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1 Introduction

1.1 Polymer Electrolyte Fuel Cells—The Cathode
Challenge

Polymer electrolyte fuel cells (PEFCs) are touted as a green alternative to the
internal combustion engine, yet commercial penetration of PEFCs into the auto-
motive sector remains hindered by cost and durability issues. Under projected
conditions of mass production, almost half of the overall fuel cell stack cost is due
to the expensive platinum-based catalysts [1]. Current cost targets are unattainable
unless the extensive reliance on this precious metal is alleviated. This can only be
accomplished by developing alternative cathode catalysts for the oxygen reduction
reaction (ORR). Research on new platinum catalyst supports or nanostructured
platinum alloys to increase ORR activity on a precious metal mass basis have been
largely successful [2—6]. This approach is not ideal, however, due to the volatile
pricing and geopolitical instabilities that can likely affect the supply of platinum.
For these reasons, the development of entirely non-platinum group metal
(non-PGM) catalysts for the oxygen reduction reaction (ORR) is highly desirable
[7-9].
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Several different non-PGM catalysts have been investigated in the scientific
community. Among them, the most promising systems in terms of activity and
stability are made by heat-treating a mixture of transition metal nitrogen, and
carbon species (M—N-C) at temperatures in excess of 700 °C [10]. Different syn-
thesis approaches, precursor selection, and fabrication parameters are known to
result in catalyst variations, with iron-based catalysts showing the highest activity.
By applying rational design strategies, numerous research teams have achieved
success in improving the ORR activity, electrochemical durability, and membrane
electrode assembly (MEA) performance of M—N-C catalysts [11-19]. This chapter
will give a synopsis on the current state of knowledge of heat-treated non-PGM
catalysts and recent progress in this important area of research.

1.2 Performance Requirements

Traditional non-PGM catalyst performance evaluation in an MEA has been done on
a volumetric-activity basis, with the U.S. Department of Energy (U.S. DOE) 2020
target set at 300 A cm > at a cell voltage of 0.8 V (iR-corrected) [20]. To be
technologically viable in PEFCs for automotive applications, the performance
capabilities of non-PGM catalysts must ultimately meet targets that have also been
established for platinum catalysts. For MEAs, these are generally specified on an
areal basis and include achieving a current density of 0.3 A cm * at 0.8 V and a
power density of 1.0 W cm ™~ at rated power. The durability must also be sufficient
enough to compete with the capabilities of internal combustion engines. The DOE
2020 target requires that less than 10 % of performance loss (voltage at rated
power) after 5000 h of cycling is achieved. While the cycling conditions used are
often assumed to be equivalent to 150,000 miles of driving, the ultimate stability
testing must also be done under practical conditions (i.e., ambient environments,
dynamic loads, and start-up/shutdown) in order to be technologically viable.

In spite of dramatic progress achieved over the past two decades, to the point
that non-PGM catalysts have advanced past being considered basic research, [21]
the above targets are still very ambitious for non-PGM catalysts. While rotating disc
electrode (RDE) and rotating ring disc electrode (RRDE) experiments are very
useful for catalyst screening and electrochemical kinetic investigations, MEA
integration and performance evaluation in fuel cells have become a priority.
Performance improvement investigations need to continue, along with studies to
understand the catalyst properties and phenomena that govern performance and
stability of electrocatalysts. Only through the application of this knowledge will
non-PGM catalysts be capable of achieving established technical targets. If suc-
cessful, such catalysts will play a key role in reaching the $40 per kW cost targets in
place for the automotive-scale PEFC systems [20].
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2 Synthesis Path

Jahnke et al. [22] pioneered the use of transition metal macrocycle compounds that
contain M-N, structures as ORR catalysts. Their research inspired efforts to
develop active oxygen reduction catalysts by heat-treating macrocyclic precursors.
It was later shown that new synthesis routes for heat-treated transition metal cat-
alysts were successful using less complex ligands, such as sulfates, chlorides, and
nitrates. Since that time, several research groups have focused on novel catalyst
synthesis and performance improvement [3, 13, 14, 18, 19, 23-36]. Meanwhile, at
Los Alamos National Laboratory, Zelenay et al. have been able to increase the
activity of Fe-N-C compounds using two heat treatment steps and with proper
selection of nitrogen—carbon precursors (e.g., polyaniline and cyanamide) [15, 37].
It is also worth noting that the nature of the non-precious active sites in such
heat-treated catalysts is still under debate. This derives from the fact that the
function of the transition metal during the catalyst synthesis remains unresolved.
Regardless, the catalytic activity was found strongly dependent on the synthesis
chemistry, including the structure of the nitrogen precursor transition metals heat
treatment temperatures, and inclusion of support materials (i.e., carbon black). On
the basis of recent breakthroughs in this field, we will provide a brief outline of the
synthesis pathways for such heat-treated M—N-C catalysts. This will be followed
by a discussion of the current ORR activity as well as fuel cell performance.

2.1 Precursors

The heat treatment of virtually any mixture of nitrogen, metal, and carbon species
can yield a material that displays some ORR activity. To achieve well-performing
catalysts, the selection of precursors, supports, and synthesis conditions is much
more important. These factors play a major role toward obtaining materials with the
high activity and long-term durability required for practical catalysts [38, 39].

2.1.1 Nitrogen—Carbon Precursors

Heat-treated transition metal-nitrogen—carbon catalysts are currently derived from
various nitrogen precursors which can be divided into three categories:
(i) C=N-based; (ii)) C—N-based; and (iii) aromatic-compound-based precursors.
According to the available experimental data, the C=N and aromatic nitrogen
precursors appear to be advantageous over the C—N-based ones in terms of resulting
catalyst activity and durability. For example, catalysts derived from heteroatomic
polymers show higher activity than catalysts obtained from simple amines, such as
ethylenediamine [40]. Two types of polymer-based catalysts were systematically
compared using either polyaniline (PANI) or polypyrrole (PPy) as nitrogen
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Fig. 1 a RDE and b RRDE tests for PANI- and PPy-based catalysts. Fuel cell performance of
PANI- and PPy-derived catalysts: ¢ polarization plots, d life tests. Cell temperature 80 °C; anode—
0.25 mg cm > Pt on a woven-web GDL (E-TEK), 30 psig Hy; cathode—catalyst loading
4 mg cm %; membrane—Nafion® 1135. Reproduced with permission from Ref. [41], copyright
(2009) The Electrochemical Society

precursors for catalyst synthesis. As shown in Fig. 1, [41] electrochemical data
obtained using RDE shows a lower onset potential (higher overpotential) for
oxygen reduction with the PPy—Fe—C (~0.85 V vs. RHE) than with PANI-Fe-C
(~091 V vs. RHE). RRDE results further indicate better selectivity of the
PANI-derived catalyst for the four-electron oxygen reduction. The H,O, yield at
0.4 V remains below 1 % for the best performing PANI-derived catalysts.

In good agreement with electrochemical experiments, fuel cell polarization data
shown in Fig. 1c confirms higher performance of the PANI-Fe—C catalyst at high
cell voltages (>0.55 V). On the other hand, more porous structures of the
PPy-derived catalyst benefits performance at lower voltages, where oxygen mass
transfer becomes the limited step. Long-term fuel cell performance of both catalysts
at a constant voltage of 0.4 V is depicted in Fig. 1d. While PPy—Fe—C shows
significantly better activity early in the life test, its performance drops below that of
PANI-Fe—C in less than 100 h. On the other hand, PANI-Fe—C exhibits very good
stability during the 200-h life test. The difference in the two catalysts’ durability
may be caused by differences in the nature of the active ORR sites, water tolerance,
and/or other factors. There are some indications that precursors with an aromatic
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structure may stabilize interactions between the metal and nitrogen species that
become embedded into the graphitic structure of the catalyst during heat treatment.
This can lead to improved stability of the active reaction sites. This is one possible
reason for the much better stability of PANI-derived catalysts.

During the high-temperature catalyst synthesis, one morphological property
worth mentioning is that the catalyst structures are dominated by in situ formed
graphitized carbon nanostructures, derived from the carbon/nitrogen precursors The
appearance of these nanostructures can be correlated to the oxygen reduction
activity, providing critical clues in the identification of active sites. Figure 2 shows
different carbon nanostructures that result from using various nitrogen/carbon and
transition metal precursors during synthesis [42]. Noteworthy, no graphitized car-
bon structure was formed when polyaniline was heat-treated in the absence of
transition metals. This indicates the crucial role of the transition metal in the for-
mation of highly graphitized carbon during heat treatment. The use of ethylene-
diamine and Co yields an abundance of onion-like carbon nanostructures formed
during heat treatment (Fig. 2, top). When cyanamide is used with Fe, bamboo-like
carbon nanotubes tend to appear (Fig. 2, mid part). Among the other extensively
investigated precursors, polyaniline-derived catalysts are the only ones to demon-
strate substantial graphene content following the heat treatment (Fig. 2, bottom).
This shows that the aromatic structure of PANI may be a factor in forming gra-
phene, possibly arising due to their structural similarities.

2.1.2 Transition Metal Precursors

Metal-free nitrogen-doped carbon materials exhibit some ORR activity in alkaline
media. In the more challenging acidic media, they suffer from inactivity and poor
durability. The addition of transition metal(s) is necessary for achieving good
catalytic activity and improved durability [43, 44]. Some studies have shown the
important effect of the type of transition metal ions used during synthesis on the
oxygen reduction activity. Among other approaches, this effect was demonstrated
with polyacrylonitrile-derived catalysts and studied in both acidic and alkaline
solutions [45]. The nature of the metallic center in the precursors played a gov-
erning role on the resultant ORR catalysis. It has become well established that the
most active catalysts in acidic electrolyte are formed using either iron or cobalt.
Iron-derived catalysts especially have more positive onset potentials than
cobalt-derived catalysts, indicating higher intrinsic activity. The iron-containing
catalysts also exhibit the highest four-electron selectivity among several other
transition metals [45]. In alkaline media, iron- and cobalt-based electrocatalysts
often show similar activity [45].

In a recent report, [46] Liao and coworkers systematically studied the effects of
the addition of transition metals (Mn, Fe, Co, Ni, Cu) on the structure and per-
formance of doped carbon catalysts derived from PANI and melamine. The results
show that the doping of various transition metals significantly affects the structures
and performance of the catalysts. Doping with Fe or Mn led to a catalyst with a
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Fig. 2 The various carbon nanostructures observed from the catalysts derived from different
nitrogen precursors and transition metal species. Reprinted with permission from Ref. [42],
copyright (2012) American Chemical Society
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graphene-like structure, whereby doping with Co, Ni, or Cu yielded a disordered or
nanosheet structures. As shown in Fig. 3, the doping of transition metals can
enhance the performance of the catalysts. The ORR activity of thus doped catalysts
in alkaline solution (another order is often observed in acidic electrolytes) decreases
in the following order: Fe > Co > Cu > Mn > Ni. It is suggested that this trend is the
result of the impact the transition metal has on three properties: (i) the N content of
the catalyst, (ii) the amount and type of residual metal species, and (iii) the resulting
catalyst surface area and pore structure.

Transition metals can be used for tuning both the morphology of nanostructured
carbon and incorporation of nitrogen dopants [10, 37, 38, 42]. As shown in Fig. 4,
the carbon nanotube size and doped nitrogen functionalities can be well controlled
using different transition metals, such as Ni, Co, and Fe. For example, compared to
other metals, Ni-catalyzed carbon nanotubes have the highest pyridinic nitrogen
content. On the other hand, Fe is able to yield largest size of carbon nanotubes with
relatively high graphitic nitrogen doping. Given the commonly accepted hypothesis
that ORR active sites are embedded into the graphitized carbon structures, the
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Fig. 4 Nitrogen-doped carbon micro- and nanotubes with the diameter and nitrogen function-
alities controlled by the transition metal used in the synthesis: (a, d) Ni; (b, e) Co, and (c, f) Fe.
Top scanning electron microscopy images; bottom corresponding Nl1s X-ray photoelectron
spectroscopy data. Reproduced from Ref. [47] with permission from the Royal Society of
Chemistry

highly graphitic nanotubes can offer a potentially attractive host for ORR active
sites in these catalysts. By strategically controlling the morphology and N-dopant
types/concentrations, improvements to the catalyst performance, durability, and
even mass transfer properties are possible.

It was also determined that, in some special cases, the Fe content used for
non-PGM catalyst synthesis can play an important role in morphology optimization
and activity enhancement [48]. For example, following synthesis involving a
nominal iron loading of 30 wt%, the final catalyst had only 2 wt% Fe remaining
after acid leach and a second heat treatment. The BET surface area was 845 m? g_l,
a high value for a non-PGM catalyst supported on Ketjenblack® (KJ) carbon. On
the other hand, when using a nominal metal loading of 30 wt% to prepare
polyaniline—cobalt—carbon (PANI-Co-C) catalysts, the Co content in the resulting
catalyst was 8 wt% and a significantly lower BET surface area was achieved. In
good agreement with BET results, the morphology of the catalysts as determined by
scanning electron microscopy (SEM) Fig. 4 shows more porosity when higher
nominal iron loadings were used for synthesis (Fig. 5) [48]. The highest nominal Fe
loading used during synthesis leads to the lowest bulk Fe content in the final
catalyst and to the highest BET surface area. This indicates that the in situ formed
FeS (with sulfur originating from the ammonium persulfate used as oxidant to
polymerize polyaniline) acts as an effective sacrificial pore-forming “template” that
is removed during the acid leaching step. It is possible that a higher portion of FeS
particles formed with lower Fe loadings of 3 and 10 wt% is fully encapsulated
within carbon agglomerates, protecting them during the acid leach step.
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Fig. 5 SEM images of PANI-Fe-C catalysts as a function of Fe loading used during the
synthesis. Adapted from Ref. [48]. Reproduced by permission of the American Chemical Society

2.1.3 Effect of Carbon Support

Thanks to their high electronic conductivity, good corrosion resistance, high
specific surface area, and falling price, carbon nanotubes have been considered as a
replacement for traditional carbon-black supports in fuel cell electrocatalysts.
A number of earlier studies have shown that Pt loaded on multi- and single-walled
carbon nanotubes exhibits high activity for methanol electro-oxidation and oxygen
reduction. Four types of carbon were systematically studied at Los Alamos as
supports in non-PGM catalyst synthesis: Vulcan® XC-72, Ketjenblack® 300 J,
Black Pearls® 2000, and multi-walled carbon nanotube (MWNTs). Fuel cell
polarization plots and life test data for polyaniline—iron (PANI-Fe) catalysts
obtained using different carbon supports during synthesis are shown in Fig. 6 [49].
Almost identical polarization plots were observed above 0.35 V, above which
MWNT-supported catalysts were found to assure the highest current density, likely
thanks to the more open structure of the nanotube-based electrode. MWNTs also
benefit the catalyst stability, with virtually no performance degradation after more
than 500 h of operation at a cell voltage of 0.40 V. This represents an improvement
over the Ketjenblack-supported catalyst that exhibits performance loss already after
200 h of operation.

In general, carbon nanotube (CNT) supports promise improved fuel cell per-
formance over that of traditional carbon blacks. In addition to the excellent electron
conductivity, CNTs possess dominant mesoporosity (>2 nm), thus offering better
gas permeability and catalytic-site accessibility. Also, water removal within the
electrode is facilitated by the hydrophobic nature of the CNT surface, which is of
important advantage, especially in the case of non-PGM cathode layers that reach
100 pm in thickness. Higher durability of the MWNT-supported PANI-Fe catalyst
may also be related to the higher degree of graphitization of MWNTSs, leading to
enhanced corrosion resistance and improved stability of the ORR active site(s)
[50, 51].
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Fig. 6 Fuel cell performance of PANI-Fe catalyst obtained using MWNTs and Ketjenblack as
supports: a initial polarization plots, b life tests. Cell temperature 80 °C; anode—0.25 mg cm > Pt
on a woven-web GDL (E-TEK), 30 psig H,; cathode—catalyst loading 4.0 mg cm™2; membrane—

Nafion® 1135. Adapted from Ref. [49]. Reproduced by permission of The Royal Society of
Chemistry

2.2 Effect of Heating Temperature

The activity of ORR sites formed in the heat treatment step strongly depends on the
temperature used. In research shown in Fig. 7, [15] the ORR activity of the PANI-
Fe-C catalyst was studied as a function of temperature ranging from 400 to
1000 °C. The poor activity at 400 °C is very similar to the behavior shown for
regular carbons, indicating that no new active sites are formed at low heat treatment
temperatures. At temperatures above 600 °C, a significant shift of the ORR onset
potential in the positive direction takes place. 900 °C was found to be the optimal
temperature in terms of the most positive onset and half-wave potentials.
Elemental analysis of the catalysts heat-treated at different temperatures was
determined using X-ray photoelectron spectroscopy (XPS) [38]. It was found that
the final Fe content of the catalysts likely increases with the heat treatment
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Fig. 7 Effect of heating temperatures on the a oxygen reduction activity and b four-electron
selectivity. Adopted from Ref. [15]. Reproduced by permission of the AAAS
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Fig. 8 a Cyclic voltammetry and b fuel cell performance for various PANI-Fe-C non-PGM
catalyst. Cyclic voltammetry: 20 mV s ' in 0.5 M H,SO, solution. Fuel cell tests: Anode:
0.5 mg cm 2Pt (E-TEK) 1.0 bar (partial pressure), Hp, 200 sccm; cathode: ~4.0 mg cm 2 1.0 bar
(partial pressure), O,, 200 sccm; Membrane: Nafion® 21 1; Cell: 80 °C; 100 % RH

temperature. This is probably due to the enhanced formation of graphitized carbon
shells that tend to form around and protect Fe-rich phases at high temperatures.
High-resolution transmission electronic microscopy (HRTEM) imaging has
repeatedly provided an evidence for that interpretation [48]. An increase in the heat
treatment temperature also leads to an increase in the carbon formed in PANI
carbonization. Interestingly, the nitrogen content decreases with an increase in the
heating temperature from 600 to 900 °C, which is not accompanied by a drop in
ORR activity. This suggests that catalyst activity is not entirely dependent on the
total amount of doped nitrogen, as claimed by some researchers, [38] but is strongly
related to the doping position and local atomic environment.

Beside the heat treatment temperature, the number of heating steps has been
found to affect the ORR activity of non-PGM catalysts. Recently, a novel three-step
heating strategy to prepare high-surface-area Fe catalysts was developed at Los
Alamos [48]. The new cathode catalysts were found to have much increased
electrochemically accessible surface area relative to the traditional two-step syn-
thesis (Fig. 8a). A current density of 190 mA cm Zata voltage of 0.80 V (iR-free)
was achieved in fuel cell testing using this strategy (Fig. 8b).

3 Performance Evaluation and Catalyst Characterization
Techniques

3.1 Electrochemical Cell Testing

Electrochemical cell testing is a simple and convenient approach to measuring the
ORR activity and H,O, yield. Among numerous electrochemical techniques, the
most important and widely used are the RDE and RRDE methods.



52 H. Chung et al.
3.1.1 Electrochemical Cell Set-up

Glass cells equipped with three electrodes are usually used in electrochemical
testing. A thorough cleaning of the glassware is essential to eliminate impurities
that negatively affect ORR activity of catalysts. A typical cleaning procedure
involves soaking the glassware in a mixture of concentrated sulfuric acid and an
inorganic oxidizer, such as Nochromix (GODAX Laboratories, Inc.), and then
rinsing them with deionized (DI) water (18 MQ cm). Acid electrolyte (e.g., 0.5 M
H,SO4, 0.1 M HCIO,) or alkaline electrolyte, (e.g., 0.1 M KOH) is chosen
depending on the application of interest. In selecting a reference electrode, it is most
appropriate to choose a reference electrode that shares the same anion as the
electrolyte, such as the mercury—mercurous sulfate electrode (MSE, 0.68 V vs.
NHE) when using sulfuric acid electrolyte. All potentials measured versus a ref-
erence electrode should be converted into the reversible hydrogen electrode
(RHE) scale to facilitate comparison of results from different laboratories. In order
to avoid any potential contamination of the non-PGM catalyst with platinum or
other precious metals, the use of a graphite rod as a counter electrode is suggested.
RDE using a glassy carbon disk and RRDE made up of a glassy carbon disk
surrounded by a platinum ring are typically used as working electrodes. The
non-PGM catalysts are ultrasonically dispersed in an alcoholic solution containing
suspended Nafion® ionomer to form a catalyst “ink” that is applied to the glassy
carbon disk surface. At Los Alamos National Laboratory, the catalyst ink is usually
prepared by ultrasonically blending for 1 h 10 mg of the non-PGM catalysts and
40 pl of 5 wt% Nafion® suspension in alcohol (Solution Technology, Inc.) in
2.0 mL isopropanol. Homogeneous catalyst deposition onto the glassy carbon
electrode is very important for obtaining reliable and reproducible electrochemical
data.

3.1.2 RDE/RRDE Measurements

RDE and RRDE measurements are usually performed using a computer-controlled
potentiostat and a rotator. RDE is a simple and convenient screening tool for
assessing ORR activity of newly developed non-PGM catalysts. One way of
evaluating the ORR activity is to measure the half-wave potential (E,,). This is the
potential at which the current density is equal to one-half of the mass-transport
limited current density (Fig. 9). A higher E,, corresponds to higher ORR activity
(for a given catalyst loading). The other way of estimating ORR activity is to
measure the current density in the kinetic region, such as at an electrode potential of
0.90 V versus RHE.

Linear sweep voltammetry (LSV) is usually conducted with the electrode
immersed in deoxygenated electrolyte prior to carrying out LSV in oxygen-
saturated electrolyte. The ORR polarization curve is obtained by subtracting the
LSV measured in deoxygenated electrolyte from the LSV measured in oxygen-
saturated electrolyte, whereby capacitive currents can be eliminated. As higher LSV
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Fig. 9 Half-wave potential
(Ey) determination in RDE
testing

Current (A)

Potential (V vs. RHE)

scan rates lead to higher E,, and higher current densities in the kinetic region, the
scan rate is important in reporting ORR performance and needs to be specified.
Slow scan rates (5-10 mV s~ ') are recommended for recording ORR polarization
plots with non-PGM catalysts. At Los Alamos National Laboratory, steady-state
measurements have been adopted to obtain ORR polarization plots. These are
recorded in oxygen-saturated electrolytes, starting at the open cell potential
(OCP) and decreasing it stepwise, typically by 20 or 30 mV, with a hold time of
30-60 s, down to 0.0 V versus RHE. A 120-s potential hold at the open-circuit
potential precedes every ORR polarization experiment.

The kinetic current (i;) and average number of electrons transferred per oxygen
molecule () can be obtained through RDE experiments using the Koutecky—Levich
equation (Eq. 1):

1 1 1 1 1
T:T+.—:T+<—>wl/2 (1)
i

ik ip ik \0.62nFD3v-1/6Cy

Here, i is the measured current density, i, is the kinetic current density, ip is the
diffusion limited current density, n is the number of electrons transferred per
oxygen molecule, F is the Faraday constant (96485 C mol™ '), D is the diffusion
coefficient of the molecular O,, Cq is the concentration of molecular O, in the
electrolyte, v is the kinematic viscosity of electrolyte, and w is the angular rotation
rate (rad s~ ). Plotting % versus. @ ? yields n from the slope and i, from the
intercept on the % axis. The i; obtained from the Koutecky—Levich plot can also be
utilized to obtain the Tafel plot, logi, versus E, to determine the Tafel slope and
exchange current density (iy).

The theoretical limiting current density in RDE experiments can be calculated
using Levich Eq. 2:
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Here, i, is the limiting current and A is the electrode area.
Using RRDE, H,0, yield can be measured based on Eq. 3 by setting the ring
potential for HO, oxidation to ca. 1.4 V versus RHE:

ix/N

H =200 x — =~
202(%) 00 x (lR/N) —I—iD

3)
Here, i and iy are the disk and ring current densities, respectively, and N is the

ring collection efficiency (N = :f (Z—Z)) The peroxide yield can be directly

correlated to the average number of electrons transferred per O, molecule
(n) through the following:

n =4 — (%H,0,)/50 % (4)

One should keep in mind though that RDE ORR performance of a catalyst
does not always reflect its fuel cell performance. This consideration holds true
for non-PGM catalysts in particular. For example, test data shown for three PANI-
Fe—C catalysts in Fig. 8b above attest to a major performance differences in the fuel
cell, which is not at all reflected in the RDE testing (Fig. 10). Among possible
reasons for the observed discrepancy between the RDE and fuel cell performance,
water generation may be of particular importance. While obviously having no
impact on RDE performance of catalysts, it can significantly influence the fuel cell
performance by affecting the oxygen access to the active sites in the fuel cell
cathode.
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3.2 Fuel Cell Testing

Testing of non-PGM catalysts in the fuel cell cathode is of utmost significance for
the evaluation of their activity and durability under PEFC operating conditions.
MEA fabrication is thus an important element of a non-PGM catalyst evaluation.
Typically, a catalyst “ink™ is first prepared by ultrasonically mixing the catalyst
powder with a Nafion® suspension for 3—4 h. One commonly used ink composition
at Los Alamos National Laboratory to obtain a catalyst layer containing 35 wt% of
Nafion® involves mixing of a non-PGM catalyst, water, isopropanol, and a 5 wt%
of Nafion® suspension in a weight ratio of 1:12:12:11, respectively. The ink is then
applied to the membrane or gas diffusion layer by successive brush painting (or
spraying) until a target cathode catalyst loading is reached on a vacuum hot plate
maintained at 80 °C. Commercial Pt-catalyzed carbon paper (0.2 mgp, cm 2) is
normally used at the anode. The gasket thickness is chosen to be ca. 80 % of the
uncompressed (gas diffusion layer + catalyst layer) thickness. The cathode and
anode are hot-pressed at 80—120 °C for 5 min onto a piece of a Nafion® membrane.
In some cases, two membranes are used. This approach minimizes the risk of a
possible cross-contamination of the cathode with Pt from the anode during MEA
preparation and also facilitates postmortem characterization of the individual fuel
cell electrodes. Figure 11 shows the comparison of fuel cell performance of single-
and two-membrane MEAs with non-PGM catalysts. As shown in Fig. 11a, the
double membrane MEA exhibits a higher high-frequency resistance (HFR) and
lower performance at the mass-transport limited region. However, comparison of
the iR-corrected polarization plots reveals identical performance of both MEAs
(Fig. 11b).

Recommended fuel cell test conditions include the use of pure hydrogen and
air/oxygen, humidified at 80 °C to assure 100 % relative humidity at an anode
stoichiometry of 2 and cathode stoichiometry of 9.5. Both electrodes should be
maintained at a backpressure that results in a 1.0 bar partial pressure of the gases.
Testing is typically carried out a cell temperature of 80 °C.
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Fig. 11 Fuel cell performance of MEAs single and double MEAs: a before and b after iR-
correction
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3.3 Physicochemical Characterization Techniques

Heat-treated non-PGM catalysts have a complex structure, usually consisting of
carbon (ca. 90 at.%), nitrogen (ca., 5 at.%), metal (most commonly Fe or Co, ca. 2
at.%), and other elements (e.g., O, ca. 3 at.%). A systematic study of catalysts
prepared by various synthesis paths is of importance for gaining insight into the
structure and for improving ORR performance and stability of the catalysts. Since
nitrogen, iron, and carbon are the main elements in non-PGM ORR catalysts, we
will concentrate below on techniques that particularly useful in the analysis of these
elements.

XPS is the most common technique to determine elemental composition of
non-PGM catalysts. In particular, XPS is an excellent tool to ascertain the type and
relative amount of nitrogen functionalities doped into carbon through deconvolu-
tion of high-resolution N1s spectra (Detailed analysis of Cls spectra is difficult due
to the lack of distinct spectral features.). The valence state of metals in catalysts can
be established by the deconvolution of metal spectra. XPS is often referred to as a
surface-sensitive technique but in reality the information obtained is not limited to
the catalyst surface. Since ORR is strictly a surface reaction, it is important to know
the sampling depth of XPS for non-PGM catalysts to conclude how relevant XPS
signatures are to the catalyst surface. Universal curves of electron inelastic mean
free path curve for either Mg Ka X-ray (1253.6 eV) or Al Ka X-ray (1486.6 ¢V)
sources, typically used in XPS, reveal the sampling (escape) depth for carbon, i.e.,
the depth from which 95 % of all photoelectrons are absorbed by the time they
reach the surface is ca. 6 nm. In the case of carbon, the distance between graphene
planes is ca. 0.34 nm. Thus, the XPS information from carbon-based non-PGM
catalysts originates from ca. 20 atomic layers of carbon. By lowering the angle
between the X-ray source and the sample, more surface-specific information can be
obtained.

X-ray absorption spectroscopy (XAS) is another widely used tool for analyzing
the structure of non-PGM catalysts. Depending on the X-ray energy range, carbon
(280-300 eV), nitrogen (390—420 eV), and iron (7100-7200 eV) spectra can be
obtained. An X-ray absorption spectrum is generally divided into four sections:
(1) pre-edge, E < E, (binding energy); (ii) X-ray absorption near-edge structure
(XANES), E = Ej up to Ey + ca. 10 eV); (iii) near-edge X-ray absorption fine
structure (NEXAFS), E = Eg + ca. 10 eV to Eg + ca. 50 eV; and (iv) extended X-ray
absorption fine structure (EXAFS), E = Ey + ca. 50 eV to Ey + ca. 1000 eV. In
carbon NEXAFS, the relative amount of unsaturated carbon bonds (sp or sp?) and
saturated carbon bonds (sp”) can be assessed by comparing 1 s — m* carbon spectra
(284-288 eV) and 1 s — o* carbon spectra (ca. 290 eV). The presence of a m*
resonance in the low-energy range of the carbon spectra is characteristic of
unsaturated (sp or sp®) carbon bonds. However, for diamond which is purely sp*-
bonded, no ©* resonance is observed, only 1 s — o* transition at ca. 290 eV.
Nitrogen analysis for non-PGM catalysts with NEXAFS is difficult due to the low
doping level of nitrogen in the catalysts. The oxidation state of iron can be
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measured by XANES, while the coordination number of the iron center and type of
direct neighboring atoms can be identified by EXAFS.

Raman spectroscopy is also useful tool for structural analysis of non-PGM
catalysts. However, the complexity of the carbon phase in such catalysts makes
interpretation of Raman spectra very difficult. Raman spectra are affected by the
ratio of sp*/sp” bonds, crystallite size, bond-angle disorder, bond-length disorder,
heteroatoms, etc. [52]. Generally, the spectra around 1580 cm ! (G band) and
1350 cm™' (D band) are known to correspond to the planar motion of sp>-hy-
bridized carbon atoms in an ideal graphene layer and carbon atoms close to the edge
of a graphene sheet, respectively [53]. The D band is inversely proportional to the
crystallite size. The ratio of I(D)/I(G) (where I denotes the band intensity) is often
used to measure the degree of disorder in the graphene layer. The relative con-
centration of amorphous carbon could be assessed from G and D bands in the
Raman spectra.

The morphology of non-PGM catalysts can be studied by SEM and TEM.
Combining these techniques with energy-dispersive X-ray spectroscopy
(EDS) makes elemental mapping possible. The specific surface area, total pore
volume, and pore-size distribution are important parameters that play a key role in
the ORR performance of non-PGM catalysts. The Brunauer—-Emmett-Teller (BET)
method is widely used to determine the surface area of solid materials. Before
measurements the samples are degassed under a nitrogen flow at ca. 250 °C for
approximately 5 h to ensure the removal of adsorbed water. The W,,,, the weight of
adsorbate (mostly N,) constituting a monolayer of surface coverage, is obtained
from the BET isotherm using the following equation:

1 1 C—1/(P
W(Po/P—1)  WaC ' WnC (p_0> (5)

Here, W is the weight of gas adsorbed at a relative pressure P/P,. The total
surface area S, of the sample is calculated from W,

. W,NA,

S[ M

(6)

Here, N is the Avogadro’s constant (6.022 x 1023), M is the molar mass of the
adsorbate (14 for N,), and A is the cross-sectional area of the adsorbate (16.2 A2
for nitrogen). The total pore volume is derived from the amount of vapor adsorbed
(Vags) at a relative pressure close to unity by assuming that the pores are then filed
with liquid adsorbate (Vj;q) as follows:

_ PyVaasVin

‘/liq - RT (7)

Here, P, and T are ambient pressure and absolute temperature, respectively, and
V.. is the molar volume of the liquid adsorbate (34.7 cm?’ mol ™! for nitrogen). The



58 H. Chung et al.

pore-size distribution is calculated based on the pore-size dependence of adsorbate
condensation (evaporation) a specific P/P,, using several available models in the
calculation. The pores are classified as macro-, meso-, and microporos for the
diameter greater than 500 A, between 20 and 500 A, and smaller than 20 A,
respectively.

4 Catalyst Structure

4.1 The Active Site Debate

In the synthesis of M—N-C catalysts, significant structural and chemical changes
occur during the heat treatment. For this reason, a complex mixture of various
species results, including both graphitic and amorphous carbon structures, along
with the presence of doped nitrogen species, as well as metal oxides, sulfides, and
carbides [54]. Because of the highly heterogeneous structure of these catalysts,
elucidating the exact identity of the active site structure(s) has been a difficult
endeavor and subject of contention in the scientific community. This has been
further complicated by the fact that not only the atomic identity of the active site
can govern M-N-C activity, but the surrounding environment can play a role
owing to induced electronic and geometric effects [5S5-57]. Establishing this fun-
damental understanding regarding the active site identity (identities) is, however,
highly desirable as it will provide a missing piece of information that can be used to
guide improved catalyst designs and mechanistic studies.

An intense debate remains on whether or not metal species are an integral
component of the ORR active site, [8] with iron-based catalysts being the most
extensively investigated. Some researchers assert that metal species are actually not
present in the active site structures, although transition metals, Fe in particular, play
a crucial role in facilitating the formation of highly active nitrogen—carbon moieties
[58, 59]. This can be used to explain the dramatic performance enhancement
achieved upon the addition of even small amounts of transition metal precursors
[58, 60]. This activity remains following an acid leach performed to remove
metal-based species, as confirmed by surface-specific characterization, such as
XPS. Other research teams strongly believe that the active site involves metal ions,
e.g., Fe**, directly coordinated to nitrogen species [57, 61, 62]. Nitrogen coor-
dination is viewed as providing a relatively stable configuration that is not prone to
removal during acid leaching or under the electrochemical conditions encountered
during ORR activity evaluation. This Fe-N,/C arrangement also implies a com-
monality between transition metal macrocycle complexes that have been shown to
be ORR active, albeit with limited activity and electrochemical stability [63, 64].
The most common notion for a metal-based active site is that Fe ions are coordi-
nated by four nitrogen species. This for example includes the FeN,/C (Fig. 12a) or
FeN,,,/C (Fig. 12b, c) structures. Of these different species, it is the FeN4/C
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Fig. 12 Schematic representation of the iron—nitrogen coordinated sites observed using
Mossbauer spectroscopy for catalysts prepared by heat-treating a mixture of iron acetate and
carbon black in ammonia. Depicted are a FeN,/C, b FeN,,,/C, and ¢ five-nitrogen coordinated N—
FeN,,,/C. The majority of ORR activity is attributed to sites (a) and (c). Adapted from Ref. [57]
with permission of the PCCP Owner Societies

(Fig. 12a) and N-FeN,,,/C structure with a fifth coordinated nitrogen (Fig. 12c)
that were found to be responsible for ORR activity in catalysts prepared by
heat-treating a mixture of iron acetate and carbon black in ammonia [57].
Particularly, the N-FeN,,,/C structure was unique to catalysts that were subjected
to a heat treatment in ammonia. MEA performance variations of ammonia-treated
catalysts were also later ascribed to increased reactant accessibility induced by
ammonia treatment [12].

The other debate in the non-PGM catalyst community is whether or not there is a
second active site species at play. Hydrogen peroxide is commonly produced as an
intermediate or ORR by-product. Serov et al. [29] based on an observed loading
dependence on RDE activity showed that the ORR occurs by a 2 x 2 electron
reduction mechanism on catalysts prepared by heat-treating a mixture of iron
chloride, polyethyleneimine, and carbon black. This unveils the rather complicated
mechanism of oxygen reduction, as the generated hydrogen peroxide could very
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likely undergo chemical decomposition (forming oxygen and hydrogen) or be
electrochemically reduced to water. The extent of each of these occurrences is
unknown and difficult to differentiate through experimentation. Based on results
from in situ XAS experiments, Mukerjee et al. [25] claimed that the first 2-electron
reduction of oxygen to hydrogen peroxide occurs on the aforementioned FeN,/C
moieties. These hydrogen peroxide species then migrate to a secondary active site
where they are electrochemically reduced, resulting in an overall four-electron
process.

The theories and hypotheses proposed are traditionally based on results from an
array of surface and structural characterization techniques that are linked to catalyst
performance evaluation (discussed in Sect. 3). It is also very likely that the real
identity and behavior of the active site structure(s) in non-PGM catalysts is
material-dependent and relates to the particular synthesis procedures and conditions
selected. It is therefore important to gain a fundamental understanding into each
particular system of M—N-C catalysts. Along with overlying trends, established in
the field of non-PGM catalysis, this progress is essential toward achieving an
established PEFC performance metrics.

4.2 Mass Transport Facilitation

As non-PGM catalysts are only a fraction of the cost of conventionally used pre-
cious metals, it is economically possible to use significantly higher loadings in the
catalyst layer to achieve performance targets. The non-PGM catalyst layers in fuel
cells are as much as 100 um in thickness. At this length scale, mass transport
through both the electrode and catalyst structures becomes an important techno-
logical challenge that must be addressed [14, 65]. If the developed catalysts have
poor intrinsic mass-transport properties, electrode utilization will be very poor and
PEFC performance will suffer accordingly. It has become well established that a
high content of meso- and macropores is important for the efficient transport of
ORR species [12, 57]. This includes the access of oxygen and proton to the cat-
alytically active sites, along with the removal of the product water. To capitalize on
the many recent advances, which have dramatically increased the intrinsic ORR
activity of heat-treated M—N—-C catalysts, rational meso- and macrostructure design
strategies must be applied to facilitate effective mass transport. To accomplish this,
a few different catalyst preparation strategies have been employed with varying
degrees of success.

Serov et al. [66—68] have incorporated silica templates into the reaction mixture
that consists of iron, nitrogen, and carbon precursors. The overall synthesis pro-
cedure is depicted in Fig. 13a. After a high-temperature heat treatment, the silica
template particles are removed using an etching reagent, such as hydrofluoric acid.
What remains are highly porous structures that are inverse replicas of the initial
silica templates. By this approach, pore size and property tuning can be made by
deliberate selection of the silica templates being employed. This not only allows for
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Fig. 13 a Schematic representation of the sacrificial support method to prepare catalysts, in which
iron, nitrogen, and carbon precursors are mixed with silica templates. After heat treatment, the
silica templates are removed by hydrofluoric acid. Reprinted from Ref. [66] Copyright (2012),
with permission from Elsevier. b, ¢ Transmission and scanning electron microscopy images,
respectively, of high-surface-area M—N-C catalysts prepared by the sacrificial support method
using 30-nm silica templating particles. Reprinted with permission from Ref. [18], copyright Wiley

practical performance gains realized using this technique, but also provides valu-
able opportunity to generate fundamental information regarding the effect of pore
sizes and structures on catalyst activity and MEA performance. Using 30-nm silica
particles mixed with iron nitrate and carbendazim [18] these authors prepared
highly mesoporous catalysts using a heat treatment and successive hydrofluoric acid
etching (Fig. 13b, ¢). Upon integration into electrode structures for H,—~O, MEA
evaluation, areal current densities of 120 and 700 mA cm™ > were achieved at cell
voltages of 0.8 and 0.6 V, respectively (no iR-correction).

Another interesting approach taken to structurally control M—N—C catalysts was
first pioneered by Ma et al. [69] and involves metal-organic framework (MOF)-
derived catalysts. In this work they heat-treated an in-house prepared cobalt imi-
dazolate MOF to prepare a catalyst that showed promising half-cell electrochemical
activity toward oxygen reduction. Proietti et al. [14] advanced on this work, instead
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using a commercial zinc imidazolate framework mixed with 1,10-phenanthroline
and iron acetate. These were chosen as iron and nitrogen precursors owing to the
authors’ previous investigations [13]. Interestingly, after an initial heat treatment in
argon and subsequent heat treatment in ammonia, a highly porous catalyst resulted
with a high content of both mesopores and micropores [14]. By combining high
activity of the optimized catalyst technology with the excellent mass-transport
properties arising from the structure, a current density of 1.25 A cm Z at 0.6 V
under H,—O, conditions was achieved, corresponding to a power density of 750
mW cm 2 (Fig. 14). This MOF approach is relatively straightforward and feasible;
however, only a limited number of MOFs are commercially available. The other
alternative is to synthesize the templates in house, where tailoring the structure of
the nitrogen ligands in zinc-based MOFs was demonstrated by Zhao et al. [16]. This
resulted in different structures of the resulting heat-treated M—N—C catalysts, with
the optimal formulation developed by these authors providing a peak power density
of 620 mW cm™> at 0.43 V.

Recently, a new method has been developed at Los Alamos National Laboratory
to generate highly porous structures using a combined nitrogen precursor approach
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Fig. 15 a Scanning and b transmission electron microscopy images of highly porous M-N-C
derived from the mixed nitrogen precursor approach, using both cyanamide and polyaniline in
tandem

[21]. In the method, cyanamide and iron chloride are mixed together, followed by
the addition of aniline and subsequent polymerization. Both cyanamide and
polyaniline have been previously shown as highly effective precursors [15, 40, 41,
70, 71]. In this work, cyanamide plays an additional role of acting as a pore-forming
agent. This technique thereby alleviates the reliance on hazardous etching reagents
to remove templates (i.e., hydrofluoric acid) and does not require the inclusion of
precursor species that are not involved in active site formation (i.e., zinc). After the
addition of carbon black, the precursor mixture is subject to a first heat treatment in
argon. The materials are then acid-leached to remove surface inactive species, and a
second heat treatment is done in argon. The resulting catalyst is highly porous,
including a microporous surface area of more than 1500 m? g~ ' and a large content
of mesopores observed through electron microscopy (Fig. 15). This structural
arrangement translates to high performance in an H,—O, and H,-air tested MEA,
including a power density of 870 mW cm > at 0.4 V and 380 mW cm ~ at 0.50 V,
respectively.

It is important that the mass-transport properties of heat-treated M—N-C catalysts
be taken into consideration when attempting to translate excellent ORR kinetics
into practical fuel cell performance. Strategies must continue to be developed that
are effective at simultaneously providing electrokinetic improvements, along with
excellent active site accessibility throughout the relatively thick non-PGM catalyst
layers.

5 Summary

Although the fuel cell performance of heat-treated non-PGM catalysts has been
dramatically improved over the past two decades, further improvements are still
required to compete with state-of-the-art Pt catalysts. Due to the fact that an
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essential heat treatment of a combination of nitrogen precursors metal precursors,
and carbon supports produces catalysts with varying degrees of ORR activity,
researchers have been led to adopt a variety of precursors and synthetic approaches
to advance non-PGM catalyst development. Though indispensable, the heat treat-
ment destroys the initial structure of precursors, producing a highly heterogeneous,
complicated structure that makes it very difficult to elucidate and understand the
active site(s) of the resulting non-PGM catalysts. For this reason, the development
of non-PGM catalysts depends more on a trial-and-error type approach, rather than
scientific studies that are rationally guided by fundamental knowledge surrounding
the active site structure(s) and their formation. It is therefore becoming increasingly
clear that active site understanding is required in order to propel non-PGM catalyst
development to new levels of achievement. According to published papers about
non-PGM catalysts, the nitrogen precursor selection plays one of the most impor-
tant roles in governing ORR activity when comparing a variety of different
non-PGM catalysts. Therefore, understanding how the structure and properties of
the different nitrogen precursors influence the nanostructure, surface properties, and
activity of the resultant catalysts after heat treatment is an important starting point.

Another important issue related to this type of non-PGM catalysts is durability.
Until now, no non-PGM catalyst has been demonstrated to be durable under
practical PEFC operating conditions. From the practical application viewpoint,
durability is as important as performance. Therefore, understanding the cause of
performance loss of this type of non-PGM catalysts and developing durable
alternatives are also an urgent research field. Applying a host of diverse physico-
chemical analysis tools in conjunction with electrochemical and fuel cell tests is
crucial in this endeavor, and has been the focus of a large number of investigations.
Considering the complex structure of non-PGM catalysts, thorough investigations
must be carried out that provide fundamental insight, exceeding these now “rou-
tine” studies. Sophisticated techniques, including a host of both microscopy and
spectroscopy experiments are required in tandem, with the ability to investigate
catalysts in situ (either in “half-cell” or MEA), potentially providing the key to
breakthroughs in terms of elucidating the active site structure(s) of the most active
non-PGM catalysts prepared to date.
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