyst attained
the same performance as platinum at a cathode loading
of 5.3 mgcem % The Fe content in this catalyst was
1.7%, which corresponds to a Fe loading of 17 ugcm >
for a 1 mgem 2 catalyst loading. However, the catalyst
suffered severe diffusion limitation at higher current
densities as a result of mass transport limitations within
the relatively thick catalyst layer. Durability studies
showed that only 59% of the initial fuel cell (H,/O,)
performance was retained after 100 h when operating
at 0.5 V.

More recently, a catalyst derived from a composite
of iron acetate, phenanthroline, and a zeolitic-imidazolate
framework was reported with a power density of 0.75 Wcm >
and volumetric current density of 230 Acm >, very close to
the DOE 2017 target of 300 Acm™>.""8] In this case, the
zeolitic-imidazolate framework served as the microporous
host for phenanthroline and iron acetate to achieve a high
density of active sites and increase mass transport during O,
reduction.

2.2.3.2. Mechanism of O, Reduction on M-N,/C Catalysts

Most theoretical and experimental studies support the
prevalence of a redox-type mechanism for oxygen reduction

Angew. Chem. Int. Ed. 2015, 54, 10102—10120

Ang
Internatic
1.1 : T T T
. Gore PRIMEA
1.0 s o 5510 MEA 8
-------- 400 ug Ptem®
= 09 a
S best NPMC
> 0.84 53 mgcm? 1mgem 1
-2

§ 0.7 90 g Fe cm 17 ug Fe cm?
T 06 -
o
]
@ 05
&
X 04 .

03

0.2 . T T T

0.0001 0.001 0.01 0.1 1

Currentdensity /A cm2

Figure 5. Polarization curves of a H,/O, fuel cell with the cathode
based on a Fe-N,/C catalyst at a loading of 1 mgcm™ (circles) and
5.3 mgcm2 (stars). Also included is a ready-to-use Gore PRIMEA
membrane electrode assembly (MEA; W. L. Gore & Associates) with
ca. 0.4 mg Ptcm” at the cathode and anode. Reproduced from

Ref. [107] with permission from the AAAS.
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Figure 6. Proposed mechanism for the electrochemical reduction of oxygen
catalyzed by Fe porphyrins. Reproduced from Ref. [82] with permission from
Springer Science + Business Media

on M-N,/C catalysts, similar to the mechanism proposed for
O, reduction on Fe porphyrins (Figure 6).[11%120]

According to this mechanism, the initial step of O,
reduction involves its adsorption on the active site, which is
considered to be Fe in the ferrous state (Fe’"). In aqueous
electrolytes the Fe*" ion is hydrated and exists in the form of
Fe"-OH,, with four nitrogen atoms of the form represented in
Figure 2 and an axial ligand X being additionally coordinated
to the metal. If Fe is initially in the ferric state (Fe’"),
a reduction step Fe’"—Fe®" (reaction 1) must precede the O,
adsorption step. According to Anderson and Sidik,"* H,O
bonds strongly to the Fe®" site, thus blocking it against O,
adsorption, but it does not bond strongly to Fe?", thus making
it possible for the O, to displace H,O from Fe-OH, to form
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a ferric hydroperoxo adduct (reactions 2 and 3). The inter-
mediate formed according to reaction 4 may react further
either through reaction 8 to form H,O, or through reaction 4
depending on the adsorption energy of *OOH. Weakly bound
*OOH will desorb from the surface of the catalytic site by
reacting with a proton to form H,O, (reaction8). For
relatively strongly bound *OOH, the intermediate may
react with a proton to form H,O and an oxoferryl cation
radical (reaction4a), which reacts further to form an
oxoferryl species (reaction 5b), then a ferric species (reac-
tion 6) to regenerate the original Fe™ species. Alternatively,
the ferric-hydroperoxo intermediate may proceed through
reaction 4b to form H,0, and ferrous-hydroperoxo then back
to the Fe-OH, through reaction 9 to repeat the cycle.

The interconversion of Fe*" and Fe’" during oxygen
reduction has been observed experimentally by in situ X-ray
absorption spectroscopy coupled to electrochemical measure-
ments (Figure 7a), thus justifying the validity of the redox

M. Muhler, W. Schuhmann et al.

contain such elements, their presence should not influence the
properties of the catalyst. Additionally, if the preparation of
a metal-free catalyst involves the use of metal precursors,
there should be definitive proof that no metal residues are
present in the catalyst or, if present, that their presence does
not influence its electrocatalytic properties.

The most common metal-free catalysts for oxygen reduc-
tion are comprised of carbon modified with at least one
nonmetal element, for example, nitrogen, boron, fluorine,
phosphorus, or sulfur. Simultaneous modification of carbon
with at least two such elements, for example, boron and
nitrogen, is reported to further enhance the ORR activity
compared to functionalization with only one of the individual
elements.[+13:16:17.28.34122123] 1y the case of nitrogen-modified
carbon (NC) catalysts, electrocatalytic enhancement has been
suggested to be due to a dipole effect, whereby the electron
density of the carbon atoms adjacent to the nitrogen atom is
lowered, thus favoring dissociative chemisorption of
oxygen.>™ As for boron-doped carbon catalysts, activity

enhancement is assumed to be the result of electron

)14 _ 83‘6 ) :'j FeNx-O__gsvar | enrichment of the carbon atoms adjacent to boron as
EE‘ : i — ‘1’:: v 12 —_ g:;x :: a result of the higher electronegativity of carbon relative
B Fe2¥Fed 7, 10 — 0oy | (0 bqrop.m The f.ormed B" is believed to favor
- e ) ;E FeZEfFes” =08 dissociative adsorptl.on of oxygen, thereb}}/0 leading to
g ok E /,’ % =06 four-electron reduction of O,. Yang et. al.P” thus pro-
= oz Bl of:smoss ;;o 04 posed that the presence of heteroatoms in carbon causes

0.0 .__EIV [vsRHE] 0.2 charge redistribution, regardless of the electronegativity
7120 71E4?ev 7160 7180 00 0 of the doping element. Catalytic enhancement as a result

RIA

Figure 7. a) Potential-dependent normalized Fe K-edge XANES spectra with
corresponding redox peak transition shown in the inset as a background-
subtracted square-wave voltammetry profile collected in oxygen-free 0.1 m

HCIO,. b) Fourier Transform of the extended region of the XAS spectra

collected in situ at the FeK-edge (7112 eV) of a PVAG-Fe catalyst. Reproduced

from Ref. [121] with permission from the ACS.

mechanism for the ORR on M-N,/C-type catalysts, especially
for the case of Fe-containing catalysts.['?!]

The Fe K-edge XANES spectra shows redox transition of
Fe from Fe®" at high potentials to Fe’" at lower potentials in
the potential window of 0.7V to 0.9V versus RHE, in
agreement with the results of square-wave voltammetry
shown in the inset of Figure 7a. The redox transition from
Fe?" to Fe’" is accompanied by the formation of oxygenated
adsorbates (O-Fe’"-N,) as deduced from the increase in the
intensity of the FT XAS peak at about 1.5 A at potentials
above 0.7 V (Figure 7b), with a maximum intensity at 0.9 V.
The authors concluded that these observations provided
unequivocal evidence of the direct involvement of a redox
transition of the metal ion in initiating the reduction of
oxygen.

3. Metal-Free Catalysts

3.1. Definition

A metal-free catalyst in the strictest sense is a catalyst
which is not composed of any metal elements or, if it should
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of multiple element doping was proposed by Zheng
et al.'””! to be due to a synergistic effect and a higher
density of active sites. On the other hand, Cheon
et al.'®! reported that the improvement in activity of
heteroatom-doped carbon catalysts was related to
variation of the work function of carbon as a conse-
quence of the dopant atoms. Metal-free NC catalysts
have also been prepared from carbon materials modi-
fied with polyelectrolytes, such as poly(diallydimethylammo-
nium chloride) (PDDA).'"*! In these catalysts, oxygen reduc-
tion is reported to be promoted by intramolecular charge
transfer from the carbon matrix to the PDDA.!"*! Zhang and
Xial" proposed on the basis of their density functional
theory calculations on nitrogen-doped graphene that any
chemical species in the form of a substitution or attachment
on graphene which induces high asymmetric spin density and
atomic charge density could promote high electrocatalytic
activity for the ORR.

3.2. Nitrogen-Doped Carbon (NC) Catalysts

The method used for the synthesis of NC catalysts
depends on the properties and type of carbon used as well
as the desired properties of the final catalyst.’121921.127l The
carbon materials include carbon blacks, multi-walled carbon
nanotubes (MWCNTSs), single-walled carbon nanotubes
(SWCNTs), mesoporous carbon, and graphene. The methods
for the synthesis of NC catalysts can generally be grouped in
two categories, namely, direct growth and postsynthesis. In
direct growth, the doping of carbon with nitrogen takes place

Angew. Chem. Int. Ed. 2015, 54, 1010210120


http://www.angewandte.org

Electrocatalysts

during the synthesis of the carbon nano-
structures. A typical example of this
method is chemical vapor deposition
(CVD) of a volatile nitrogen-containing
organic compound, using metals, typi-
cally iron or cobalt, as cata-
lysts,[12:14125-130]

In situ CVD methods generally pro-
duce nitrogen-doped nanotubes or
nanofibers or nitrogen-doped gra-
phene.'"” The postsynthetic approach
involves treatment of carbon (graphene,
CNTs, carbon black) with a reactive
nitrogen agent, for example, with
a nitrogen plasma or ammonia gas.”**!
Miillen and co-workers!"*!! reported the
synthesis of hierarchically porous nitro-
gen-doped carbon using nitrogen-rich
aromatic polymers as nitrogen and
carbon sources and colloidal silica as
a template. In a related study, the same
group also reported the synthesis of 3D-
hierrachical porous NC catalysts with
a super-high surface area (2191 cm*g™")
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Figure 8. Preparation of nitrogen-doped graphene to give different forms of nitrogen-functional-
ized carbon. N-RGO 550, 850, and 1000 °C were prepared by annealing graphene oxide (G-O) at
550°C, 850°C, and 1000°C under NH;. PANi/RG-O and Ppy/RG-O were prepared by annealing
composites of polyaniline and polypyrrole, respectively, with G-O at 850°C. Reprinted from

Ref. [32] with permission from the RSC.

by using polydopamine-modified mixed
cellulose ester filter films as a sole
template, in what they termed
“mussel-inspired surface chemistry”.l"!

Mesoporous NC catalysts with very high surface areas
(BET> 1500 m*g~") prepared by carbonization of nitrogen-
rich compounds and biomass materials including carbohy-
drates and nucleobases dissolved in ionic liquids have been
reported by Antonietti and co-workers."*13 NC catalysts
are nowadays widely prepared by controlled degradation of
nitrogen-rich biomass at high temperatures under an inert gas
or by reaction with a reactive nitrogen carrier such as
ammonia.['*>1%]

To understand the intrinsic activity of the different forms
of nitrogen-functionalized carbon, it would be desirable to
achieve the tailored synthesis of specific forms of the nitro-
gen-modified carbon.”” This, however, turns out to be a very
challenging task. Many syntheses invariably yield 2-3 types of
nitrogen functionalization, so that the product contains
a mixture of graphitic, pyridinic, and pyrrolic species.

There are a few examples which demonstrate the con-
trolled selective synthesis of specific functional groups.**!¥"]
For example, Figure 8 summarizes an example of the tailored
synthesis of pyrrolic, pyridinic, and graphitic carbon reported
by Lai et al.®” In particular, it was observed that annealing
graphene oxide with ammonia preferentially formed graphitic
and pyridinic nitrogen centers, while annealing a composite of
polyaniline with reduced graphene oxide and polypyrrole
with reduced graphene oxide tended to generate pyridinic
and pyrrolic nitrogen moieties, respectively.

There is wide disagreement in the literature, from both
experimental and theoretical perspectives, on the nature of
the active sites of NC catalysts, and the relative importance of
the pyridinic, graphitic, and pyrrolic nitrogen groups, includ-
ing the the role of defect sites."* For example, a combined
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experimental and theoretical study by Sidik et al.*® on the
electrocatalysis of oxygen reduction on nitrided Ketjenblack
concluded that the active sites for oxygen reduction in H,SO,
(0.5M) were carbon radical sites formed adjacent to nitrogen
in the graphite structure, and H,O, peroxide was the main
product of oxygen reduction. The authors also concluded that
substitutional nitrogen atoms far from the graphite sheet
edges were active, while those close to the edges were less
active. Meanwhile, DFT calculations performed by Oka-
moto!®! concluded that the adsorption energy on N-doped
graphene becomes energetically favorable as the number of N
atoms around a C=C bond increases and that both the 4¢™ and
the 2e~ electron transfer pathways are feasible.

On the basis of this model, one may conclude that carbon
nitride should posses very high ORR activity and be able to
selectively reduce O, to water through the four electron
transfer pathway. However, experimental studies by Lyth
et al.l"®! are not consistent with the prediction by Okamoto.
Kim et al.”” proposed a mechanism where both pyridinic and
graphitic nitrogen atoms are involved in one catalytic cycle
during oxygen reduction (Figure 9). According to this mech-
anism, the outermost graphitic nitrogen atom provides the
most favorable energetics and electron-transfer conditions to
facilitate the reduction of O, selectively through the four
electron transfer pathway rather than the two electron
transfer pathway. In the course of the reaction, the graphitic
nitrogen atom is believed to convert into pyridinic-like
nitrogen atoms in a subsequent coupled electron-proton
transfer step through breaking of a C—N bond.
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Figure 9. The proposed ORR catalytic cycle with nitrogen at a graphitic
edge site. The catalytic cycle shows only the catalytically active part of
a graphene nanoribbon (GNR) edge. Arabic numerals next to the
arrows in parentheses denote the reaction steps. Reproduced from
Ref. [37] with permission from the RSC.

3.3. Origin of the Controversy of the Role of Metals

One of the most influential publications on metal-free
catalysts for oxygen reduction was by Gong et al.'” In this
study, vertically aligned nitrogen-containing CNTs (VA-
NCNTs) were synthesized by pyrolysis of iron(II) phtha-
locyanine. The residual metal catalyst was removed by acid
leaching.

The authors concluded on the basis of the absence of
a signal from Fe during XPS analysis that the residual metal
catalyst was completely removed by the acid-washing
procedure. The resulting catalyst exhibited higher activity
for the ORR in KOH (0.1m) than Pt/C, the state-of-the-art
catalyst for oxygen reduction (Figure 10). The authors
proposed that the incorporation of electron-accepting
nitrogen atoms in the conjugated nanotube carbon plane
apparently imparts a relatively high positive charge density
on the adjacent carbon atoms, which acts as the active sites.

Winther-Jensen et al."* reported fast oxygen reduction
on a vapor phase polymerized PEDOT electrode synthe-
sized using iron(IIl) para-toluenesulfonate (Fe"'PTS) as
the oxidant. The involvement of Fe in the electrocatalytic
reduction of O, was precluded on the basis of CO poisoning
tests. This study, however, contradicts observations that the
presence of CO does not poison Fe active sites.!'*74]

Metal-free NC catalysts have mostly been investigated
in alkaline electrolytes, where they show more promising
performance.[l,2.5.7,9,19,20,22,24.25,106,133,136.144,145] Studies in e]eC'
trolytes with a low pH value show drastically lower
activity.** M-N/C catalysts were developed in the
late 1970s and became widely investigated in the 1980s.
Throughout the 1980s, it was widely believed that both the
metal and nitrogen were crucial for the formation of active
sites.F> 194119 However, a group led by Wiesener!"¥ dis-

M. Muhler, W. Schuhmann et al.

pelled the involvement of the metal in the active sites.
Bouwkamp-Wijnoltz et al.* noted that high-temperature
pyrolysis of M, N, and C precursors produces considerable site
heterogeneity in electronic terms and that only a fraction of
the Fe-N, sites were involved in the electrocatalytic reduction
of O,. Kobayashi etal” pyrolyzed a mixture of cobalt
phthalocyanine and a phenol resin polymer at 1000°C and
they employed X-ray absorption fine structure (XAFS)
analysis and hard X-ray photoemission spectroscopy
(HXPES) to probe the composition of the resulting catalysts
before and after acid washing. The authors observed that the
catalyst contained metallic cobalt after pyrolysis, which was
not completely removed by acid washing. However, despite
clearly observing residual cobalt, the authors ruled out its
involvement as part of the active sites nor its indirect
contribution in the electrocatalytic process. In a related
study involving the pyrolysis of a mixture of iron phthalo-
cyanine and a phenol resin polymer at 800°C, the same
authors observed that acid washing removed only 36 % of the
available Fe.l* The residual Fe existed in the form of carbide
(Fe;C), which the authors claimed to accelerate the growth of
sp>-hybridized carbon during pyrolysis. Acid washing did not
alter the electrochemical properties of the catalysts, which led
the authors to conclude that the metal residues did not
participate in the oxygen reduction.

a)

0)

-1.2 -0.8 -0.4

Figure 10. a) Cyclic voltammograms for oxygen reduction at the unpurified
(upper) and electrochemically purified (bottom) VA-NCNT/GC electrodes
in argon-protected (dotted curves) or air-saturated 0.1 M KOH (solid red
curves) at a scan rate of 100 mVs~'. b) RRDE voltammograms and the
corresponding amperometric responses for oxygen reduction in air-satu-
rated 0.1 M KOH at the NA-CCNT/GC (curves 1 and 1'), Pt-C/GC (curves 2
and 2'), and NA-NCNT/GC (curves 3 and 3') electrodes at a scan rate of
10 mVs™', 1400 rpm, with a ring potential of 0.5 V. ¢) RRDE voltammo-
grams for oxygen reduction in air-saturated 0.1m KOH at Pt-C/GC

(curve 1), VA-CCNT (curve), and VA-NCNT (curve 3) electrodes. d) Calcu-
lated charge density distribution for the NCNTs. e) Possible adsorption
modes of an oxygen molecule at the CCNTs (top) and NCNTs (bottom).
Reproduced from Ref. [15] with permission from the AAAS.
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3.4. Effect of Acid Washing

Carbon materials are often treated with mineral acids to
remove metal residues.>*>1#13 However, Pumera!” noted
that the treatment of MWCNTs and SWCNTs with concen-
trated HNO; at 80°C removed a maximum of 88 wt % of the
residual metal impurities. It was concluded on the basis of this
finding that treatment of CNTs with HNO; removes most of
the surface metal impurities, but not metal impurities encased
within the CNTs. Jurkschat etal.’® observed that even
prolonged acid washing (for at least 36 h in 2m HNO;),
which they termed “super washing”, did not lead to complete
removal of iron impurities from SWCNTs. In a related
finding, in which an NC catalyst synthesized by CVD of
acetonitrile using Fe as the growth catalyst was washed in 1M
HCI for up to one week, the residual Fe (determined using
ICP-OES) initially decreased but then reached a steady state,
where further washing did not leach out any more Fe. This led
to the conclusion that the Fe which could not be removed was
encased inside the carbon and thus not accessible to the
acid.® Partial oxidation of the CNTs to expose buried metal
species followed by acid leaching was proposed to increase
the efficiency of the removal of metal residues. However, this
was observed to destroy the CNTs."*! Harutyunyan et al.l'*"
proposed an approach for the purification of SWCNTs which
involved microwave treatment followed by refluxing in 4m
HCI. This procedure significantly reduced the amount of
metal residues to 0.2 wt% (ca. 0.04 atom % ). It is important
to note that even such an aggressive treatment, which is
detrimental to the integrity of the SWCNTs, could not
completely remove all the metal residues. Therefore, acidic
treatment alone does not thoroughly remove all the metal
impurities from carbon materials, especially when the metals
are encapsulated inside CNTs or protected by graphitic layers.

3.5. Methods for Accurate Determination of Trace Metals

The accuracy of the determination of trace metals is very
much dependent upon the method employed. Probably, for
reasons of ease of accessibility, X-ray photoelectron spec-
troscopy (XPS), X-ray diffractometry (XRD), thermogravim-
etry, inductively coupled plasma-optical emission spectrosco-
py (ICP-OES), and scanning/transmission electron microsco-
py (S/TEM) with energy dispersive X-ray analysis are the
mostly commonly used techniques for probing metal residues
in NC catalysts. However, these might not suffice to
determine residual metals at very low concentrations, espe-
cially when the metals are encapsulated inside graphitic
layers, as in the case of CNTs. Metal particles inside CNTs
may remain electrochemically addressable. For example,
a recent study by Bao and co-workers!”! found that Fe
particles inside CNTs promote the electrocatalytic reduction
of O,. We demonstrated that XPS was incapable of detecting
the presence of 0.1 wt % Fe in nitrogen-functionalized carbon
black, a concentration which considerably promoted the
reduction of 0,."*! Kolodiazhnyi and Pumera”! gave
a critical analysis of the accuracy of a variety of methods for
the determination of metal impurities in CNTs. The authors
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recommend ICP-OES as one of the most reliable methods for
the determination of metal impurities in carbon materials.
However, the accuracy of ICP-OES depends very much on
the sample pretreatment process.'” Microwave-assisted
digestion was recommended to increase the reliability of
ICP-OES.®2 However, it should be noted that microwave-
assisted digestion demands the use of larger volumes of the
acid and longer digestion times. Nevertheless, this may be
overlooked if accuracy is the ultimate objective. Besides ICP-
OES, other methods that are capable of detecting ppm
amounts of metal residues with reasonable accuracy include
neutron activation analysis (NAA), magnetic susceptibility,
and X-ray fluorescence analysis (XRF).["”

4. Comparison of Metal-Free and Metal-Containing
NC Catalysts

Throughout the 1980s and 1990s, and before 2010, most of
the research on the ORR focused on acidic electrolytes
because of the great interest in the development of proton
exchange membrane (PEM) fuel cells during this period.[*!1?!
The great interest in PEM fuel cells was propelled by the
discovery and popularity of Nafion, a sulfonated tetrafluoro-
ethylene-based polymer which is chemically and mechanically
very stable and has a high proton conductivity."*! The
deployment of Nafion as an acidic solid electrolyte yielded
fuel cells with a high energy density and which did not suffer
from many of the problems that hampered the widespread use
of alkaline fuel cells, despite their early success in space
exploration missions. However, there has been a resurgence
of interest in the electrocatalytic reduction of O, in alkaline
electrolytes for about a decade. This interest is driven by the
improved design of modern alkaline fuel cells and the
prospect of developing competitive hydroxide-exchange
membranes.**1! Electrocatalytic reduction of O, under
alkaline conditions benefits from the fact that, because the
reaction is faster under alkaline conditions, several classes of
nonprecious-metal catalysts can satisfactorily substitute plat-
inum."> At the height of interest in nonprecious catalysts for
PEM fuel cells, M-N,/C catalysts were the most promising,
and a wealth of literature data exists on the electrocatalytic
properties of oxygen using M-N,/C catalysts in acidic electro-
lytes compared to similar studies in alkaline electrolytes.’™
Despite metal-free catalysts having only recently been
discovered, progress on their development has been remark-
able and there is widespread intensive research activity in this
field.l'” These developments benefit from improved under-
standing of the crucial structural properties that influence
activity.’”! It has to be stressed that most studies of oxygen
reduction on metal-free catalysts have been performed in
alkaline electrolytes, where the catalysts apparently show
promising competitiveness in relation to M-N,/C and Pt-
based catalysts. Therefore, in discussing the role of metals in
NC, we present examples for acidic and alkaline electrolytes
separately.
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4.1. ORR on NC and M-N,/C Catalysts in Acidic Electrolytes

In acidic electrolytes, totally metal-free NC catalysts
perform considerably worse than M-N,/C and Pt-based
catalysts, with H,O, being the main product.3+156157]
Figure 11 shows a compilation from at least 30 literature
sources, expounding on the data reported by Dodelet!* and
others™® 11 of the average potential corresponding to
a current density of —1 mA cm 2 for metal-free NC, M-N,/C
(M =Co and Fe), and Pt-based catalysts.

Irrespective of the type of electrolyte, the results clearly
indicate that the catalysts containing either Co or Fe are much
more active than metal-free NC catalysts. The average
potential of metal-free catalysts in acidic electrolytes (0.52 V)
is lower than that of Fe-N,/C catalysts (0.83 V) by at least
0.31 Vand that of Pt-based catalysts (0.93 V) by at least 0.41 V.
These differences become smaller in alkaline electrolytes,
although the superiority of the M-N,/C and Pt-based catalysts
is maintained. Although it is apparent from this summary that
the presence of either Co or Fe decreases the overpotential for
O, reduction, it does not directly answer the question of
whether the metals are essential entities of the active sites or
not, and, if they indeed are, whether they are intrinsically more
active than the active sites of metal-free NC catalysts.

4.2. ORR on NC and M-N,/C Catalysts in Alkaline Eectrolytes

Examples of the role of metals on the electrochemical
ORR activity of nitrogen-doped carbon catalysts in alkaline
electrolyte are illustrated in Figure 12. It is noteworthy that
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Figure 11. A plot of the average potential (RHE) corresponding to
a current density of —1 mAcm ™2 compiled from at least 30 literature
sources, including the data reported by Dodelet*” and others.[**'¢1
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differences in experimental standards across laboratories give
rise to widespread discrepancy in literature data.

A notable challenge is inconsistency in the presentation
and interpretation of rotating disc electrode (RDE) and
rotating-ring disc electrode (RRDE) measurements designed
for kinetic analysis of the ORR. The nitrogen-doped gra-
phene (NG) in Figure 12a was prepared by pyrolysis of
exfoliated graphene (Ex-G) with urea, while iron(II) acetate
was added to the pyrolysis mixture for the composite Fe-NG.
On the basis of Levich’s Equation for RDE voltammetry,
ip = 0.62nFAD*?v™°Cw'?, where iy, is the diffusion limited
current, n is the number of electrons transferred, F is
Faraday’s constant (96485 Cmol ™), D is the diffusion coef-
ficient of oxygen in KOH (0.1m), v is the kinematic viscosity
of the electrolyte, C is the concentration of oxygen in the
electrolyte, and w is the angular velocity of electrode rotation,
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Figure 12. a) Voltammograms recorded at 10 mVs~" and 900 rpm in
oxygen-saturated KOH (0.1 M) of thermally exfoliated graphene (Ex-G),
nitrogen-doped graphene (NG), and a composite of NG containing Fe.
Reproduced from Ref. [161] with permission from the ACS. b) Voltam-
mograms at 10 mVs~' and 1500 rpm in O,-saturated KOH (0.1 m)
boron-doped graphene (B-graphene), nitrogen-doped graphene (N-
graphene), hexagonal boron nitride (h-BN-graphene), graphene co-
doped with boron and nitrogen (B,N-graphene, and Pt/C. Reproduced
from Ref. [17] with permission from Wiley. c) Comparison of the ORR
activities of NC containing various metals. Reproduced from Ref. [162]
with permission from the ACS.
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and assuming C=12x10"molcm?, D=1.9x10" cm?s",
and v=0.011 cm?s™!, the diffusion-limited current would be
expected to be around 2.85 and 5.7 mA cm %, respectively, for
two- and four-electron reduction of O, at a rotation speed of
1600 rpm."*!! By using these values as a quick estimation, one
sees that NG would reduce O, predominantly through the two
electron transfer process, while the reduction of O, on Fe-NG
would follow an intermediate mechanism between two and
four electrons.

To a large extent, most NC catalysts prepared without the
involvement of any metal precursors reduce oxygen through
the two electron transfer step, thereby leading to the
formation of hydrogen peroxide, or through a mechanism
involving both the four and the two electron transfer steps,
with the average number of electrons being between two and
four.”'! One notable feature of nitrogen-doped carbon
catalysts which is rarely discussed is their high activity
towards the decomposition of hydrogen peroxide 212

Maldonado and Stevenson!"® performed analysis of the
heterogeneous decomposition of hydrogen peroxide at N-
doped carbon nanofibers (N-CNFs) and observed that the
rate of decomposition of hydrogen peroxide on N-CNFs was
tremendously increased by about 100 fold relative to the
nondoped CNFs. We observed in a recent study that metal-
free NC catalysts disproportionate hydrogen peroxide nearly
as fast as Fe-N,/C catalysts and that decomposition of
hydrogen peroxide is an important reaction step in the
reduction of O, on this type of catalysts.*’!

The results reported in Figure 12b also support the
electroreduction of O, by the two electron transfer pathway
on N-graphene, as estimated from the diffusion-limited
current on the basis of Levich’s RDE Equation, and there
are a number of reports consistent with these exam-
ples [916.38.4447.4865.19.126.136.163.164] [ Fjgure 12¢, the catalytic
activity of a metal-free NC catalyst is seen to be extremely
enhanced in the presence of transition metals."®” Catalytic
enhancement has also been observed to increase with metal
loading up to a certain point.[***721% The ORR activity of
metal-free catalysts is generally considerably lower than that
of Pt/C (Figure 12b) and there are many similar examples in
the literature. [

The essential parameters necessary for a high ORR
activity of NC catalysts include a high active site density, high
surface area, a high porosity to facilitate mass transport, and
a high degree of graphitization to achieve high electrical
conductivity.?>1%! Therefore, discrepancy between the
results on the selectivity of the ORR on NC catalysts could
be partly explained on the basis of differences in these factors.
The properties of the carbon matrix used are, therefore, very
crucial. To achieve a high active site density, the amenability
of a given carbon matrix to functionalization is, therefore,
perhaps even more crucial than the nature of the carbon
matrix itself. As a consequence of the hydrophobic nature of
carbon, its oxidation to introduce oxygen groups on the
surface renders it more hydrophilic and hence more amenable
to further functionalization.'®! Oxidative pretreatment of
carbon has actually been demonstrated to yield catalysts with
enhanced ORR activity.["147]

Angew. Chem. Int. Ed. 2015, 54, 10102—10120

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

The paradox with M-N,/C catalysts is that their synthesis
also yields nitrogen-functionalized carbon species which are
not coordinated to the metal.l'¥] Therefore, M-N,/C catalysts
do not exclusively contain only M-N,/C-type active sites
per se, but also contain active sites akin to NC-type catalysts.
In this case, it becomes difficult to resolve the fraction of
oxygen reduced on M-N,/C sites and that reduced on NC-type
sites. Most theories of the active sites of M-N,/C and NC
catalysts are based on deductions from ex situ physicochem-
ical characterizations, including XPS, time of flight-secondary
ion mass spectroscopy (TOF-SIMS), X-ray absorption spec-
troscopy (XAS) including XANES and EXAFS, Mossbauer
spectrometry, XRD, Raman spectroscopy, transmission elec-
tron microscopy (TEM), scanning electron microscopy
(SEM), Brunauer-Emmett-Teller (BET) surface area deter-
mination, and the degree of porosity. However, information
acquired from ex situ measurements may not be of relevance
in an electrochemical environment. In the case of the metal-
free catalysts, although some studies report performance
nearly as good as Pt or M-N,/C-type catalysts in alkaline
electrolytes, the physicochemical information available from
standard characterization techniques does not provide con-
clusive evidence on why the same metal-free catalysts
perform a lot worse than Pt and M-N,/C catalysts in acidic
electrolytes. One therefore recognizes that only in situ
observations can provide reliable information about the
nature of active sites and the mechanism of the ORR.

Direct observation of the involvement of the metal ions in
M-N,/C type catalysts as active centers during the ORR has
been achieved with various in situ techniques including X-ray
absorption spectroscopy,!?1* Mossbauer spectroscopy,® and
by electrochemical measurements.'>1%! For example, in
a recent study, Mukerjee and co-workers™! observed that
oxygen reduction on Fe-N,/C in H,SO, (0.5M) commences at
a potential coinciding with the Fe*"—Fe’" redox transition, in
excellent agreement with the redox-type mechanism proposed
in Figure 6. More interestingly, the intensities of the Fe*'/Fe*"
signal diminished when CN™ ions were introduced into the
electrolyte and was accompanied by a concomitant decline in
the ORR activity. These findings strongly support the theory of
the direct involvement of metal ions as an essential part of the
active sites. Iron is a very common impurity in many
commercial products. It is usually introduced when these
chemicals are synthesized in stainless-steel reactors. For
example, perylenetetracarboxylic dianhydride was found to
contain about 1600 ppm Fe, enough to influence the ORR
when it was used as a carbon precursor in the synthesis of
a metal-free NC catalyst."® As one would expect, metals or
metal ions are electroactive and will naturally undergo redox
transition or mediate in electrode reactions when the electrode
is at a suitable potential. The extreme sensitivity of voltam-
metric responses on trace impurities of Fe was highlighted by
Trotochaud et al.,'® where the voltammetric features of
a Ni(OH),/NiOOH redox couple varied considerably in the
presence of less than 1 ppm Fe and produced a pronounced
effect on the O, evolution activity of the electrode. XPS
showed that Fe was incorporated within the Ni(OH),/NiOOH
film. We observed a dramatic increase in ORR activity when as
little of 0.05wt% Fe was introduced in a metal-free NC
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catalyst. These observations underpin the drastic effects that
metal impurities can impart on voltammetric measure-
ments.**] To further highlight the influence of metal inclu-
sions in NC catalysts, we present and discuss in Section 4.3
examples of poisoning tests by using specific anions as probes
to mask and exclude the involvement of metal ions in the
electrochemical reduction of oxygen.

4.3. ORR Poisoning Tests

The ability of Fe to coordinate specific anions has been
utilized as a means to probe its involvement in the electro-
catalytic reduction of O,. According to the redox mechanism
for O, reduction on M-N,/C catalysts (Figure 6), the reduction
of O, is expected to precede its adsorption on Fe*'. The
rationality of the poisoning test is that if another molecule or
ion competitively binds on Fe’*, it masks the coordination
sites that would be otherwise available for the adsorption of
O,, thus inhibiting the ORR.

CN~ ions are known to readily coordinate with Fe. Yeager
and co-workers!'®! employed CN~ ions to probe the redox
properties of cobalt and iron phthalocyanine as well as the
involvement of the metal ions in the ORR in NaOH (0.1m). A
decrease or even complete disappearance of redox peaks
characteristic of Co%/Co", Co'/Co™, and Fe'/Fe™ was
observed in the presence of CN™ ions, concomitant with
a drastic decline in the electrocatalytic current for ORR. A
change in the mechanism from a four electron transfer
pathway to a two electron pathway was also observed when
NaCN (1.0 mm) was added to the electrolyte. In the case of
cobalt tetramethoxyphenylporphyrin, the reduction of O, was
inhibited by at least 120 mV in addition to a decline of the
diffusion-limited current. Interestingly, the catalysts regained
nearly their full activity upon rinsing, thus confirming that the
metal ions were directly involved as active sites. More
recently, Thorum et al.'"! observed diminished activity of
iron phthalocyanine (FePc) in the presence of CN~, thus
suggesting that the CN™ ions compete with O, for the active
sites (Figure 13).

The authors concluded that the active sites for the ORR in
FePc, both before and after pyrolysis, were iron-centered.
Several other anions and molecules have been investigated as
possible poisoning agents, including CO, Br~, ClI", F~, SCN,
H,S, SO,, and ethanethiol (EtSH).1#217017 Among these
agents, CN™, H,S, and SCN™ show the best inhibitory effects
and have been employed in other studies to demonstrate Fe-
centered ORR electrocatalysis.®*®1™ Liu et al.l®® also
observed a decrease in the activity of an Fe-N,/C catalyst
when exposed to KCN. In similar studies, a poisoned Fe-based
catalyst regained most of its activity after washing it in water
before retesting the electrodes in clean electrolyte.[”! The
Murkejee research group!™®! also employed CN~ ions to
probe Fe-centered activity in Fe-N,/C catalysts. In their
studies, the ORR was recorded first in the absence of CN~
and then in the presence of CN~ in KOH (0.1m) and in HCIO,
(0.1m). Significant increases in the overpotential for O,
reduction and a decline in the catalytic current were observed
in the presence of CN™ ions in both KOH and HCIO,.
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Figure 13. RDE measurements of O, reduction by carbon-supported
FePc (blue lines) and pyrolyzed carbon-supported FePc (red lines) in
O,-saturated 0.1m NaOH alone (solid lines) and containing 10 mm
KCN. Reproduced from Ref. [141] with permission from the ACS.

RRDE results revealed that whereas the poisoning effect
did not affect the mechanism of O, reduction in HCIO,
(0.1m), there was an evident alteration in the mechanism in
KOH (0.1m) from a four to a two electron transfer process
that led to considerable generation of H,0,.!! The residual
catalytic effect was attributed to the NC moieties, which are
not expected to be poisoned by the CN™ ions. This study
further confirms that NC sites predominantly reduce O,
through the two electron transfer pathway to form H,O,.

The examples in Figure 14 show inhibition of Fe-centered
electrocatalytic O, reduction when using SCN ™ and H,S as the
poisoning agents. In Figure 14a, SCN™ ions were used to
probe the involvement of Fe-containing moieties in a catalyst
comprised of Fe-N,/C and perovskites in the electrocatalytic
reduction of O, In this case, voltammograms were
recorded in O,-saturated 0.lm KOH before and after
immersing the electrode in KSCN (5.0 mm) for 1h. Fig-
ure 14a shows a comparison of the ORR before and after
exposure of the electrode to SCN™ ions. An increase in the
overpotential of 50 mV at —4 mAcm 2 and a current loss of
0.5mAcm? at 0.5 V were observed after the poisoning test,
thereby indicating that Fe was directly involved in the
electrocatalytic reduction of O,. Since SCN™ ions can
coordinate strongly on Fe" and Fe™, the decline in the
current was attributed to lower availability of Fe-containing
active sites.

Singh et al.l'! investigated the possibility of using H,S as
a poisoning agent to probe the active sites in Fe-N,/C catalysts
by using two approaches. In the first approach, a Fe-N,/C
catalyst was subjected to thermal treatment at 350°C under
an atmosphere of H,S, and the effect of this treatment on the
ORR was investigated by RDE voltammetry in H,SO,
(0.5m). For comparison, the catalyst was also treated under
similar conditions but in the presence of NH;, H,, and Ar. The
sample treated under H,S exhibited an overpotential of at
least 30 mV higher for the ORR than the samples treated
under NH; and Ar, thus indicating that the presence of H,S
poisoned the catalyst. In the second approach, H,S (500 ppm)
was introduced into the electrolyte by bubbling for at least
75 min. In comparison with the electrolyte free of H,S, a net
activity decline was observed, with a higher overpotential and
lower catalytic current (Figure 14b) in the electrolyte con-
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Figure 14. a) Background-corrected voltammogram recorded at

10 mVs™" with Fe-N,/C/L58SCF before and after immersion of the
electrode in 5 mm KSCN for 1 h, in O,-saturated KOH (0.1 ™) and at
an electrode rotation of 2500 rpm. Reprinted from Ref. [172] with
permission from the RSC. b) ORR activity measurements of FeNC-Ar-
NH; by RDE in O,-saturated 0.1 M HCIO, before and after in situ
exposure to H,S at 500 ppm. Reprinted from Ref. [171] with permission
from the ACS.

taining H,S. The loss of activity was ascribed to blockage of
the Fe-containing active sites because of the binding of H,S to
the metal.l'"

4.4. The Role of the Metals

By considering the examples discussed herein and other
reports from the literature, we may conclude that the metal
plays either a direct or an indirect role in M-N /C catalysts. It
is important to bear in mind that if metal-free catalysts are
synthesized using metal precursors (for example, as catalysts
for CVD or as precursors during pyrolysis), they may contain
metal residues that are difficult to remove completely. This is
particularly true if the metal residues are encapsulated inside
graphitic structures, or if they are stabilized in forms that
make it difficult to leach them out using mineral acids.!”-!®!
Metal impurities in carbon materials can drastically affect
electrochemical reactions.”'”! For example, it was demon-
strated that metal impurities within CNTs were responsible
for the oxidation of hydrazine on CNTs,” while iron oxide
residues from the synthesis of CNTs by CVD were shown to
dominate the electrocatalytic detection of H,O, on the
CNTs.™ The poisoning tests discussed in the preceding
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section provide unequivocal evidence of the involvement of
metal ions in electrocatalyzing the ORR.

4.4.1. Direct Interaction

In this case, the metal is directly involved in the mediation
of O, reduction as an active site, and its reduction takes place
through the redox-type mechanism outlined in Figure 6.
Poisoning studies using anions which specifically coordinate
on Fe give conclusive evidence of the direct involvement of Fe
in the active sites or in activating the active sites. Atannasov
and co-workers!'™ proposed dual active sites in Co-N,/C
catalysts, where the N-modified carbon moieties catalyze the
reduction of O, to H,0O, while oxide-covered cobalt particles
catalyze the decomposition of the formed H,O,.

4.4.2. Indirect Interaction

The indirect contribution of metals applies to the case
where the metals do not directly interact with O, but where
the electronic properties of the active sites in NC are modified
by virtue of the presence of metal entities, as may be the case
of metal particles encapsulated inside CNTs. The Bao research
group’®”! recently reported the synthesis of O, reduction
catalysts with Fe encapsulated in peapod-like CNTs by
subjecting a mixture of sodium azide and ferrocene to
pyrolysis at 350°C in N,. The use of (NH,),[Fe(CN)y]-x H,O
instead of ferrocene as an iron precursor led to an enhance-
ment in activity, which was ascribed to functionalization of the
active sites with nitrogen. Poisoning tests using CN~ ions did
not affect the ORR activity, thus leading the authors to
conclude that Fe promotes the ORR without directly inter-
acting with it. Some studies thus suggest that metals only
promote the formation of graphitic nitrogen and a high degree
of sp>-hybridized carbon necessary for ensuring high electrical
conductivity.”" 17"l One may argue that if this is to be true,
a theory would be required to explain why Fe- and Co-
containing M-N,/C catalysts and not Ni, Mn, and Mo tend to
yield catalysts with the highest ORR activity. Peng et al.l'*
proposed that metals are involved in a variety of functions,
including catalyzing the formation of NC structures, regulating
the morphology, surface area, and pore structure of the NC
catalyst, and participation of the metal residues in the ORR.

4.4.3. Utilization of Residual Metals for Electrocatalysis

Metal residues encapsulated in CNTs can be exposed and
utilized for electrocatalysis. In a recent study, we synthesized
NCNTs by chemical vapor deposition using spinel-type
cobalt-manganese-based mixed oxides as the growth catalyst
and pyridine as the nitrogen and carbon precursor. After
washing the NCNTs with HNO; to remove surface-exposed
residual metal particles, encapsulated metal residues inside
the NCNT were exposed by oxidative thermal scission with
simultaneous oxidation, thereby leading to formation of
partially exposed metal oxides embedded in the CNTs. The
resulting materials were highly active for both O, reduction
and O, evolution™ Recently, Bao and co-workers®™
reported the synthesis of NCNTs encapsulating Fe, Co, and
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FeCo nanoparticles by controlled exposure of the metals and
demonstrated their application as very active electrocatalysts
for the hydrogen evolution reaction in acidic electrolytes. In
a related study, Deng et al.’”! developed a very active and
stable O, reduction catalyst comprised of Fe particles
encapsulated inside CNTs. Li et al.®! unzipped MWCNTs
to expose Fe, and by a further treatment step with NHj3, they
were able to transform them into a very active and stable
catalyst for O, reduction under both acidic and alkaline
conditions. To probe whether Fe was involved in the active
sites, the authors added CN™ ions to the electrolyte and
observed a degeneration of activity, thus suggesting that Fe
was directly involved as part of the active site(s). In related
studies, it was demonstrated that metal impurities interca-
lated within the graphene lattice of CNTs were chemically
accessible and participated in the redox chemistry of bio-
markers by intercalation of molecules within the CNT
lattice.'**!

5. Stability of M-N, /C and NC Catalysts

M-N,/C catalysts are top contenders among non-platinum
O, reduction catalysts.® 117 Their greatest drawback,
which has hampered commercial deployment, is the rapid
decay of their activity, especially in acidic electrolytes. The
longest stability tests of M-N,/C in fuel cells have lasted only
a few hundred hours, thus falling far short of the DOE target
of at least 5000 h.'' Moreover, most of these tests are often
performed at much lower cell voltages, typically 0.3—
0.5 V1031071561701 For example, a hydrogen/air fuel cell
(PEM) operating at 0.6 V with Fe-PANI/C as the cathode
and JM-Pt/C as the anode lost over 75% of its activity within
10 h.1"1 On the other hand, fuel cells with Fe-PANI/C or Co-
PANI/C as cathodes and Pt/C as the anode and running at
0.4 V were able to sustain relatively stable performances for
only about 200 h.'! Future research on M-N,/C should focus
on strategies for improving the stability of the catalysts.””!
Some recent and promising strategies for stabilization of M-
N,/C-type-catalysts include partial® or complete encapsula-
tion of the metals in CNTs!** or in graphitic layers to protect
them from acidic attack. A H,/O, fuel cell operating on Fe
encapsulated within podlike CNTs as the cathode and Pt/C
(JM) as the anode sustained relatively stable performance for
at least 200 h at a cell voltage of about 0.40 V.[*7)

Stability tests on metal-free NC catalysts in fuel cells have
rarely been reported. Most stability tests are based on simple
potentiostatic or galvanostastic tests in three-electrode elec-
trochemical cells.”®'**'> A fuel cell based on an anion-
exchange membrane using nitrogen-doped CNTs as the
cathode and Pt/C as the anode delivered a stable current of
20 mAcm~ for 30 h at a cell voltage of 0.65 V.’ This cell
voltage was, however, about 120 mV lower than a similar cell
using a Pt/C cathode at the same current density. NC catalysts,
however, demonstrate very stable performance in Zn/air
batteries, with a performance rivaling that of plati-
. [131:140.160]

Unlike the M-N,/C catalysts, whose performance decline
when they lose their metal ions, the degradation mechanisms
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of NC catalysts are not well understood yet. However, it is
expected that fuel cells using NC catalysts as the cathode
catalyst should experience detrimental effects from H,O,, if
this is formed during the ORR. Future efforts should,
therefore, focus more on testing NC catalysts in real fuel
cells so that more about their performance and stability can
be understood.

6. Summary and Outlook

Metal-free heteroatom-doped carbon catalysts have
emerged as a competitive class of nonprecious-metal catalysts
for the ORR. In particular, metal-free NC catalysts offer very
positive prospects of replacing the costly precious-metal-
based catalysts that are currently used in fuel cells and in
chlor-alkali electrolyzers, thereby leading to a significant
reduction in the cost of their operation. Remarkable progress
has been achieved in the development of metal-free NC
catalysts for the ORR over the past decade, driven by better
understanding of their property-activity relationships. How-
ever, some reported metal-free NC catalysts are prepared
using metal precursors, mostly as catalysts to facilitate the
formation of NC structures. The metal residues have to be
later removed by leaching with mineral acids. However,
complete removal of the metal residues may not be possible,
especially if the residual metal particles are encapsulated
inside graphitic layers, as in the case of CNTs. There is
profound concern that metal residues in NC catalysts at
concentrations which may not be detectable using common
analytical techniques may significantly influence the ORR.

Metal-free NC catalysts generally show reasonable activ-
ity for the ORR in both acidic and alkaline electrolytes.
However, the ORR activity of truly metal-free NC catalysts in
acidic electrolytes is a lot lower than that of M-N,/C or Pt/C
catalysts. Metal-free NC catalysts reduce O, through a two
electron transfer pathway to form H,O, in acidic electrolytes.
However, there is widespread disharmony in the literature,
both from experimental and theoretical perspectives, on the
mechanism of the ORR on NC catalysts, with some claiming
direct four-electron reduction while others report two-elec-
tron reduction of O,. Part of this conflict is caused by the wide
variation of activity parameters, which include the nature of
the predominant active sites and their density of distribution,
the active surface area of the catalyst, and the degrees of
porosity and graphitization. It is important to mention that
the inconsistency regarding the selectivity of the ORR is also
partly due to variations in experimental standards across
laboratories and from the shortcomings of applying the
Koutecky-Levich method when studying the mechanism of
the ORR on highly dispersed and heterogeneous electrode
surfaces.

In general, M-N,/C catalysts are more active than NC
catalysts in both acidic and alkaline electrolytes. The synthesis
of M-N,/C catalysts also generates NC moieties. M-N,/C
catalysts, therefore, comprise an ensemble of heterogeneous
active sites whose intrinsic activities for O, reduction spread
over a range of potentials. It is, therefore, difficult to
distinguish between the fraction of O, reduced on M-N,/C
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sites and that reduced on NC sites. However, in situ XAS and
poisoning tests unequivocally show that metal ions are
directly involved in mediating the ORR on M-N,/C catalysts.
Inhibition of M-N,/C sites using a suitable poisoning agent
can alter the mechanism of O, reduction from a four-electron
transfer process to a two-electron transfer process in 0.1m
KOH.

Most theories on the active sites of M-N,/C and NC
catalysts are based on ex situ physicochemical characteriza-
tion. However, such information may not necessarily be
relevant or valid under real electrochemical conditions. It is,
therefore, highly desirable to see more effort devoted towards
insitu as well as in operando studies to gain a deeper
understanding on the true nature of active sites of both NC
and M-N,/C catalysts. This will be indispensable to under-
stand the nature of the intrinsically most active sites, M-N,/C
or NG, so that future efforts are directed towards maximizing
their density in an effort to design advanced nonprecious-
metal catalysts for the ORR.

There is sufficient evidence that residual metals, specifi-
cally Fe, even at trace levels undetectable by XPS and EDX,
promote the ORR. Therefore, in cases where the preparation
of the NC catalysts involves the use of metals, it is instructive
to employ ultrasensitive methods of metal analysis—includ-
ing ICP-OES, magnetic susceptibility, AAS, and NAA—
which offer much lower detection limits for most metals.
Nevertheless, we urge that the designation of metal-free
catalysts be reserved for catalysts prepared without the
involvement of any metallic precursors, or if they are
prepared using metal precursors there ought to be definitive
proof of the absence of metal residues in the catalysts.

The widespread discrepancy between experimental
results on metal-free NC catalysts and their interpretation
can only be solved through more careful experimentation and
rigorous treatment of RDE and RRDE data. Finally, after at
least 10 years of intensive fundamental investigation and
development, the ultimate viability test of metal-free catalysts
should be their investigation in real fuel cell prototypes. We,
therefore, advocate that future research efforts on metal-free
NC catalysts for the ORR focus more on their investigation in
fuel cells—a step towards real applications.
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