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Preface to “Electrocatalysis in Fuel Cells”

Low temperature fuel cells are expected to come into widespread commercial
use in the areas of transportation and stationary and portable power generation,
and will therefore help solve energy shortage and environmental issues. Despite
their great promise, commercialization has been hindered by lower-than-predicted
efficiencies and the high cost of the electrocatalysts in the electrodes. The sluggish
kinetics of the oxygen reduction reaction (ORR) is one of the main reasons for the
high overpotential in a hydrogen proton exchange membrane fuel cell (PEMFC).
The introduction of Mirai, the first mass-produced fuel cell vehicles (FCVs), by
Toyota in Japan in 2014, and in North America in the following year, has
accelerated the development of FCVs by other automotive companies. For
instance, Honda and Hyundai announced the mass production of their own FCVs
in 2016 and 2017, respectively. The current sale price of a new Mirai is about
USD 57,000. One of the main reasons for the high sale price is the high Pt loading
in the fuel cell stacks, especially at the cathode electrode, where the ORR occurs.
The Pt loading at the anode, where the hydrogen oxidation reaction (HOR) occurs,
can be reduced to as low as 0.05 mg cm due to the extremely high reaction rate
on Pt surfaces, while a much higher Pt loading (=0.2 mg cm?) at the cathode is
required, using Pt or Pt alloys as the ORR electrocatalysts, in order to achieve a
desirable cell performance. Pt is a costly and scarce metal. Thus, reducing its
loading or even completely replacing it with abundant and cheap materials would
be advantageous to lower the cost of FCVs. Recent research efforts have been
focused on developing advanced Pt alloys, core-shell structures, shape-controlled
nanocrystals and non-precious-metal (NPM) catalysts.

In addition to ORR activity, one must also consider the durability of the
electrode during fuel cell operation in the harsh environment. The life of a fuel cell
stack in a FCV has to last at least 10 years in order to compete with the
conventional combustion engine. It has been confirmed that the fuel cell
performance gradually declined during operation. The main reasons for the
degradation of the catalyst layer are the dissolution of the Pt and the corrosion of
the carbon support. As a consequence, both catalysts and supports that are more
stable than Pt nanoparticles and carbon black may be needed to meet the
durability requirements. Promising supports include alternative carbon supports,
carbides and oxides.

In other types of low temperature fuel cells, for instance direct alcohol fuel cells
(DAEC:s), the slow fuel oxidation reactions and fast performance decay, caused by
poisonous CO species adsorbed on catalyst surfaces, are the other major
contributions to their low performances. Thus, the development of more active
catalysts with higher tolerance to CO poisoning is required for high-performance
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and long-life DAFCs. The most promising DAFCs include DMFC, DEFC and
DFAFC which use methanol, ethanol and formic acid as fuel, respectively.

This Special Issue aims to cover recent progress and trends in designing,
synthesizing, characterizing and evaluating advanced electrocatalysts and
supports for both ORR and small organic molecule oxidation reactions, as well as
theoretical understanding in fuel cell reactions. I am honored to be the Guest
Editor for this Issue, which includes 34 high quality papers. The nine reviews
together with 25 original research papers cover a very broad spectrum of
electrocatalysis in fuel cells.

It is obvious that the ORR is still the most important topic in fuel cell
electrocatalysis. There are 16 papers that cover some important developments in
ORR electrocatalysts including NPM, core-shell and Pt alloy catalysts. A
significant effort is focused on completely replacing Pt in the ORR catalysts by
developing novel NPM materials. Wei et al. summarized the recent progress in
design and synthesis of metal-free nitrogen-doped carbon materials, including
nitrogen-doped carbon nanotubes (NCNTs) and nitrogen-doped graphene (NG)
for ORR in both acidic and alkaline media. Liu et al. reviewed the progress made
in the past five years in the areas of Fe-N-C electrocatalysts for ORR and
understanding the possible active sites in this type of catalyst. The Fe-N-Cs
prepared from Fe-doped zeolitic imidazolate frameworks (ZIFs) are among the most
active ones in catalyzing the ORR. Barkholtz et al. optimized the synthesis and post-
treatment protocols of ZIF-based Fe-IN-C nanocomposites, as well as the membrane
electrode assembly (MEA) fabrication process, and achieved an impressive fuel cell
performance of 221.9 mA cm2 at 0.8 V. Armel ef al. emphasized the importance of the
morphology control of Fe-N-C on ORR activity by adjusting the crystal size of ZIF-8,
milling speed and heating mode. With the smallest ZIF-8 crystal size (100 nm), the
best Hz/O: fuel cell performance of 900 mA cm? at 0.5 V was obtained, which was
double the value obtained with previous synthesis protocol. Zhang and Chen
developed a novel method to prepare Fe-N-C catalysts by using a cationic
surfactant cetyltrimethylammonium bromide (CTAB) as the template and the
negatively charged persulfate ions as the oxidative agent to stimulate the aniline
polymerization, resulting in a unique one-dimensional (1D) semi-tubular structure of
PANL On the other hand, SBA-15 was used as the template by Wan et al. in the
synthesis of nitrogen-doped ordered mesoporous carbon. Qiao et al. found that P, N
dual-doped reduced graphene oxide synthesized by pyrolyzing a mixture of graphite
oxide and diammonium hydrogen phosphate was very active for ORR. Non-noble
metal oxides and chalcogenides are also promising catalysts for ORR. Some interesting
works on the synthesis and evaluation of Ti-Nb oxides, CoS and FeSe: were also
included in this Special Issue.

Core-shell structures consisting of a cheaper core and an atomic thin Pt shell
have attracted great attention due to their extremely high Pt utilization and
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activity enhancement from the core materials. Hu et al. designed a core-shell
catalyst with a nitride (PdNiN) alloy core and a Pt monolayer. Its stability was
dramatically enhanced compared with that of the previously reported structure
with a pure Pd core. Inoue et al. developed a new method without using any
surfactant to synthesize clean Pd nanoparticles as the core for Pt monolayer
deposition. On the other hand, Caballero-Manrique et al. used Cu nanoparticles as
the sacrificing template to prepare core-shell catalysts consisting of Pt and Pt-Ru
shells. Amra et al. tried to explain the strain and ligand effects from the Pdi-~Cux
alloy core on the Pt monolayer, based on the first principles density functional
theory (DFT) calculations.

Since the discovery of Pt alloys as superior ORR catalysts for fuel cells in the
1980s, they have been considered as the second generation fuel cell catalysts after
pure Pt. Pt alloys not only significantly reduce the Pt loading, but also enhance the
catalytic activity and stability in comparison with Pt. Shen et al. gave a nice review
on some of the recent approaches in developing Pt alloy electrocatalysts for the
ORR. The particle size effect of Pt alloys on the fuel cell performance and decay
rate is very important and has not been systematically studied. Gummalla et al.
compared the initial performances and decay trends of Pt:Co/C cathodes in
PEMECs with three different particle sizes (4.9 nm, 8.1 nm, and 14.8 nm), but with
the identical Pt loading. The initial mass activity of the 4.9 nm Pt:Co-based
electrode was the highest, as well as the performance decay rate. The impact of
PEMFC operating conditions, including upper potential, relative humidity,
and temperature, on the alloy catalyst decay trends were also carefully studied for
the first time.

Some non-carbon-based materials have been explored as alternative supports
for ORR catalysts. Lori and Elbaz summarized the latest studies on ceramic supports
including carbides, oxides, nitrides, borides, and some composite materials.
Alternative carbon supports including carbon nanotubes, ordered mesoporous
carbon, and colloid imprinted carbon were reviewed by Banham et al. The
importance of carbon wall thickness was highlighted. Functionalized graphitic
supports with pyrene carboxylic acid also showed superior durability.

The performance of fuel cell catalysts is certainly dependent on the preparation
methods. Holade et al. and Job et al. summarized the recent advances in the
preparation of carbon-supported nanocatalysts based on colloidal methods. The
correlation between the structure of the catalysts and their activities and the
effects from the synthesis methods were discussed. In addition, the fuel cell
performance is also strongly influenced by the composition and fabrication
protocols of MEA. A semi-empirical model was developed by Myles et al. to
understand the performance of the cell as a function of the ratio of Nafion
ionomer to carbon support (I/C ratio) in high temperature PEMFCs.
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There are three papers in this issue focusing on Pt-based nanocomposites
for the methanol oxidation reaction (MOR). Pt/C-Mn:Orx and HasPMorOswo—Pt/reduced
graphene oxide were found to have better performance than Pt/C and PtRu/C due
to the synergetic effects between Pt nanoparticles and hybrid supports. Wu et al.
synthesized a conductive copolymer based on indole-6-carboxylic acid and 3,4-
ethylenedioxythiophene (EDOT) as the support for Pt particles. This
nanocomposite also showed good activity for MOR. Chen et al. prepared a multi-
component nanoporous PtRuCuW electrocatalyst by chemical and mechanical
dealloying. The unique ligament/channel nanoporous structure showed an
enhanced activity for MOR compared to PtRu/C.

The advances in the study of reaction mechanisms and electrocatalytic materials
(mainly Pt- and Pd-based catalysts) for the ethanol oxidation reaction (EOR) were
reviewed by Wang et al. PAW alloys and hollow PdCu nanocubes, as well as PtMn
alloys, showed some improvement over pure Pd or Pt toward EOR.

Meng et al. presented a comprehensive review on the Pd-based electrocataysts’
formic acid oxidation reaction (FAOR), MOR, EOR and ORR. The high activity of
Pd-based materials toward FAOR was also supported by a couple of original
research papers included in this issue.

Finally, I would like to thank Keith Hohn, Editor-in-Chief, Mary Fan,
Managing Editor, and the staff of the Catalysts Editorial Office for their great
support during the preparation of this Special Issue. I also thank all the authors
for their great contributions and referees for their time reviewing the manuscripts.
I believe these excellent papers collected in this Special Issue will make significant
contributions to the electrocatalysis’ community.

Minhua Shao
Guest Editor
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Nitrogen-Doped Carbon Nanotube and
Graphene Materials for Oxygen
Reduction Reactions

Qiliang Wei, Xin Tong, Gaixia Zhang, Qiaojuan Gong and Shuhui Sun

Abstract: Nitrogen-doped carbon materials, including nitrogen-doped carbon
nanotubes (NCNTs) and nitrogen-doped graphene (NG), have attracted increasing
attention for oxygen reduction reaction (ORR) in metal-air batteries and fuel
cell applications, due to their optimal properties including excellent electronic
conductivity, 4e” transfer and superb mechanical properties. Here, the recent
progress of NCNTs- and NG-based catalysts for ORR is reviewed. Firstly, the
general preparation routes of these two N-doped carbon-allotropes are introduced
briefly, and then a special emphasis is placed on the developments of both NCNTs
and NG as promising metal-free catalysts and/or catalyst support materials for
ORR. All these efficient ORR electrocatalysts feature a low cost, high durability and
excellent performance, and are thus the key factors in accelerating the widespread
commercialization of metal-air battery and fuel cell technologies.

Reprinted from Catalysts. Cite as: Wei, Q.; Tong, X.; Zhang, G.; Qiao, J.; Gong, Q.;
Sun, S. Nitrogen-Doped Carbon Nanotube and Graphene Materials for Oxygen
Reduction Reactions. Catalysts 2015, 5, 1574-1602.

1. Introduction

Developing highly efficient electrocatalysts to facilitate sluggish cathodic oxygen
reduction reaction (ORR) is a key issue in metal-air batteries and fuel cells [1-5]. The
ORR mechanism includes two different pathways: (i) a four-electron (4e ™) process
to produce water directly though the reaction of oxygen, electrons and protons, and
(ii) a two-electron (2e™) process to create the intermediate compound (hydrogen
peroxide) [6]. The 4e™ process is more attractive for cathode catalysts in fuel cells.
Although the platinum-based materials are the better choices for the desired 4e™
pathway, the use of very expensive and rare platinum is a major impediment to the
development and widespread commercialization of fuel cells. Thus, exploring the
substitutes for platinum catalysts by employing non-precious metal catalysts is a
very promising direction [7]. In this regard, one-dimensional (1D) carbon nanotubes
(CNTs) and two-dimensional (2D) graphene (Figure 1) have attracted a great deal of
attention for ORR due to their excellent electronic conductivity, huge specific surface
area (SSA), as well as excellent thermal and mechanical properties [8]. Interestingly,
when the heteroatoms are incorporated in the carbonaceous skeleton, the ORR




performance can be greatly enhanced by effectively modulating the chemisorption
energy of Oy, catalytic sites, and the reaction mechanism (2e™ /4e™) of catalysts [9].
Among various possible dopants, N-doped carbon materials are attracting much
more attention because of their excellent electrocatalytic performance, low cost,
excellent stability, and environmental friendliness, thus setting up a new generation
of the metal-free catalysts for ORR. Furthermore, when the nitrogen with excessive
valence is introduced to the graphitic plane, more m-electrons can be obtained [10].
This feature, together with the significant difference in the electronegativity of N
and C, leads to many unique properties to graphitic carbons, including increased
n-type carrier concentration, high surface energy, reduced work-function, as well as
tunable polarization [11-14]. As schematically illustrated in Figure 2, three common
bonding configurations of N atoms in graphene are demonstrated, including pyrrolic,
pyridinic, and graphitic (or quaternary) N [15]. Pyridinic N atoms are located at the
edges of graphene planes, and each N atom is bonded to two C atoms and donates
one T-electron to the 7t system. In the case of pyrrolic N atoms, they are incorporated
into the heterocyclic rings and each N atom is bonded to two C atoms, contributing
two m-electrons to the 7t system. Graphitic (or quaternary) N refers to the N atoms
that replace the carbon atoms in the graphene plane. Such doped N atoms can change
the local density state around the Fermi level of N-doped graphitic carbons, which
may play a vital role in tailoring the electronic properties and improving their ORR
performance [14,16].

On the other hand, metal oxides are also good candidates for ORR catalysts,
although they normally suffer from low conductivity, as well as dissolution, sintering,
and agglomeration during operation. Consequently, the electrocatalysts show poor
electrochemical properties, restricting their applications. NCNTs or NG could
effectively buffer the catalyst nanoparticle agglomeration and enhance the electronic
conductivity by virtue of their intrinsic excellent conductivity and huge SSA.
Therefore, NCNTs and NG can be used as both excellent metal-free electrocatalysts
and perfect catalyst support for ORR.

The basic principles and mechanisms behind N doping effectively tailoring the
electrical and surface properties of graphitic carbons have been reviewed in some
excellent papers [14,17,18]. Here in this review, we place emphasis on the synthesis
of NCNTs and NG, and their applications for ORR.
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Figure 1. Illustration of ORR on (a) NCNTs; (b) NG and (c) ORR pathway in acid
and alkaline medium. Reproduced and adapted in part from [19]. Copyright ©
2013, Rights Managed by Nature Publishing Group.
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Figure 2. Schematic representation of different types of N atoms (graphitic,
pyridinic and pyrrolic N) in NG and NCNTs. Modified with permission from
Ref. [20]. Copyright © 2009, American Chemical Society.

2. Synthesis of Nitrogen-Doped Carbon

Nitrogen (N) is a neighboring element of carbon in the periodic table, and
its electronegativity (3.04) is larger than that of C (2.55). The incorporation of N



atom into a graphene lattice plane could modulate the local electronic properties,
as it could form strong bonds with carbon atoms because of its comparable atomic
size with carbon. Subsequently, it could generate a delocalized conjugated system
between the graphene 7-system and the lone pair of electrons from N atom. The
introduction of N into carbon nanomaterials could improve both reactivity and
electrocatalytic performance. As a result, the N-doped carbon materials have been
intensively studied among all the available heteroatoms for doping.

2.1. N-Doped Carbon Nanotubes

NCNTs have become a focus as ORR catalysts due to their high activity and
excellent stability. In principle, the N-doping methods can be classified to two
categories: in situ doping and post-treatment doping [17].

2.1.1. In Situ Doping

In situ doping involves the direct incorporation of N heteroatoms into carbon
matrix during the preparation process, and it is often used for the preparation
of NCNTs. The typical in situ doping techniques include high-temperature
arc-discharge [21,22], chemical vapor deposition (CVD) [23-27], chemically
solvothermal procedures (ca. 230-300 °C), [28] and laser ablation methods [29,30].
Thus far, a wide range of N-containing precursors have been used to incorporate N
into C matrix with great success. Moreover, the final amount and functionality of
N in NCNTs are much more critical for practical applications but could essentially
be derived from many different precursors by tuning the synthesis parameters
such as temperature of pyrolysis. Among various techniques, CVD is the most
promising method to synthesize NCNTs with a different C source (such as methane,
acetylene, ethylene, benzene, etc.) [31-34] and N source (such as ethylene diamine,
dimethylformamide, imidazole, Fe-Phthalocyanine, benzylamine, efc.) [34-38]. For
instance, recently, by using a co-pyrolysis route of Fe-Phthalocyanine loaded
and PEO,)-PPO7(-PEOyq (P123) retained in mesoporous silica, Wang et al. [34]
synthesized NCNTs with well-defined morphology and graphitic structure, which
exhibited good performance for ORR. Based on CVD, She et al. fabricated N-doped
1D macroporous carbonaceous nanotube arrays in anodic alumina oxide (AAO)
template, which also showed high performance for ORR [27]. In addition to the
precursors and pyrolysis temperatures, for each method, other factors, such as time,
gas flow rate, catalysts, also have significant influence on the nitrogen contents and
the accurately controlled doping sites [17,28,39,40].

2.1.2. Post-Treatment

NCNTs have also been prepared by various post-treatment methods [41,42].
For instance, Nagaiah et al. [41] synthesized NCNTs by post-thermal treating



oxidized CNTs with ammonia and used the resultant NCNTs as efficient catalysts
for ORR in alkaline medium. However, the post-synthesis treatments [43] normally
require high temperature (800—1200 °C) and toxic N precursors (NHj3 or pyridine)
which limit their practical application. Moreover, some structural degradation and
morphological defects often appear in the materials due to the high temperature
treatment [44].

In general, the in situ doping tends to form pyrrolic- and/or pyridinic-N atoms,
while the graphitic-N in carbon frameworks is normally generated after a high
temperature post-treatment [45]. Yet, to obtain an accurate N content and doping
sites controllably in these materials is still a challenging problem [17].

2.2. N-Doped Graphene

Compared to doping N into CNTs, the N atom can be more easily introduced
into the graphene due to the more open structure in graphene. The N atom could
be incorporated into graphene directly during the synthesis of graphene or through
post-treatment of graphene oxide (GO) (or graphene). Among numerous methods to
produce graphene, CVD, solvothermal fabrication and arc-discharge are normally
chosen for in situ growth of NG. Compared with the in situ synthesis, post-treatment
methods which include thermal annealing, plasma or irradiation treatment, or
solution treatment are simpler and likely closer to commercialization [46].

2.2.1. In Situ Doping

CVD is one of the important methods to prepare NG [20]. In Liu’s group,
they used Cu/Si as the catalyst, CHy as the C source and NHj as the N source to
produce few-layers NG under 800 °C for the first time (single-layer graphene can be
occasionally detected). On the other hand, by using the sole source that contains both
C and N (e.g., acetonitrile [47] and pyridine [48]), N atoms can be simultaneously
introduced into the graphene lattice during CVD growth of graphene films. The
doping amount of N can be adjusted in the range of 1.2-16 at.% by controlling the
gas flow rate and the C source to N source ratio [20,49].

A solvothermal process to obtain NG through the reaction between
tetrachloromethane and lithium nitride was also developed by Deng et al. [50]. It is a
one-pot direct synthesis with just placing the reaction reagent in an autoclave and
keeping under N, and below 350 °C. It allows scalable synthesis and the nitrogen
species can be introduced into the graphene structure with 4.5-16.4 at.% of N.

With the presence of pyridine vapor or NH3, the arc-discharge technique which
is commonly used for preparing carbon-based nanomaterials is also employed to
fabricate NG. Rao et al. [51-53] successfully produced NG with the N content around
0.5-1.5 at.%. However, this process requires complicated purification steps with low
yield due to the excessive by-products.



2.2.2. Post-Treatment

Thermal treatment in ammonia atmosphere is an easy and commonly used
method to obtain NG by post-modification. Since the N incorporation reactions occur
mostly at the defect sites and the edges of graphene, a low N level (e.g., 2.8 at.% in
ref.) in graphene is normally obtained in previous reports [54]. In order to get higher
N doping, researchers turned their attention to GO which contains a range of reactive
oxygen functional groups and more defects to provide more active deposition. In
Dai’s group [55,56], through thermal annealing of GO under NHj3 atmosphere, the
GO nanosheets were reduced and decorated with N simultaneously. At 300 °C, the
N-doping process started, while the highest doping level of ~5 at.% N was achieved
at 500 °C. The melamine was also used as the N source to synthesize NG and the
atomic percentage of N can reach up to 10.1 at.% [57].

Since the chemical defects in graphene play a critical role in the production of
NG, some physically based methods such as plasma treatment or ion implantation are
used to induce chemical defects [58]. Furthermore, by changing the plasma density
or exposure time, the N content can be easily controlled (up to 8.5 at.% N) [59]. For
example, Guo et al. used N*-ion irradiation to introduce defects into the plane of the
graphene, and then followed by annealing under NHj3 atmosphere to get NG [60].
The level of N doping can also be adjusted by changing the experimental parameters.

In liquid phase environment, the reduction of GO and N doping can be realized
simultaneously under the hydrothermal reaction by using N-containing reducing
agent such as hydrazine hydrate [61] or urea [62]. Ata pH of 10 and temperature of
80 °C, in the presence of hydrazine and ammonia, slightly wrinkled and folded NG
sheets (up to 5 at.% N) were obtained. Also, the N-enriched urea could play a key
role in the formation of the NG with high N-doping level (10.13 at.%). During the
hydrothermal process, NH3 will release and react with the oxygen-containing groups
on GO; meanwhile, the N atoms can dope into a graphene skeleton. Researchers can
control the N-doping level through adjusting the experimental parameters, e.g., the
mass ratio between GO and the reducing agent, or the reaction temperature.

3. Nitrogen-Doped Carbon Nanotubes (NCNTs) for Oxygen Reduction
Reaction (ORR)

3.1. NCNTs as a Metal-Free Catalyst for ORR

The pioneering work of NCNTs as highly efficient electrocatalysts for ORR
in alkaline fuel cells was reported by Gong et al. in 2009 [6]. A steady-state
output potential of —80 mV and a current density of 4.1 mA/cm? at —0.22 V were
observed in their study, which is superior to that of —85 mV and 1.1 mA/cm? at
—0.20 V for a Pt/C electrode. Quantum mechanics calculations show that the carbon
atoms adjacent to N dopants have very high positive charge density in order to



counterbalance the strong electronic affinity of the N atom. Coupled with aligning
the NCNTs, the vertically aligned (VA)-NCNTs show an excellent performance of a
4e~ pathway for ORR. Following this important study, plenty of research has been
conducted to fabricate NCNTs [37,41,62,63] and to investigate their electrocatalytic
activity from both mechanistic and experimental perspectives [23,38,64—68]. For
example, based on B3LYP (a trustworthy calculation for nanomaterials) [69-71],
Hu et al. [69] investigated the adsorption and activation of triplet O, on the surface
of NCNTs with different diameters and lengths by density functional theory (DFT).
The results showed that N doping sufficiently improved the adsorption ability of
O, on CNTs [69]. Changing the diameter and length of NCNTs has a large effect on
the binding energy between O, and NCNT and bond length of O,, and this result
further proves that NCNTs are very promising metal-free catalysts for ORR from a
theoretical perspective.

From an experimental perspective, in 2009, Y. Tang et al. [72] synthesized NCNTs
via the CVD method using acetonitrile or ethanol as precursors and Ar/Hj as carrier
gases. TEM images indicate that the NCNTs are composed of individual nanocups
stacked together (Figure 3). Their results indicated that the stacked NCNTs exhibited
similar catalytic activity with Pt/CNTs in ORR and they can also be used in the
electrochemical detection of H,O, and glucose. Using the CVD method, several
other research groups also tried to synthesize NCNTs with different N precursors.
Experiments indicate that carbon and N precursors have a significant impact on the
morphology and performance of NCNTs. For instance, when ferrocene (catalyst
precursor) and imidazole (C and N precursor) were used, the as-synthesized NCNTs
had a high N content of 8.54 at.% and a bamboo-like structure [23]; by annealing
CNTs and tripyrrolyl[1,3,5]triazine (TPT) mixture in N, the NCNTs annealing at
900 °C exhibited excellent electrochemical performance towards ORR in alkaline
medium [73].

In another group, Kundu et al. fabricated NCNTs via the pyrolysis of acetonitrile
with cobalt as catalyst at different temperatures in order to control the nitrogen
content [63]. The results indicated that NCNTs prepared at lower temperatures had
a higher amount of pyridinic groups with more exposed edge planes. Furthermore,
they proved that the NCNTs with a higher amount of pyridinic groups possess better
catalytic properties for ORR. Later, they synthesized NCNTs using a new approach,
i.e., by treating oxidized CNTs with ammonia at 800 °C; the obtained NCNTs
exhibited a favorable positive onset potential for ORR, increased reduction current,
and excellent stability, demonstrating a very promising cathode catalyst for ORR in
alkaline medium [41]. Almost at the same time, Chen and co-workers synthesized
NCNTs using various N precursors and/or catalysts [74-77]. It was concluded from
their studies that higher N content and more defects in NCNTs lead to higher ORR
performance. Similar conclusions were also drawn by Geng et al. [78]. However,



others have found that there is no direct correlation between total N content and
the ORR performance; for example, a recent study reported, through post-treatment
of few-walled carbon nanotubes (FWCNTs) with polyaniline, a much lower N
content (~0.5 at.%). Interestingly, the low N-containing FWCNTs exhibited excellent
electrocatalytic activity for ORR as well as higher methanol tolerance properties [79].
Therefore, the exact role of N doping in NCNTs for the ORR activity is still under
debate. Until recently, Wagberg et al. [45] investigated how a thermal post-treatment
on the N-doped MWCNTs can result in the transformation of pyrrolic and pyridinic N
sites into quaternary N sites (N-Qs), leading to the improvement of ORR performance.
They reached the conclusion that the quaternary N valley sites (N-Qyajey) are
the most active sites in NCNTs for ORR; hence, a 4e™ reduction pathway occurs
generally on the N edge defects. Based on this fundamental concept, the chemical
functionalization becomes an alternative and effective approach to introducing N into
complex carbon nanostructures [80]. Accordingly, Tuci et al. reported a systematic
study on the synthesis, characterization, and electrocatalytic property of MWCNTs
functionalized with a series of well-defined pyridine groups [81]. They also discussed
the role of the electronic charge density distribution at the chemically grafted N
heterocycles on the ORR performance. This study therein introduced a deep level of
complexity to the understanding of the ultimate role of the pyridine groups on ORR
in NCNTs.

All these findings introduced above have significant impacts on catalysis and
fuel cell domains. However, most of the CNTs used in these reports were synthesized
by the pyrolysis of a nitrogen-containing precursor, and the residual catalyst particles
of Fe or Co were removed by the electrochemical method. Though great attention
has been paid to the purification process, the effects of metal contaminates in NCNTs
on the ORR performance are still controversial, unless NCNTs could be obtained by
a metal-free synthetic process. In this regard, by employing water-plasma etching
S5i0, /Si wafers, Dai’s group reported a simple but effective approach for the growth
of densely packed N-doped single-walled CNTs [82]. Figure 4a shows the schematic
illustration of the NCNT fabrication process. Typically, the water-plasma was used
to etch the SiO; coating (30 nm) on the top of the SiO, /Si wafer to produce uniform
Si0, nanoparticles, which will act as the catalysts for NCNT growth during the CVD
synthesis. As shown in Figure 4b—e, the produced metal-free NCNTs showed superb
electrocatalytic activity and excellent durability toward ORR in acidic medium. For
the similar purpose of excluding the possible contribution of metal impurities to
ORR catalysis, Wang et al. [64] discovered that, without metal-containing catalysts,
N atoms alone show strong promotion for the self-assembly of NCNTs from gaseous
carbons. Based on this new discovery, pure metal-free CNTs with a high level of N
doping (20 at.%) can be directly synthesized by using melamine as both the carbon
and nitrogen precursor, without any post-treatment. More importantly, such intact



samples can be used to investigate the intrinsic catalytic activity of NCNTs more
clearly; the results indicated that NCNTs indeed performed very well. Furthermore,
Li et al. reported that the concentration of KOH electrolyte also had a large impact on
the ORR performance of the NCNTs [65]. Higher concentration of KOH electrolyte
leads to more negative onset potential and lower current densities. For example,
when the concentration of KOH increased from 0.1 M to 12 M, the diffusion-limiting
current decreased over 100 times. This could be attributed to the very low oxygen
solubility in highly concentrated KOH electrolytes. In addition, in 3 M and 6 M KOH
electrolytes, NCNTs showed competitive activity with commercial Pt/C catalyst for
ORR in alkaline media, and much better activity than the Ag/C catalyst [65].

m L
Y

[o)]
o

Current /uA
N
i

i ot ----Pt-CNT
20 —— N-Doped Nanocups

02 00 -02 -04 06 -08 -1.0
Potential /V

Figure 3. (a,b) TEM image of stacked NCNTs and commercial Pt-CNTs. Inset in
(a) is the scheme illustration of the nanocups in stacked NCNTs. (¢) CV curves of
stacked NCNTs and commercial Pt-CNTs in 0.1 M KOH aqueous solution saturated
with O,. Reprinted with permission from Ref. [72] Copyright © 2009, American
Chemical Society.
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Figure 4. (a) Water-plasma-assisted CVD growth of NCNTs for the ORR; (b) CVs
of the NCNTs, 50 mV /s in 0.5 M H,SOy solution saturated with Ny or Oy; (c) RDE
curves of the NCNTs and CNTs in oxygen-saturated 0.5 M H,SOy; (d) RDE curves
of the NCNT in oxygen-saturated 0.5 M H,SOy, inset: Koutecky-Levich plots of the
NCNT derived from RDE measurements; (e) The two-day stability measurements
of the NCNT by using continuous CV in oxygen-saturated 0.5 M H,SO4. Reprinted
with permission from [82]. Copyright © 2010, American Chemical Society.

3.2. NCNTs as Catalyst Support Material for ORR

Using CNTs as catalyst supports have attracted significant interest because of

their high surface area and excellent electrical conductivity. The N doping creates
defects on the surface of pristine CNTs and breaks out its chemical inertness, while
preserving its electrical conductivity [83]; moreover, NCNTs contain nitrogenized
sites that are electrochemically active. Therefore, NCNTs were also used as excellent
supports for catalyst nanoparticles. For instance, Vijayaraghavan et al. demonstrated
that Pt nanoparticles/NCNTs exhibited enhanced catalytic activity and stability

10



along with N-dopant contents [84]. Later, Sun’s group demonstrated that uniform
Pt nanoparticles with smaller size and better ORR activity than pure CNTs were
obtained from NCNTs [85,86] (Figure 5). The authors also demonstrated that the
catalyst stability increased with the increase of N contents in NCNTs [87]. To
further take the merits of both carbon and ceramic-based supports for ORR, the
Sun group employed the composite nanostructures of NCNTs coated with TiSi;Ox
as Pt catalyst supports, and the results indicated that this composite showed better
ORR performance than Pt/NCNT catalysts, thereby illustrating its promise as a
catalyst for fuel cells [88]. Chen’s group concluded that the NCNTs synthesized from
an N-rich precursor solution (ethylenediamine) exhibited superior catalytic activity
toward ORR compared with NCNTs grown from a precursor solution with relatively
low N content pyridine [89].
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Figure 5. (a,b) TEM images and size distribution of Pt/CNTs (a) and Pt/CNy (b)
(scale bars are 20 nm); (c¢) CVs of Pt/CNTs an Pt/CNx 0.5 M H,SO,4 with saturated
Ar at 50 mV/s; (d) RRDE results of Pt/CNTs and Pt/CNy in 0.5 M H;SOy saturated
with O, at 5mV /s at the rotation speed of 1600 rpm at room temperature. Reprinted
with permission from [85]. Copyright © 2011, American Chemical Society.

4. Nitrogen-Doped Graphene (NG) for ORR

As discussed above, NCNTs could act as efficient and effective metal-free
catalysts for ORR. Carbon atoms adjacent to nitrogen dopants could create a net
positive charge density in order to counterbalance the strong electronic affinity of
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the N atom [6]. Hence the doping of the N atom could readily attract electrons to
facilitate the ORR. Similar to NCNTs, coupled with the recent popularity of graphene,
NG is also considered an appealing candidate for the applications in ORR where the
NCNTs have already been exploited significantly.

4.1. NG as a Metal-Free Catalyst for ORR

Compared with NCNTs, NG has a large surface area and outstanding electrical
conductivity; moreover, it also has the unique graphitic basal plane structure that
could further facilitate electron transport and supply more active sites.

In 2010, Queet al. first reported the application of NG as catalysts for the ORR [90].
As shown in Figure 6, a free-standing NG film of 4 cm? in size consisting of only a
few layer sheets was obtained by the CVD method, using gas mixtures of NHjz, CHy,
H; and Ar on the Ni catalyst surface. The N content in the as-synthesized NG was
ca. 4 at.%. The RRDE voltammograms measurements were conducted, in alkaline
electrolyte, to investigate the catalytic properties of NG, graphene and Pt/C for ORR.
From Figure 6b, it can be seen that the graphene electrode showed a 2 e~ process
for ORR with an onset potential of around —0.45 V. After doping with N, the NG
electrode exhibited a one-step, 4 e~ pathway for ORR.
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Figure 6. (a) An optical photograph of NG film floating on water; (b) LV curves
in 0.1 M KOH saturated with air of different samples. Reprinted with permission
from [90]. Copyright © 2010, American Chemical Society.

Calculated by the Koutecky-Levich equation, the transferred electron number
per O, molecule of the NG was 3.6—4. It was found that the steady-state catalytic
current density of the NG electrode was three times higher than the commercial
Pt/C electrode. Similar to NCNTs, NG has excellent durability and good selectivity
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for ORR. The accelerated degradation test (ADT), which was carried out by CV in
Oy-saturated electrolyte, is used to estimate the stability of the catalyst. In previous
work, the graphene showed obviously more stable catalytic performance than Pt/C.
Almost no significant loss in the voltammetric charge was observed after even a
100,000-cycle stability test [91]. Another advantage of NG compared to Pt for ORR
is that ORR on NG is not greatly affected by methanol [59,90] and CO [90,92]. For
instance, a 40% decrease was observed at the Pt/C electrode on the introduction of
2% (w/w) methanol [90], whereas the NG electrode remained unaffected under the
identical condition. The high selectivity of NG toward ORR makes it very attractive
for implementation in different kinds of fuel cells.

Based on these results, numerous research studies have been conducted on
NG for ORR. Some of the typical works are summarized in Table 1. It is notable
that the half-wave potential and onset potential for ORR are important criteria for
evaluating the activity of an electrocatalyst, and the number of the electron transfer
is determined from RRDE measurements to show that whether the electron transfer
mechanism is a 2e™ dominated process or 4e~ dominated process.
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Table 1. Summary of some typical work dedicated to NG as a metal-free catalyst

for ORR.
Synthesis Method and N-Content (at.%) Electrocatalytic Performance Electron Transfer Ref.
Reactants Number
NG (25 at.%) shows competitive
Thermal treatment of ORR activities with Pt/C and
33 - 32-37 [19]
glucose and urea much better crossover resistance
and excellent stability
CVD (C source, ethylene; Higher onset potential as
N source, ammonia; Cu) up to 16 compared to Pt/C close to 2 149]
Thermgl treatmenfc of GO 101 Much higher ORR activity 34.36 157]
using melamine than grapheme
Higher ORR activity than
Np Le;frr;ztr}f:rtlrélent 8.5 graphene, and higher durability - [59]
grap and selectivity than Pt/C
CVD (C source, methane; 4 Higher activity, better stability and 3.6-4 190]
N source, ammonia, Cu) tolerance to crossover than Pt i
Detonation technique with
cyanuric chloride 12.5 Comparable to that of Pt, more 3.69 [91]
. stable and less expensive
and trinitrophenol
A resin-based The onset potential on the NG
methodology with 18 electrode is close to that of Pt/C. 21-39 [92]
N-containing resin and : The current is almost the same for o
metal ions both the Pt/C and NG
The performance of these NG
Hydrothermal reaction of materials towards ORR is still not
4 . 6.05-7.65 as good as that of Pt/C in terms of ~3 [93]
GO with urea .
the half-wave potential and
current density
Covalent functionalize GO T}Z)eogglerzlcatrrfcs?tea?t tel)c(}:ftllilel(ti a
using organic molecules 0.72-4.3 tfirou han efﬁcie}rl’lt one—stey 3.63 [94]
and thermal treatment gh an P
4e~ pathway
.. The N dopants in the graphene
CVD of N-containing reduce the ORR overpotential,
aromatic 2.0-2.7 X 3.5-4.0 [95]
thereby enhancing the
precursor molecules . L
catalytic activity
GO treatment by ammonia
hydrOX}de, heating und'er 6.0-6.8 Pyridinic N plays a vital 3237 196]
ammonia gas, and reaction role in ORR
with melamine
Annealing of GO with . o .
ammonia and 291-756 The higher limiting current density 2.85-3.65 197
N- . compared to Pt
containing polymers
Thermal reaction between The onset potential is close to that
GO and NH; 24-46 of Pt/C ~38 (98]
Hydrothermal reaction Tt shows lower ORR activity than
with GO and melamine 26.08 Pt/C 40 wt.% 32-40 1991
Hydrothermal process 86 Superb ORR with 4e~ pathway 3.85 [100]
using urea and holey GO ) and excellent durability )
The nG-900 exhibits lower activity
Thermally annealing GO and onset potential than Pt/C,
with melamine 8.05 albeit higher than graphene; 3337 [101]
excellent stability
The NG showed a much-higher
Pyrolyzing GO with urea 7.86 activity than glassy carbon (GC) 3.6-4.0 [102]
and graphene
Redox GO with pyrrole 6 Shows comparable onset 33 [103]
then thermal treatment potentials with 40 wt.% Pt/C ’
GO and .
dicyandiamide under 7.78 The onset potentials at rGO-N was 2.6 [104]
L. lower than that at Pt/C
hydrothermal condition
Pyrolysis of eraphene High activity toward ORR with a
IOy grap 24 superior long-term stability and 3.8-3.9 [105]

oxide and polyaniline

tolerance to methanol crossover
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Table 1. Cont.

Synthesis Method and N-Content (at.%) Electrocatalytic Performance Electron Transfer Ref.
Reactants Number

Higher current density than Pt/C.
Lower onset potential of ORR than 37 [106]
that of the commercial Pt/C

Thermally annealing GO 106
5-aminotetrazole monohydrate ’

Pyrolysis of sugar in the The NG1000 has comparable ORR

3.02-11.2 half-wave potential to 20 wt.% 3.2-3.8 [107]
presence of urea Pt/C
. NG has higher ORR activity than
Hydrothermal reaction of 5.8-6.2 grapheme, but is not yet 3.0-4.0 [108]
GO with urea
comparable to the Pt
Much more enhanced ORR
Pyrolysis of GO and 278-3.79 activities with positive onset 3.89 [109]
polydopamine potential and larger current
density than graphene
. . Compared to Pt/C, the half-wave
Pyroly;mg GO with potential of ORR on this NG
Melamine, urea and 5 3.5-4 [110]
di diamid catalyst was close, wheras the n
icyandiamide .
values are slightly lower
PANTI acting as a N source
were deposited on the N Very good electrocatalytic
surface of GNRs via a 41-83 activity and stability 391 (1]
layer-by-layer approach
NG is synthesized by Doping N in graphene is good to
pyrolyzing ion exchange 0.98-1.65 improve the activity for ORR, but - [112]
with resin and glycine still lower than Pt/C catalyst
The doping of graphite N
Microwave heating of enhanced the activity of the
graphene under NH; flow 4.05-547 catalysts in the ORR in 3.03-33 [113]
alkaline solution
Facile hydrothermal Competitive with the commercial
method 28 Pt/C catalysts in alkaline medium 3.66-3.92 [114]
The onset potential is (0.755 V vs.
Gas-phase oxidation RHE), comparable to the value of
strategy using a nitric 0.52 chemically synthesized NG, and 3.2-39 [115]
acid vapor the current densities are higher
than those demonstrated for NG.
Ca\rllg g;z:;}(: Oifngrs\lz:)i?}? r;e Excellent activity, high stability,
P ping 6.5 and very good crossover resistance 3.96-4.05 [116]
solid N precursor of . . .
- for ORR in alkaline medium.
graphitic C3Ny
A hard 507 Outstanding ORR performance in 39 [117]
templating approach ’ both acidic and alkaline solutions. ’

In spite of extensive studies, the explanations on the exact catalytic mechanisms
of NG (e.g., wherein the N configuration (pyridinic N or graphitic N) is more
important for the ORR activity) or even the active sites are still controversial [94,118].
In Sun et al.’s research [55], they found that NG containing 0.3892% quaternary N (the
highest N content in three samples) showed the best ORR activity and the relationship
between ORR activity and graphitic N contents matched very well. It revealed that
graphitic type N plays the vital role for ORR activity. Luo et al. [49] synthesized
the graphene layers doped with nearly 100% pyridinic N through the pyrolysis of
methane (CH4) and NHj3 on Cu substrate, and the as-synthesized pyridinic N-doped
graphene mainly exhibited a 2e™ transfer process for ORR, indicating that pyridinic
N may not, as previously expected, effectively promote the 4e~ ORR performance of
carbon materials.
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On the contrary, in the work of Sheng [57], the NG mainly containing
pyridine-like N atoms was obtained by the heat-treatment of GO in the presence of
melamine. Since the electrocatalytic activity of the NGs toward ORR is independent
of N-doping level, it may indicate that the pyridine-like N in NGs determines its
ORR activity. Pyridinic N, which has a lone electron pair in the plane of the carbon
matrix, could donate the electron to the 7-bond, attract electrons, and therefore be
catalytically active. Some results were shown in many previous works [94-96].

In the research of Ruoff’s group [97], NG with different N-doping formats
was prepared by annealing GO together with different N-containing precursors,
such as ammonia and N-containing polymers. It was prone to generate graphitic
N and pyridinic N when annealing GO with ammonia, while it tended to form
pyridinic and pyrrolic N species when annealing GO with polyaniline or polypyrrole.
They found that the total atomic content of N rarely affects the ORR activity under
alkaline conditions. Actually, the graphitic N-dominated catalysts exhibit higher
catalytic activity and larger limiting current density than that of pyrrolic or pyridinic
N-dominated catalysts. However, the pyridinic N could enhance the ORR onset
potential and gradually convert the 2e~ dominated pass-way to the 4e~ dominated
process. Also, some researchers [119-122] used the periodic DFT to simulate the ORR
at the edge of NG. For example, by taking into account the experimental conditions,
i.e., the surface coverage, the water effect, the bias effect and pH, Yu et al. [119]
presented a systematic theoretical study on the full reaction path of ORR on NG.
They concluded that the rate-determining step is the O(ads) removal from the NG
surface. From another perspective, by calculating energy variations during each
reaction step using DFT, Zhang and Xia [120] demonstrated that the electrocatalytic
activity of NG is related to the atomic charge density distribution and electron spin
density The reasons for why NG has catalytic capability (while pristine graphene
does not) have also been discussed. From Kim et al.’s results, [121] doping of N
in graphene could promote the oxygen adsorption, the first electron transfer, and
the selectivity toward the 4e™ reduction pathway. More specifically, they suggested
that the outermost graphitic N sites are the main active sites. Meanwhile, they also
proposed that the graphitic N site which involves a ring-opening of the cyclic C-N
bond at the edge of graphene could result in the pyridinic N, thus, the inter-converts
conversion mechanism between pyridinic and graphitic types during the catalytic
cycle may reconcile the experimental controversy about what types of N are the ORR
active sites for N-doped carbon materials [121].

Besides the doped N species, the morphology of NG also plays a significant
role for the ORR properties. During the doping process of graphene, the
stacking of graphene sheets is inclined to increase the diffusion resistance of
reactants/electrolytes, reduce the specific area, and the exposed active sites. It
is thus worth controlling the structure of NG to get more ORR activity. In this regard,
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there is a great deal of work on the production of N-doped holey graphene [99,100].
For instance, a 3D porous nanostructure which has N-doped holes on individual
graphene sheets was synthesized through a hydrothermal process using urea and
holey GO by Yu et al. [100]. Benefiting from the 3D porous nanostructure, abundant
exposed sites, and high-level N doping, the as-prepared material exhibited excellent
ORR performance, such as the high limiting current, strong resistance to the methanol
crossover, which are competitive with the commercial 20 wt.% Pt/C catalysts.

4.2. NG as Support Material for ORR

The incorporation of N atoms within graphene sheets could contribute more
functional groups, higher electron-mobility, and more active sites for catalytic
reactions. Also, it is beneficial for facilitating the distribution and uniformity of
metal nanoparticles. Moreover, when NG acts as the support, it could enhance the
catalytic properties due to the interaction between graphene and metal nanoparticles.
Consequently, NG materials have been regarded as one very promising metal catalyst
support [123-126].

Typically, NG is proposed to be able to stabilize the noble metal nanoparticles,
and improve the durability of the catalysts. Moreover, nitrogen doping could
introduce active sites for catalytic reactions and also act as anchoring sites for
metal nanoparticle deposition. Yang et al. fabricated a composite of Pt-Au alloy
nanoparticles on NG sheets by a wet-chemistry method [127]. As shown in Figure 7,
the NG was synthesized by thermal treatment of GO powder and melamine. Then
the solutions of H,PtClg, HAuCly, NG in DMF and water underwent the microwave
irradiation. The as-prepared Pt3 Au-NPs were found to be well dispersed on the NG
sheets (Figure 7b) and the HRTEM image in Figure 7c revealed the lattice fringes of
the NPs have an interplanar spacing of 0.232 nm. The fast Fourier transforms (FFTs)
shown in Figure 7d indicated the single crystallite nature of the Pt Au/NG on (111)
plane. Figure 7e,f showed that the corresponding potential for Pt Au/NG was much
lower than the other two samples at a given oxidation current density. Improved
electrocatalytict activity was observed due to the small size, uniform dispersion and
a high electrochemical active surface area of the nanocomposites. Recently, more
studies on NG- or N-rGO-supported Pt electrocatalysts have also been reported; all
these results demonstrate the significant function of N doping in producing highly
efficient ORR electrocatalysts [128-130].

Additionally, it was predicted that non-precious-metal-NG hybrid materials
would also lead to enhanced catalytic properties. For instance, Chen et al. reported
a strategy to synthesize ZnSe/NG nanocomposites (NG-ZnSe) [131]. As shown
in Figure 8, [ZnSe](DETA)( 5 nanobelts were gradually put into the GO solution,
and then the sediments were processed by hydrothermal treatment. As shown
in Figure 8b, ZnSe nanorods, which were composed of ZnSe nanoparticles, were
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grown on a graphene surface. It can be seen from Figure 8c that the NG-ZnSe
electrode exhibited higher positive onset potential and larger current for ORR. The
improved performance can be attributed to the synergetic effects between NG and
alloy nanostructures. There are also a number of similar reports using non-precious
metal to produce metal /NG composites, showing potential applications [132-136].

|

Melamine milp
v'—\_—/.q HaPtCls, HAUCl:
_ | —— =
M 1. Anncaling 2. Microwave
"-‘__\-““-\___',_’)
GO N-G Pr-Au/ N-G

#d-0.2320m4111),

(d)

#

0.25
—
0.4+ —bh
— 0.20
02 -
= .
b= £0.15
Zo0 <
£ 0.0- -
E 0.0
3 =
~ =
02 <
ﬂ N
DA !—IJ
04 02 00 02 04 06 08 1.0 12 14 0004

Potential / V vs.SCE bR ‘:;:“m;'.l’] v ‘_‘f;m: o5 o8
Figure 7. (a) Fabrication of the Pt-Au alloy NPs on the NG sheets; (b) TEM
of Pt3Au/N-G; (c) HRTEM and (d) FFTs of a single Pt Au NP on NG; (e) CVs
and (f) LSV of Pt/C (a, black), Pt3Au/G(b, red) and Pt Au/N-G catalysts (c,
green). Reprinted with permission from [127]. Copyright © 2012, Royal Society
of Chemistry.

18



Hydrothermal
Mixed procedure
. — —i !
l 25,5 min 180 °C,12 h ‘

-
-
-

1 — Mixed product
| — Graphene

08 06 -04 -02 00
E vs. Hg/HgO (V)

Figure 8. (a) Schematic preparation of NG-ZnSe nanocomposites (blue
rods-[ZnSe](DETA)g 5 nanobelts; orange rods-ZnSe nanorods; purple balls-N; gray
balls-C); (b) SEM photograph of ZnSe/NG; (¢) LV curves in 1.0 M KOH solution
with saturated O, of different electrodes. Reprinted with permission from Ref. [131].
Copyright © 2012, American Chemical Society. Note: in the original paper, the
authors refer to “nitrogen-doped graphene” as “GN”; here in this review, for
consistency, we named it “NG.”

5. The Composites of NCNTs and NG for ORR

As a two-dimensional layer structure of sp?-hybridized carbon, graphene has
strong direction-dependent transport properties and is easily agglomerated and
restacked to graphite; therefore, when used as a catalyst, it may result in declined
activity. A combination of CNT and graphene may be an effective way to solve this
problem [137,138]. Dai’s group has demonstrated that CNT-graphene complexes
can exhibit excellent activity and stability towards ORR in both acidic and basic
electrolytes [139]. Furthermore, based on the STEM-HAADF and EELS mapping
results, they speculated that the impurities of nitrogen and iron might be the reason
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for the excellent ORR properties. While, as illustrated in the previous sections,
NCNTs and NG have shown excellent electrocatalytic performance for the ORR
compared with pure CNTs or graphene. Therefore, , there have recently been efforts
to hybridize these two carbon structures (NCNTs and NG) to obtain a synergy effect
to further improve their catalytic performance [138,140]. For example, Ma et al.
fabricated the 3D NCNTs/graphene composite through the pyrolysis of pyridine
over the Ni catalyst supported on graphene sheet [140]. The N content in the
NCNTs/NG composite was about 6.6 at.%, compared with the undoped CNTs/G;
the doped sample showed higher catalytic activity and selectivity for ORR in the
alkaline electrolyte. Another example of highly active N-doped G/CNT composite
electrocatalyst for ORR is demonstrated by Ratso and coworkers [141]. N-doped
few-layer G/CNT composite was fabricated by the pyrolysis of GO/MWCNT with
urea and dicyandiamide. Based on the XPS and RDE results, they concluded that
the enhanced electrocatalytic activity is due to a higher content of pyridinic N in the
samples, and the higher limiting currents of oxygen reduction can be ascribed by
the quaternary N. These results are attractive for alkaline fuel cells. However, these
methods require high temperature pyrolysis, during which the morphological defects
and structural degradation are probably shown up in the final products [17]. In this
regard, Chen et al. synthesized NG-NCNT nanocomposite through a hydrothermal
process at a much lower temperature (i.e., 180 °C) (Figure 9a) [44]. The diameters
of the nanotubes are in the range of 9—15 nm, and the atomic percentages of
N content are 3.2 at.% and 1.3 at.% for graphene and CNTs, respectively, which
confirm the existence of the N element in both graphene and CNTs. This NG-NCNT
displayed a 4e~ pathway for ORR with more positive onset potential, large peak
current, and good durability (Figure 9b-g). Very recently, however, a hybrid of
NCNT and graphene prepared by plasma-enhanced CVD showed inferior ORR
activity, [142] which is contradictory to the above-mentioned results. The reason for
this discrepancy is still not clear, thus extensive and careful research in this area is
still needed.
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Figure 9. (a) Schematic preparation of the NG-NCNT nanocomposites; (b) LV
curves in 0.1 M KOH solution with the rotation speed of 1600 rpm and sweep rate
of 20 mV-s~! in oxygen of different samples; (c) LV curves of NG-NCNT with
different rotation speeds (sweep rate 20 mV- s~1); (d) K-L plots (i tos. w2y at
different potentials (vs. Hg/Hg,Cly); (e) CVs of GN-CNT after 8000 cycles with the
sweep rate of 150 mV-s~1; (f-g) Impedance data of different samples in 0.1 M KOH
solution with saturated N, and O,, respectively; (h—k) SEM and STEM images of
the typical NG-NCNT nanocomposite; (m,n) Elemental analysis image of the NG
and NG-NCNT (the area marked with 1 and 2 in Figure (k) respectively. Reprinted
with permission from [44]. Copyright © 2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

6. Conclusion and Perspectives

ORR plays an essential role in energy-related areas, such as metal-air batteries
and fuel cells, and traditionally, the Pt-based catalysts are regarded as the best choice
for 4e~ ORR. Due to the prohibitive price and scarcity of Pt, the development of
high performance and inexpensive metal-free and non-noble metal catalysts, to
replace Pt, are highly desired, and it plays an important role in promoting the
large-scale practical applications of these energy devices. Due to their outstanding
properties, such as ultrahigh charge carrier mobility, gigantic thermal conductivity,
extremely large surface area, exceptional mechanical strength and flexibility, CNTs
and graphene have been extensively explored for ORR. The pristine CNTs and
graphene mainly exhibit 2e™ pathway for ORR, while N doping has been proved
to be a promising way to tailor their properties to promote 4e~ ORR which is much
more meaningful for energy applications. For N doping in CNTs or graphene, there
are mainly two strategies: the first method is the in situ doping where nitrogen can
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be doped into CNTs or graphene nanosheets during the growing process with the
addition of proper carbon and nitrogen sources. The second one is the post-treatment
process; in this method, CNTs or GO were firstly synthesized, then annealed at
high temperatures together with the nitrogen-containing precursors. Despite much
progress, it is still not easy to precisely control the N-doping sites and concentration.
All of these characteristics affect the ORR properties of NCNTs and NG in the catalytic
applications. Therefore, the development of new and more controllable doping
methods is still highly desired. Through N doping, various properties, including
the surface energy, work function, carrier concentration, and surface polarization, of
CNTs and graphene could be tuned, so that NCNTs and NG have become the most
promising metal-free catalysts toward 4e~ ORR. In general, three common bonding
configurations, including graphitic, pyridinic, and pyrrolic N, are normally achieved
when doping nitrogen into CNTs and graphene. Different doping strategies would
significantly affect the N-doping levels and N types in NCNTs and NG. For example,
the in situ doping normally generates pyridinic- and/or pyrrolic-N species, while
the post-treatment doping is prone to form graphitic-N in carbon frameworks.

In the applications for ORR, from both theoretical and experimental perspectives,
researchers have demonstrated that NCNTs and NG show remarkable electrocatalytic
performance. In a theoretical context, through DFT simulations, it was shown that
in NCNTs and NG, the carbon atoms with higher spin density usually possess
more active sites. Through investigating the reaction mechanisms, it was proved
that the removal of O,qs) on the surface of nitrogen-doped carbon determines the
reaction rate. In the experimental part, the developments of both NCNTs and
NG as metal-free ORR catalysts and as the metal catalyst support for ORR are
summarized in detail in this review. All the N-doped carbon materials (NCNTs, NG)
exhibit higher catalytic performance compared to their pristine counterparts (CNTs,
graphene), indicating a great beneficial effect of N doping on the ORR performance.
Moreover, the progresses on NCNTs- and NG-based composites for ORR have also
been discussed in this review, demonstrating that it is also a very promising research
direction for next-generation non-noble metal or metal-free ORR catalysts. Although
much progress has been achieved in the area of NCNTs and NG for ORR catalysts,
challenges still exist: (i) New and greener methods are required for the large-scale
production of NCNTs and NG; (ii) The control of N doping at specific positions in
CNTs and graphene is still lacking; (iii) A careful controlling of nitrogen sites, types
and concentration is still highly desired; (iv) The deep understanding of oxygen
adsorption and reduction on these NCNTs- and NG-based catalysts is still lacking,
and therefore, systematic theoretical simulations are also needed, which may boost
the developments of N-doping carbon materials for ORR in the future.
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Recent Progress on Fe/N/C Electrocatalysts
for the Oxygen Reduction Reaction in
Fuel Cells

Jing Liu, Erling Li, Mingbo Ruan, Ping Song and Weilin Xu

Abstract: In order to reduce the overall system cost, the development of inexpensive,
high-performance and durable oxygen reduction reaction (ORR)N, Fe-codoped
carbon-based (Fe/N/C) electrocatalysts to replace currently used Pt-based catalysts
has become one of the major topics in research on fuel cells. This review paper
lays the emphasis on introducing the progress made over the recent five years with
a detailed discussion of recent work in the area of Fe/N/C electrocatalysts for
ORR and the possible Fe-based active sites. Fe-based materials prepared by simple
pyrolysis of transition metal salt, carbon support, and nitrogen-rich small molecule or
polymeric compound are mainly reviewed due to their low cost, high performance,
long stability and because they are the most promising for replacing currently used
Pt-based catalysts in the progress of fuel cell commercialization. Additionally, Fe-base
catalysts with small amount of Fe or new structure of Fe/Fe3;C encased in carbon
layers are presented to analyze the effect of loading and existence form of Fe on the
ORR catalytic activity in Fe-base catalyst. The proposed catalytically Fe-centered
active sites and reaction mechanisms from various authors are also discussed in
detail, which may be useful for the rational design of high-performance, inexpensive,
and practical Fe-base ORR catalysts in future development of fuel cells.

Reprinted from Catalysts. Cite as: Liu, J.; Li, E.; Ruan, M.; Song, P.; Xu, W. Recent
Progress on Fe/N/C Electrocatalysts for the Oxygen Reduction Reaction in Fuel Cells.
Catalysts 2015, 5, 1167-1192.

1. Introduction

To meet the increased demand for energy in the world, one of the biggest
challenges is the development of technologies that provide inexpensive, readily
available, and sustainable energy. Fuel cells are among the most promising
candidates for reliable and efficient conversion of alcohols into electric power in
automotive and portable electronic applications on a large scale [1,2]. However,
the scarcity, high cost, and poor long-term stability of Pt-Based ORR catalysts, the
most widely used catalysts for the oxygen reduction reaction (ORR) in fuel cells,
are main obstacles for large-scale commercialization of fuel cell technology [3,4].
Since Jasinski reported cobalt phthalocyanine as the ORR electrocatalyst in alkaline
electrolytes in 1964 [5], a new era of carbon-supported non-precious metal (Co,
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Fe, etc.) and metal-free catalyst to replace the expensive Pt-based electrode in
fuel cells started [6-12]. Among non-precious metal catalysts, N, Fe-codoped
carbon-based (Fe/N/C) electrocatalysts (Fe-based catalysts) are the most promising
candidates because some of them exhibit high ORR activity in both acidic and alkaline
medium [13-15]. Fe-based catalysts can be obtained through high-temperature
pyrolysis of either iron Ny chelate complexes [16-21], or simple precursors of iron
salts, nitrogen-containing components (aromatic [22-24] and aliphatic ligands [25-29]
or other nitrogen-rich small molecules [30-36]) on carbon supports. Thus far, the
state-of-the art Fe-Based catalysts exhibit much higher ORR activity and durability
than those of Pt-Based catalysts in alkaline electrolytes [15,36—40] and comparable
ORR activity in acidic media [7,34,41-43].

Along with the achievement of the excellent ORR activity of diverse Fe-based
catalysts, the ORR mechanisms on Fe-based catalysts were also widely studied by
many groups due to its importance in research and development of high-performance
Fe-based ORR catalysts [21,41,44-48]. However, due to different preparation
protocols used for Fe-based catalysts, there is still an ongoing debate about the
active sites of these materials [45,48-50]. Therefore, there is still a long way to go
in order to reach the practical usage and understanding of Fe-Based catalysts in
fuel cells applications. This review addresses the current development of Fe-based
ORR catalysts with a variety of different structure and properties, along with the
proposed catalytically active sites and reaction mechanisms from various authors.
By examining the most recent progress and research trends in both theoretical and
experimental studies of Fe-based catalysts, this review provides a systematic and
comprehensive discussion of the factors influencing catalyst performance as well as
the future improvement strategies.

2. Fe-Based Catalysts

Iron, an element of the transition metal group, entered into the world of ORR
catalysts in company with nitrogen in 1964 [51]. After that, Fe-based catalysts have
gained increasing attention due to their promising catalytic activity for ORR, along
with the utilization of abundant, low-cost precursor materials [14]. Research in
Fe-based catalysts covers the non-pyrolyzed Fe-based macrocycle compounds [52-55]
and pyrolyzed Fe-based macrocycle compounds [18,19,56] or some proper Fe- and
N-containing precursor materials [22,57,58]. The former are important in this field of
scientific research for fundamental understanding due to their preserved well-defined
structure during synthesis procedures, and the latter shows a higher ORR catalytic
activity because of the introduction of high temperature heat treatment procedures
(~400 to 1000 °C) to the catalyst synthesis process [13]. The structures of active sites
on these Fe-based catalysts have been proposed by different groups including the
structure of in-plane coordination of an iron atom and four pyridinic or pyrrolic type
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of nitrogen atoms embedded in a graphene-type matrix (Fe-N4/C [16,17,56,59,60] or
Fe-Nj,»/C [61]), the structure of coordination of an iron atom iron and two pyridinic
type of nitrogen atoms embedded in a graphene-type matrix (Fe-N,/C) [60] and
N-doped carbon-based structure (N-C) [62,63]. The factors of influence on ORR
catalytic activity and stability of Fe-based catalysts have also been studied such as
ring substituent group of non-pyrolyzed Fe-based macrocycle compounds [64,65],
heat-treatment conditions [64,66,67], Fe content [68] and carbon support properties
including surface nitrogen content and microporosity [31,57,69,70]. In order to
produce highly active and stable Fe-based catalysts, ample approaches have been
used with significant emphasis on introducing the exact effect of synthesis conditions
and the nature of the catalytically active sites. Progress in this field of recent research
will be divided into three sections and discussed: (1) preparation of Fe-based
materials toward ORR; (2) research on structure of Fe-centered ORR active sites
and ORR mechanism; and (3) stability of Fe-based ORR catalysts.

2.1. Preparation of Fe-Based Materials toward ORR

In 2011, Chen et al. [13] reviewed Fe-based catalysts in detail, so we will lay an
emphasis on introducing the development of Fe-based catalysts over the most recent
five years. Interestingly, it is worth pointing out that the best performing Fe-based
ORR catalyst mentioned by Chen et al. [13] was synthesized by Dodelet et al. [71],
which had a volumetric current density of 99 A cm~3 at an iR-corrected voltage
of 0.8 V, approaching the DOE 2010 target of 130 A cm~3. In fact, soon after that,
a more exciting result was reported in August 2011 in a Nature Communication by
the same group [72]. By using a metal-organic framework consisting of zeolitic
Zn (II) imidazolate as the host for Fe and N precursors (iron (II) acetate and 1,
10-phenanthroline (Phen)), they prepared a Fe/Phen/ZIF-8 catalyst with a volumetric
activity of 230 A cm 3 at 0.8 V (iR-free) (Figure 1), a higher catalytic activity compared
with that (99 A cm~3) reported in Science [71].

In the last five years, Fe-based materials are mainly prepared by the simple
pyrolysis of transition metal salt (FeCls [34,36,39,41,47,73-80], Fe(NO3)3 [81-84],
FeAc [24,74,85-88], and FeC,0O4 [42]), carbon support, and nitrogen-rich small
molecule [34,36,78,79,85,87-89] or polymeric compound [7,39-41,90]. An important
breakthrough was made by Zelenay et al. [7] who successfully synthesized Fe/N/C
catalysts (PANI-Fe—C) via heat-treatment of polyaniline (PANI), FeCls and carbon
black (Ketjenblack EC-300]). As displayed in Figure 2a, the PANI-Fe-C catalyst
shows a very high ORR onset potential (~0.93 V vs. RHE) in 0.5 M H,SOy, and
very low HyO, yield (<1%) at all potentials. They also carried out a research into
effect of heat treatment on catalytic activity of PANI-derived Fe-based catalysts in the
range of 400 °C to 1000 °C (Figure 2b). The activity, as measured by the ORR onset
and half-wave potential (E;/;) in the rotating disk electrode (RDE) polarization
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plots, increases to the maximum at 900 °C with a very low HyO, yield (<1%)
over the potential range from 0.1 to 0.8 V versus RHE, signaling virtually complete
reduction of O, to HyO in a four-electron process. Although the best-performing
catalyst in fuel cell testing is the more active of the two FeCo mixed-metal materials,
PANI-FeCo-C, we cannot deny the fact that the ORR onset potential of PANI-Fe-C
was the highest at that time [7], marking great progress in Fe-based catalysts. Before
long, a new kind of Fe-based catalyst, three-dimensional (3D) N-doped graphene
aerogel (N-GA)-supported Fe;O4 nanoparticles (Fe304/N-GAs), is prepared by
Wau et al. [86]. In studying the effects of carbon support (carbon black, graphene) on
the Fe;O4 nanoparticles ORR catalysts, they maintained, Fe304/N-GAs exhibit a
more positive onset potential (—0.19 V vs. Ag/AgCl), higher cathodic density, lower
H,0O, yield, and higher electron transfer number for ORR in alkaline media than
Fe304 nanoparticles supported on N-doped carbon black (FezO4/N-CB) or N-doped
graphene sheets (Fe;04 /N-GSs), which further verified that choosing a proper carbon
support is vital for synthesizing a high-performance ORR catalysts [86]. Recently,
Sun et al. [34] fabricated a Fe/N/C catalysts with a ORR half-wave potential of 0.75 V
(vs. RHE) in 0.1 M HClOy4 and a low HyO; yield of 2.6% at 0.4 V by pyrolyzing a
composite of carbon-supported Fe-doped graphitic carbon nitride (Fe-g—C3;N;@C)
in the optimum conditions of Fe salt/dicyandiamide mass ratio of 1:10 and the
pyrolyzed temperature at 750 °C.
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Figure 1. Volumetric current density of the best non-Pt catalysts in Hy /air fuel cell
tests at 80 °C and 100% relative humidity for cathodes [71,72] and the U.S. DOE
volumetric activity target at 0.8 V (iR-free). Red circles: most active iron-based
catalyst from previous studies, dashed red line: extrapolation of the linear range
to 0.8 V, blue stars: most active iron-based catalyst from the present study, dashed
blue line: extrapolation of the linear range to 0.8 V. (Reproduce with permission
from Ref. [72]. Copyright © Nature Publishing Group, London, UK, 2011).
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Figure 2. (a) Steady-state ORR polarization plots (bottom) and H,O, yield plots
(top) measured with different PANI-derived catalysts 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, PANIFe-C; and 8, E-TEK Pt/C (20 ugpt cm2). Electrolyte: O,-saturated
0.5 M H,SO4 (0.1 M HCIOy4 in experiment involving Pt catalysts (dashed line));
temperature, 25 °C. RRDE experiments were carried out at a constant ring potential
of 1.2 V versus RHE; RDE/RRDE rotating speed, 900 rpm; and non-precious metal
catalyst loading, 0.6 mg cm™2. (b) Steady-state ORR polarization plots (bottom)
and H;O, yield plots (top) measured with a PANI-Fe—C catalyst in 0.5 M H,SOy4
electrolyte as a function of the heat treatment temperature: 1, 400 °C; 2, 600 °C;
3,850 °C; 4,900 °C; 5,950 °C; and 6, 1000 °C. (Reproduce with permission from
Ref. [7]. Copyright © American Association for the Advancement of Science,
Washington, DC, USA, 2011).

Sun et al. [41] continued their work in synthesizing a Fe/N/C catalyst through
high-temperature pyrolysis of the precursor containing poly-m-phenylenediamine
(PmPDA) coated carbon black and FeCl3 in which the Fe/N/C catalyst was denoted
as PmPDA-Fe-N,/C. As depicted in Figure 3a,b, the PmPDA-Fe-N,/C catalysts
pyrolyzed at 950 °C possess the highest ORR activity (11.5 A g~! at 0.80 V vs. RHE)
and the lowest HyO; yield in 0.5 M HpSOj. They also carried out preliminary fuel cell
test by employing the PmPDA-Fe-N,/C (950 °C) as cathode catalyst. The maximal
power density reached 350 mW cm 2 at cell voltage of 0.44 V, current density of
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800 mA cm~2 and the current density at 0.8 V is about 90 mA cm~? (Figure 3c,d)
without back pressure applied during the fuel cell test.
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Figure 3. (a) ORR polarization curves and H,O; yield plots of PmPDA-Fe-N,/C
catalyst prepared at different pyrolysis temperature, measured in O;-saturated 0.1
M H,S0;. Catalyst loading: 0.6 mg cm™2; Scan rate: 10 mV s~!; and Rotating
speed: 900 rpm. (b) Variety of ORR mass activity at 0.80 V with pyrolysis
temperature. (c) Polarization and power density plots for H,O, single fuel cell
with PmPDA-Fe-N,/C as cathode catalyst at 80 °C. MEA active area: 2.0 cm?;
Nafion 211 membrane; cathode catalyst loading: 4 mg cm~2; Anode catalyst:
Pt/C (60 wt. %, JM) with Pt loading of 0.5 mg cm~2. No back pressure was
applied. (d) Plot of iR-free cell voltage versus the logarithm of current density.
(Reproduce with permission from Ref. [41]. Copyright © American Chemical
Society, Washington, DC, USA, 2014).

Compared to pyrolysis of simple Fe salt, the Fe-based catalysts
prepared via heat-treatment iron phthalocyanines (Pc)/porphyrins and their
derivatives supported on carbon materials or some synthesized Fe-based
macrocycle compounds have also attracted widely public attention in recent
years [15,38,47,55,77,91,92]. Among all the FePc-based catalysts (FePc/SWCNT,
FePc/DWCNT, and FePc/MWCNT), synthesized by Morozan et al. [55],
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dispersing iron(II) phthalocyanine on different types of carbon nanotubes
(SWCNTs, DWCNTs, MWCNTs), FePc/MWCNT catalysts exhibit the best
ORR performance in alkaline electrolyte close to the Pt/C reference. In 2012,
by reacting the pyridine-functionalized graphene with iron-porphyrin, a
graphene-metalloporphyrin metal organic framework (MOF) with enhanced
catalytic activity for ORR was synthesized by Jahan et al. [77]. The authors claimed
that the addition of pyridine-functionalized graphene changes the crystallization
process of iron-porphyrin in the MOF, increase its porosity, and enhances the
electrochemical charge transfer rate of iron-porphyrin, and therefore, enhance the
ORR catalytic activity of these Fe-based catalysts [77]. After that, an exciting result
was reported in Nature Communication by the Cho group [91]. A composite of FePc
and SWCNTs (FePc-Py—CNTs) from covalent functionalization of SWCNTs, taking
advantage of the diazonium reaction, was synthesized by anchoring pyridyl (Py)
groups on the walls of CNTs, prior to FePc coordinated to Py-CNTs through the bond
formed between nitrogen atom in pyridine and iron center in FePc (Figure 4a) [91].
The as-synthesized composites show a higher ORR catalytic activity with a half-wave
potential (Eq /) at 0.915 V (vs. RHE) than that of the state-of-the-art Pt/C with E; /»
value at 0.88 V (Figure 4b). Theoretical calculations made by the authors suggest
that the rehybridization of Fe 3d orbitals with the ligand orbitals coordinated
from the axial direction results in a significant change in electronic and geometric
structure, which greatly increases the ORR catalytic activity of catalysts [91]. Differ
from the CNTs used as carbon support of FePc by Cho et al., using chemically
reduced graphene as the carbon support of FePc, Chen et al. [38] successfully
synthesized a g-FePc catalyst through forceful m—m interaction. The results of
electrochemical measurements suggest that g-FePc catalyst possesses prominent
ORR catalytic activity, which is comparable with commercial Pt/C in both onset
potential and current density in 0.1 M KOH [38]. Furtermore, Liu’s group [92,93]
and Dai’s group [15] also devote themselves to synthesize highly active Fe-based
catalysts started from preparation of N-containing Fe-porphyrin complex or the
solid-state synthesis of zeoliticimidazolate frameworks. Although the Fe-based
catalysts prepared via heat-treatment iron phthalocyanines (Pc)/porphyrins and
their derivatives supported on carbon materials or some synthesized Fe-based
macrocycle compounds seems to be a little complicated or high-cost relative to
pyrolysis of transition metal salt carbon support, and nitrogen-rich small molecule,
still plays an important role in the preparation of ORR catalysts and research of ORR
active sites.
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Figure 4. (a) Schematic diagram of the structure of FePc-Py-CNTs composite; and
(b) linear scanning voltammograms of FePc-CNTs, FePc-Py—CNTs and commercial
Pt/C catalyst. (Reproduce with permission from Ref. [91]. Copyright © Nature
Publishing Group, London, UK, 2013).

It is not a unique instance, a new kind of highly active material, N-doped Fe or
Fe;C encapsulated in carbon support (CNTs or Graphitic layers), has been reported
by many groups [39,67,87,94-97]. In 2012, Chen et al. [94] reported a synthetic
strategy that enables synthesis of nitrogen-enriched core-shell structured catalysts
with iron-based composite (Fe/Fe3C) nanorods as the core and graphite carbon
as the shell (N-Fe/Fe;C@C) (Figure 5a). The N-Fe/Fe;C@C shows significantly
improved activities and advanced kinetics for ORR in neutral phosphate buffer
solution (PBS) compared with the commercial Pt/C catalysts (Pt 10%). The authors
proposed that the doped N and core-Fe;C in the N-Fe/Fe;C@C play key roles in
improving the catalytic performance for ORR [94]. Soon after that, Lee et al. [94] found
that the Fe/Fe;C-functionalized melamine foam exhibited good ORR activities in
alkaline media. Referring to the possibly important role of the Fe;C phase in the ORR,
Hu et al. [94] synthesized a Fe-based catalyst in the form of hollow spheres comprising
uniform Fe3C nanoparticles encased by a graphitic layer (Fe3C/C) (Figure 5b) via
high-pressure pyrolysis. The results of rotating disk electrode and rotating ring
disk electrode measurement suggested that FesC/C catalyst exhibited a high ORR
activity and stability in both acidic and alkaline media partly due to the activation
of the surrounding graphitic layers by the encased carbide nanoparticles, and
making the outer surface of carbon layer active towards the ORR [97]. Recently,
Xing et al. [39] synthesized a Fe-based catalyst with iron carbide encapsulated
in N-doped graphitic layers (Fe3C/NG) (Figure 5c), which also possesses high
ORR activity and stability and further affirmed the importance of the structure of
Fe/Fe3C encased in carbon layers. In fact, Fe encapsulated within carbon nanotubes
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(Figure 5d,e) as ORR catalysts has also been reported by both the Zelenay group [87]
and the Bao group [95]. So we can excitedly find a fact that Fe element will play
an important role in the ORR wherever it locates on the surface of N-doped carbon
materials bonded with N or is encased by carbon layers.

Figure 5. (a) TEM image of simple N-Fe/Fe3C/C nanrod with close-end graphite
shell (Reproduce with permission from Ref. [94]. Copyright © WileyY-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany, 2012). (b) TEM image of one typical
hollow catalyst sphere of Fe3C/C (Reproduce with permission from Ref. [97].
Copyright © WileyY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany,
2014). (c) TEM image of Fe3C/NG; (Reproduce with permission from Ref. [39].
Copyright © WileyY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2015).
(d) TEM of the N-Fe-CNT/CNP composite (Reproduce with permission from
Ref. [87]. Copyright © Nature Publishing Group, 2013). (e) TEM of image of
Pod-Fe (Reproduce with permission from Ref. [95]. Copyright © WileyY-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany, 2013).

It is recognized widely that Fe-doping would enhance the performance of
N-doped catalyst. Among the transition metals (Mn, Fe, Co, Ni, and Cu), Fe,
N-codoped catalysts exhibits the highest ORR activity [98], which fully displays
the importance of Fe-base catalysts for ORR. Interestingly, Dai et al. [43] synthesized
nanotubes-graphene (NT-G) complexed, few-walled carbon nanotubes with the outer
wall partially unzipped by harsh oxidation in KMnO,/H;SO4, which exhibit a high
activity, excellent tolerance to methanol and superior stability in both acidic and
alkaline solutions. The authors claimed that the NT-G contains small amount of irons
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(1.10 wt. %) originated from nanotube growth seeds, and nitrogen impurities, which
facilitate the formation of catalytic sites and boost the activity of the catalyst, and the
role of iron in forming active ORR catalytic sites in the NT-G complex is proved by
CN™ Poisoning experiments [43]. The role of extremely small amount of iron in ORR
was further verified by Xu’s group [36]. The authors synthesized a series of Fe-based
catalysts by tuning the Fe content and codoping with nitrogen on cheap carbon black
(CB) over a wide range from 0.02 to 20 wt. % (Figure 6a) and found that the optimal
catalyst with a trace Fe content (0.05 wt. %) showed a superior high performance
compared with commercial Pt/C in 0.1 M KOH (Figure 6b). Then after Xu, Pumera’s
group [99] demonstrated that residual manganese-based metallic impurities in
graphene also play an extremely active role in the electrocatalysts of ORR on
supposedly metal-free graphene electrode, which indirectly affirmed the role of
a small amount of iron in other carbon-based ORR catalysts. Recently, Chen et al. [40]
fabricated a series of self-supported N-doped mesoporous carbons with a trace
amount of Fe (Fe-N/C). Electrochemical measurements revealed that Fe-N/C with
an iron content of 0.24 at. % prepared at 800 °C was the best catalysts (Fe-N/C-800),
with a more positive onset potential (0.98 V vs. RHE), higher diffusion-limited
current, higher selectivity, higher stability, and stronger tolerance against methanol
crossover than commercial Pt/C catalysts in 0.1 M KOH [38]. Interestingly, the
results of cyanide poisoning and hot H,SO, leaching for Fe-N/C-800 suggested that
ORR was primarily due to iron-free active sites that arose most likely from nitrogen
doping and the contributions of Fe-base active sites was small [40]. From all of the
above, we can suggest that whether the small amount of iron will form active ORR
catalytic sites or not is greatly dependent on the conditions for the preparation of
Fe-based catalyst.
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Figure 6. (a) Fe-content dependence of Fe-based catalysts. (b) RDE polarization
curves of pure BP, BP-N, BP-Fe, BP-NFe, and Pt/C in O;-saturated 0.1 M KOH
with a scan rate of 5 mV s~! and rotation speed of 1600 rpm. (Reproduce with
permission from Ref. [36]. Copyright © WileyY-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2013).
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Table 1. Electrocatalytic performance (onset potential (E,/V vs. RHE) and
half-wave potential (E;,,/V vs. RHE)) of recently reported Fe-based catalysts
for ORR and the corresponding test results (T/°C, test temperature; OCV/V,
open-circuit voltage; MPD/mW cm ™2, and maximum power density) of fuel cell
(Hy-O; fuel cell, acid /alkaline direct methanol fuel cell (DMFC) or Zn-air fuel cell).

Cell tests, T(°C),

Acid or Eo (Vus. Eqp (Vvs. Reference
Catalysts R OCV (V) and
Alkaline RHE) RHE) MPD (mW cm—2) (Year)
PANI-Fe—C 0.1 M HCIO, ~0.93 / HZ'O%E;% ~09, Ret. [7] (2011)
0.1 M KOH ca. 0.98 / /
C-COP-P-Fe  gihindo, o %o f f Ref. [15] (2014)
DMEFC, 60, 0.8,
BPNFe 0.1 M KOH 0.0450s. SCE —0.089 vs. SCE o Ref. [36] (2013)
0.5 M H,50, 0.6 vs. SCE / /
g-FePc 0.1 M KOH 0.98 0.88 / Ref. [38] (2013)
DMEFC, 60, 0.75,
F3C/NG-800 0.1 MKOH 1.03 0.86 31 Ref. [39] (2015)
0.1 M HCIO, 0.92 0.77 DMFCiSO' 0.87,
0.1 M KOH 0.98 / /
Fe-N/C-800 0.1 M HCIO, 0.77 / / Ref. [40] (2015)
PmPDA-Fe-N,/C 0.1 M H,SO, ~0.93 / HZ'OZégg' 09, Ref. [41] 2014)
0.1 M KOH >1.05 0.87 /
NT-G 0.1 M HCIO4 ~0.89 0.76 / Ref. [43] (2012)
Fe;O3/N-GAs 0.1 MKOH —0190s / / Ref. [86] (2012)
R : Ag/AgCl :
N-Fe-CNT/CNP 0.1 M NaOH >1.05 0.93 / Ref. [87] (2013)
FePc-Py-CNTs 0.1 MKOH >1.05 0.915 / Ref. [91] (2013)
Zn(mlm),TPIP 0.1 M HCIO, 0.902 0.76 HZ'OZ'(E%’ ~095, Ref. [92] (2014)
PFeTTPP-1000 0.1 M HCIO, 0.93 0.76 Hy-O,,80,09,730  Ref. [93] (2013)
N-Fe,/Fe;C@C 0.1 MPBS 0.21 vs. / / Ref. [94] (2012)
3 . Ag/AgCl :
Pod-Fe 0.1 M H,SO. 0.5 vs. 0.3 os. H,-0,,70,0.7,/  Ref. [95] (2013)
‘ 2o Ag/AgCl Ag/AgCl 22 S B :
Ar-800 0.1 M KOH ~0.05 s. / Zn-air, 1.2, 200 Ref. [96] (2013)
’ Hg/HgO s '
FesC/C-800 0.1 MKOH 1.05 083 / Ref. [97] (2014)
0.1 M HCIOy4 ca. 0.90 ca. 0.73 /

Table 1 shows the representational results of electrocatalytic ORR performance
and fuel cell tests of recently reported Fe-based catalysts in both acid medium and
alkaline medium. Although the ORR performance of Fe-based catalysts in alkaline
medium has outperformed that of commercial Pt/C, its ORR performance in acid
media is still inferior to that commercial Pt/C. The ORR onset potential of Fe-based
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catalysts in alkaline has reached the value of 1.05 V (vs. RHE) [43,87,91], while
the highest value of ORR onset potential to date in acid medium is just close to
0.93 V (vs. RHE) [7,39,41,93]. The reason why the Fe-based catalysts own the lower
ORR catalytic activity in acid than that of in alkaline medium will be discussed in
Section 2.2. In addition, considering the practicality of Fe-based catalysts for ORR
in fuel cell, the best performing Fe-based ORR catalysts in acid condition reported
to date is synthesized by Liu’s group [92,93], who made H;-O, fuel cell tests by
using the as-prepared Fe-based materials as cathode catalysts and commercial Pt/C
as anode catalysts and get a highly maximum power density of fuel cell tests of
730 mW cm~2 [93] and 620 mW cm 2 [92] in 2013 and 2014, respectively. However,
regarding the ORR activity of Fe-based catalysts in acid, the actual volumetric activity
of even the most active Fe-based catalysts needs to be improved. Regarding the ORR
stability of Fe-based catalysts in both alkaline media and acid media, the stability
tests are generally run at low current density or low power level, which are not real
conditions for fuel cell operation. Hence, there is still a long way to go in order to
reach the practical usage and understanding of Fe-based catalysts in fuel cells for
commercial applications.

In summary, Fe-based catalysts represent a promising family of non-precious
metal ORR catalyst candidates. It is obvious that the preparation conditions
of Fe-based catalyst have a direct influence on the resulting Fe-based ORR
electrocatalyst materials. A proper N-doped carbon support or N-enriched precursor
selected for Fe-based catalyst is also vital for the final ORR catalytic activity. Of course,
Fe is thus an already profoundly studied dopant for N-doped ORR electrocatalysts
and will play a significant role in the further ongoing process within this field.

2.2. Research on Structure of Fe-Centered ORR Active Sites and ORR Mechanism

Considering the most recent progress of Fe-based catalysts, insight into
formation mechanisms and structures of ORR active sites is also an ongoing task
in the research and development of Fe-based catalysts for fuel cell applications.
The current proposed active sites, containing edge plane FeN;/C and FeN4/C [60]
species as well as basal plane macrocyclic FeNy/C [19,20] species, are mainly
speculated by data obtained from X-ray photoelectron spectroscopy (XPS) [19,100],
time-of-flight secondary ion mass spectroscopy (TOF-SIMS) [45,60], X-ray absorption
fine structure [18,60], and Mossbauer spectroscopy [17,19]. In 2008, Dodelet’s
group [61] claimed that the majority of active sites consist of a Fe-N4/C (labeled by
the authors as FeNj., /C) configuration bridging two adjacent graphene crystallites.
Recently, Dodelet et al. [73] continue their work to clarify the origin of the enhanced
PEM fuel cell performance of catalysts prepared by the procedures described in
Science [71] and Nature Communication [72]. Among all the Fe-Njy-like species they
reported, ORR activity is only attributed to Fe-N4/C and N-Fe-Nj.,/C, which are
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the structure of coordination of nitrogen atoms and the iron atoms of Fe-N4/C [73].
The former is a well-known site typically found in heat-treated carbon supported or
unsupported porphyrins, and the latter is a very new kind of active composite
N-Fe-Nj,,-NH"* site, which is the high activity state of N-Fe-Nj,,/C. More
importantly, Fe-N4/C and N-Fe-Nj,,/C are more available in catalysts pyrolyzed
in Ar + NHj atmosphere than in only Ar or NHj [73]. After the Dodelet’s report in
2008 [61], Kramm et al. [59] firstly attributed improved ORR kinetics of these Fe-Ny
centers to Fe ion centers with higher electron densities. The authors made a further
study on the structure of catalytic site in Fe-based catalysts for ORR via analyzing
the Fe-species existed in the Fe-based catalysts prepared by impregnation of iron
acetate on carbon black followed by heat-treatment in NHj; at 950 °C [44]. Five
different Fe-species were detected in the Fe-based catalysts containing 0.03 to 1.55
wt. % Fe: three doublets assigned to molecular FeNy-like sites with their ferrous
ions in a low (D1), intermediate (D2) or high (D3) spin state (Figure 7), and two
other doublets assigned to a single Fe-species (D4 and D5) consisting of surface
oxidized nitride nanoparticles [44]. Among the five Fe-species identified by % Fe
Mossbauer spectroscopy in these catalysts, the authors maintained, only D1 and D3
display catalytic activity for the ORR in acid medium, with D3 featuring a composite
structure with a protonated neighbor basic nitrogen and being far from the most
active species [44]. These findings reveal that when focusing on the development
of Fe-based catalysts with improved active site densities, it is possible to tune the
electronic and structure properties of these active site structures, or develop Fe-based
catalysts with higher ORR-activity by developing ways to make a larger fraction of
the available Fe-atoms form more of the most ORR-active composite N-FeNy,» . ..

Nprot/C (D3) sites.

Recently, Chen et al. [45] proposed two possible formation mechanisms
for the catalytically active sites occurring during high-temperature pyrolysis
treatments through CN™ ions poisoning experiments, dependent on the specific
type of precursor and synthesis methods utilized. The proposed structures of
high-temperature-treated Fe-based catalysts are depicted in Scheme 1. These active
sites include 1,10-phenanthroline (phen)-like iron complexes (A and C) [35,60], single
pyridine-like iron complexes (B and E), and macrocyclic-like iron complexes (D
and F) [20,45]. The authors claimed that utilizing aromatic iron complex ligands in
inert atmospheres, catalytically active sites (C and D) will be formed in the layers of
material deposition and will build up on the surface of the carbon support, which will
decrease the porosity of surface layer and results in the majority of actives sites being
inaccessible, entrapped in the subsurface layers, and such that leading to inhibited
reactant and product mass transfer to and from the catalytically active sites. On the
contrary, Fe-based catalysts prepared by pyrolyzing nonarmatic ligands, such as
NH3, and aliphatic diamines can result in the simultaneous production of the second
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active sites (A, B, and E) and well-connected channels [45]. The research provides
valuable insight toward the development of Fe-based catalysts with improved ORR
activity and stability. In 2013, Kattelet al. [50] performed first-principles density
functional theory (DFT) calculations to investigate the reaction pathway of ORR
on Fe-Ny catalytic clusters formed between pores in graphene supports. The DFT
results indicate that formation of Fe-Ny clusters at the edges of graphitic pores is
energetically feasible and ORR would be proceed on the assuming a pathway that
follows the chemical reactions: (1) O, — *O, (adsorption); (2) *O, + (H* +e™) —
*OOH; (3) *OOH + (H* + e7) — 2*OH; and (4) 2*OH + 2(H* + e~) — 2H0. The
authors predicted that Fe-Ny clusters near graphitic pores could promote the 4e™
ORR with a single active site contain central Fe atom and four surrounding N atoms
due to the split of O-O bond in the reactant O, during the interaction of intermediate
HOOH with the Fe-Njy clusters in the above ORR pathway [50]. The theoretical
study provides an explanation to the experimentally observed 4e~ ORR on heat
treated Fe/N/C electrocatalysts and certified the Fe-centered active sites of these
Fe/N/C electrocatalysts. More recently, the highly Fe-centered active sites was also
verified by Ozkan'’s group [46] via H,S poisoning experiments, which suggested that
Fe plays a critical role in catalyzing ORR for Fe/N/C catalysts. Interestingly, except
the above experimental work mentioned in Section 2.1, in combination with the XRD
and XPS results of the pyrolyzed Fe/N/C catalysts, Sun et al. [34] propose that the
ORR active sites are closely related to FesN and both pyridinic N (which may bond
to Fe!l to form Fe3N) and quaternary N in the pyrolyzed Fe/N/C composites are
conductive to catalyze the ORR and can serve as catalytically active sites for oxygen
reduction in acid media. Through systematic of the effects of a series of inorganic
molecules and ions (C1~, F~, Br—, SCN™, SO, and H,S) on the ORR activity, they
further maintained, the active site of the Fe/N/C in acidic solutions contain Fe

element and its valence state is mainly Fe!

since this catalyst is not sensitive to CO
and NOy but distinctly sensitive to F~ ion. The new insight into the active site nature
of the Fe/N/C through molecule/ion probe is of very useful in rational design of

high performance Fe-based catalysts for ORR in acid media [41].
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Figure 7. Side views and top views of the proposed structures of: (a) the FeNs/C
catalytic site in heat-treated, macrocycle-based catalysts assigned to Mossbauer
doublet D1; (b) the FeNy.»-like micropore-hosted site found in the catalyst prepared
with iron acetate and heat-treated in ammonia assigned to doublet D2; and (c) the
N-FeNj,,-like composite site, where N-FeN,, is assigned to doublet D3. In all
side views, graphene planes are drawn as lines. (Reproduce with permission from
Ref. [44]. Copyright © Royal Society of Chemistry, London, UK, 2012).

Additionally, the ORR catalytic activity of Fe-based catalysts prepared by
Mukerjee et al. [101] in 2011 through a pyrolysis in NHj3 is mostly imparted
by acid-resistant Fe-Nj sites whose turnover frequency for O; reduction can be
regulated by fine chemical changes of the catalyst surface. The authors claimed
that surface N-groups could be protonated at pH 1 and subsequently bind anions,
resulting in decreased activity for theO, reduction, and the anions can be removed
chemically or thermally to restore the activity of acid-resistant Fe-Nj sites [101]. The
implications of the findings reported in this work suggested that optimizing the
catalyst/electrolyte interface to prevent anion binding is required to combine high
activity and durability of Fe-based catalysts. In fact, Mayer et al. [21,102,103] has
also investigated the selectivity for four-electron reduction to H,O or two-electron
reduction to H,O, of Fe-based catalysts in iron-porphyrin complexes. Using
Tron™ meso-tera(2-carboxyphenyl)-porphine chloride and its isomer as ORR
electrocatalysts, the authors found that the Fe-based catalysts containing proton
relays closed to the redox center in the second coordination sphere of iron-porphyrin
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complexes have a high selectivity for four-electron reduction to H,O, which
suggested the importance of catalyst design for selectivity in Fe-based catalysts [102].
Recently, however, the authors verified that the nature of the catalyst film on a carbon
electrode has an effect as large as changing the structure of the molecular catalyst
itself [21].

Scheme 1. Possible Iron Active Site Structures on Nanocrystal Graphite: (a) top and
(b) side view (Reproduce with permission from Ref. [45]. Copyright © American
Chemical Society, Washington, DC, USA, 2012).

Mukerjee et al. [104] continued their research on ORR mechanism of pyrolyzed
Fe-based catalysts in alkaline medium and identified an activity descriptor based
on principles of surface science and coordination chemistry. Using iron(III)
meso-tetraphenylporphine chloride (FeTPPCI) as a model system, the authors
elucidate inner- vs. outer-sphere ORR mechanisms and active-site structure
evolution on pyrolyzed Fe-based catalysts. As depicted in Figure 8a, in alkaline
media, taking platinum surface as a starting point of illustration, the well-known
electrocatalytic inner-sphere electron transfer (ISET) mechanism (Figure 8a, inset
i) involves chemisorptions of desolvated O, on an oxide-free Pt-site (Figure 8a,
when M is represented as Pt) leading to a direct/series 4e~ ORR pathway without
desorption of reaction intermediates and the coexistence of an outer-sphere electron
transfer (OSET) mechanism (Figure 8a, inset ii), wherein the noncovalent hydrogen
bonding forces between specifically adsorbed hydroxyl species (OH,q45 acting as
an outer-sphere bridge) and solvated O, (localized in outer-Helmholtz plane)
promote a 2e~ reduction pathway forming HO, ™ anion [104]. Therefore, the goal
of promotion of an electrocatalytic inner-sphere reaction mechanism for a complete
4e~ ORR process in alkaline electrolytes can be achieved via facilitation of direct
adsorption of desolvated O, on OH,qs-free active sites and avoiding the precipitous
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outer-sphere reaction of solvated O, with OH_44 covered active sites [104]. In the
system of Fe-N,4/C active sites, the 4e™ electrocatalytic inner-sphere electron transfer
mechanism in dilute alkaline media is shown in Figure 8b, wherein O, displaces the
OH ™ species and chemisorbs directly on the Fe?* active site [104]. The lability of the
axial OH™ anion is due to the redox mechanism of ORR that ensures the reduction of
pentacoordinated (H)O-Fe3*-Nj to the square-planarFe?*-Ny active site where axial
ligation is available for direct O, chemisorption. This ensures that the precipitous
OSET mechanism is avoided on Fe-N4/C active sites leading to direct chemisorption
of O on the metal center via aninner-sphere mechanism. Once molecular O, adsorbs
on the Fe?* active site, via the superoxo and the ferric-hydroperoxyl states, the
reaction proceeds to the ferrous-hydroperoxyl adduct, which is very critical since
its stability determines the product distribution and ORR electrocatalytic activity.
For pH > 12, the Lewis basic nature of the anionic hydrogen peroxide intermediate
(HO,~, pK, ~ 11.6) leads to its apparent stabilization on Lewis acidic Fe?* active
sites via the formation of stabilized Lewis acid-base adduct, which ensures that the
catalytic cycle in alkaline media undergoes complete 4e~ transfer (Figure 8b) to
regenerate the active site via the formation of ferric-hydroxyl species. However, in
acidic media the analogous ferrous-hydroperoxyl adduct is Fe!'-(OHOH), wherein
the protonated nature of the hydrogen peroxide intermediate (HyO;) negates its
Lewis basic character and leads to its apparent destabilization on Fe?*~N,/C active
site, which hence leads to higher overpotential for ORR in acidic media necessitating
secondary sites to further reduce or disproportionate HyO,. Therefore, the author
claimed that Fe-Ny /C active sites are more active for ORR in alkaline media than that
of in acid media [104]. In additional, Fe-IN4/C active sites, the authors maintained,
which was covalently integrated into the m-conjugated carbon basal plane during
the pyrolysis step, could cause a dramatic anodic shift of ~600-900 mV in the metal
ion’s redox potential. Since the carbon basal plane constitutes an integral part
of the active site due to the electron-donating/withdrawing capability of carbon
support, the authors further claimed that tuning electron donating/withdrawing
capability of the carbon basal plane, conferred upon it by the delocalized 7-electrons,
(i) causes a downshift of eg-orbitals (d,?), thereby anodically shifting the metal ion’s
redox potential, and (ii) optimizes the bond strength between the metal ion and
adsorbed reaction intermediates thereby maximizing oxygen-reduction activity [104].
The report makes it being possible to tune the catalytic activity of the class of
pyrolyzed Fe-based catalysts by experimentally controlling the degree of m-electron
delocalization of the carbonaceous surface and open the door to the development of
more active and stable electrocatalysts based on Fe-centered active sites on novel 7t
surfaces. Recently, Mukerjee et al. [48] made a further study on the various structural
and functional forms of the active centers in pyrolyzed Fe-based catalysts in both
ranges of pH and confirmed the single site 2e™ x 2e™ mechanism in alkaline media
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on the primary Fe?*-Ny centers and the dual-site 2e~ x 2e ~mechanism in acid media
with the significant role of the surface bound coexisting Fe/Fe,Oy nanoparticles (NPs)
as the secondary active sites by employing a combination of in situ X-ray spectroscopy
and electrochemical methods. From what has been discussed above, we can draw the
conclusion that Fe?* is mainly the active sites for ORR in acid media [34,41], while
Fe3* and Fe?" are both play vital role for ORR in alkaline [48,104]. On the contrary,
surface N-groups protonation is not beneficial for ORR activity [101,102].
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Figure 8. Proposed ORR mechanism. (a) Schematic illustration of inner-sphere
(inset i) and outer-sphere (inset ii) electron transfer mechanisms during ORR in
alkaline media. (b) Catalyst cycle showing the redox mechanism involved in
ORR on pyrolyzed Fe-N,4/C active sites in dilute alkaline medium; (IHP, inner
Helmbholtz plane; OHP, outer Helmholtz plane) (Reproduce with permission from
Ref. [104]. Copyright © American Chemical Society, 2013).

2.3. Stability of Fe-Based ORR Catalysts

Although Fe-based catalysts with Fe-Njy sites initially exhibit a highly catalytic
activity in acidic medium, their durability is still insufficient [105]. Therefore,
bridging the gap between the attributes responsible for high activity and high
durability has become the main challenge facing Fe-based catalysts. In recent
years, the stability of Fe-based ORR catalysts in alkaline medium has shown to
be better than that of in acid medium [105]. Xu's group [36] has found the ORR
performance in alkaline medium of their Fe-based catalysts containing extremely

50



small amount of iron tend to be improved with larger diffusion-limiting current
when the catalysts ink was re-tested after 30 days. The authors attributed the increase
of diffusion-limiting current to the increase of oxygen diffusion coefficient in the
microenvironment of the catalyst layer or the exposure of more active sites [36].
Compared to the higher stability in alkaline media, the reason for the degradation
of Fe-based catalysts in the acidic environment during the ORR process has been
attributed to the corrosion/oxidation of the active center and carbon support, attack
by hydrogen peroxide of both the Fe and N sites, and the oxidation of the pyridinic
active sites [106]. In fact, before the results reported by Xu’s group [36], Zelenay’s
group [7,87] had already reported a phenomenon about the Fe-based catalysts
durability, in which the authors make a cycling durability test in O;-staturated
solution in 0.1 M NaOH for their Fe-based ORR catalysts and found that the
ORR performance of these catalysts not only did not become poor but shows a
positive shift in the E; /; value [87], which is similar to their previous report about
the potential shift with cycling observed with non-precious metal ORR catalysts
at high current densities in acid medium in proton conducting fuel cells [7]. At
that time, the authors attributed this to improved mass transport properties of the
catalyst layer due to the loss of inactive species [7]. In order to deeply understand
this phenomenon, which is different from the phenomenon of the instability of
Fe-based catalysts in acid media reported in previous work [106], they performed
further research on the stability of iron species in heat-treated Fe-based catalysts
by combining the X-ray absorption near-edge structure (XANES) spectra edge-step
analysis and inductively-coupled mass spectrometry measurement with the results
of electrochemical measurement [105]. The results obtained by the authors show
that Fe was lost from the Fe-based catalyst into the electrochemical environment
during the ORR process in acid medium and the kinetic losses of ORR catalytic
activity may be attribute to the oxidation of active sites and/or loss of pyridinic-like
and pyrrolic-like Fe coordination (Fe-N, and Fe-Ny), as well as the mass transport
improvement due to the removal of inactive Fe species, predominantly sulfides (FeS
and FeS,), while the durability of this Fe-based catalysts is depend on the stability of
the porphyrazin-like Fe coordination [105]. This report elucidates a clear relationship
between the electrocatalytic ORR activity and stability of Fe-based catalysts and the
Fe species, which has a major significance for designing and preparing the highly
stable Fe-base ORR catalysts.

In this section, we may safely draw the conclusion that great progress has
been made in exploration of ORR active sites formation mechanisms, structure and
stability. Fe-centered active sites possess a unique structure and exhibit very high
catalytic activity for ORR, and will show an important role in the development of
high-performance Fe-based catalysts. It is worth notice that the Fe-based catalysts
synthesized by ACTA S. P. A (An Italy-based company engaged in the development,
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production and marketing of clean technology products for fuel cells and other
hydrogen applications) show outstanding electrochemical ORR performance in
alkaline media with a maximum power density of 120 mW cm~2 during the direct
methanol fuel cell test, which show an important progress in the commercialization
of fuel cell and attracting significant interest from several groups with alkaline fuel
cell chemistry [107,108]. A long way, however, is still needed in order to reach the
practical usage of Fe-based catalysts in the acid system of fuel cells applications. The
exact role of the iron-ion center regarding the ORR active site as well as the structures
of the active site should be investigated in detail in order to provide further insight
into this topic.

3. Conclusions and Perspectives

The current Pt and Pt-based alloy electron catalysts, although they exhibit
good ORR activities, suffer from many application challenges, such as high cost
and weak durability. Meanwhile, a great advantage of recently developed Fe/N/C
electrocatalysts (Fe-based catalysts) is their competitive ORR performance compared
with Pt-based materials. Based on the previous report by Zhang et al., this review
paper focuses on the progress in this research field over the recent five years.
Compared to high-temperature pyrolysis of iron N4 chelate complexes, Fe-based
materials prepared by the simple pyrolysis of transition metal salt carbon support,
and nitrogen-rich small molecule polymeric compound are mainly reviewed due
to their low cost, high performance, long stability and most promising for replace
currently used Pt-based catalysts in the progress of fuel cell commercialization.
Additionally, Fe-base catalysts are presented to analyze the effect of Fe loading
and existence form on the ORR catalytic activity in Fe-base catalyst. The
proposed Fe-centered active sites and reaction mechanisms from various authors
are also discussed in detail, which may be of importance for rational designing
of high-performance, inexpensive, and practical Fe-base ORR catalysts in future
development of fuel cells.

Numerous types of Fe-based ORR catalysts have been developed with ORR
catalytic activity comparable with or better than Pt; however, almost all of them
only show high catalytic activity in alkaline medium rather than in acidic condition.
Due to the limitations of alkaline fuel cells, the acidic fuel cells are more popular.
So, in the future research directions, developing of Fe-based catalysts with catalytic
activity as highly as that of Pt in acidic condition is more urgent. In order to solve
this problem, further study on the catalytic mechanism and kinetics is still needed
in order to design and develop rationally carbon-based, Fe-based catalysts with a
desirable activity and durability, especially in acidic conditions.
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For the final industrial or commercial application, it is also essential to develop
simple and cost-efficient methods for the large-scale production of Fe-based catalysts
with excellent ORR electrocatalytic activity and long-term operation stability.

Acknowledgments: This work was funded by National Basic Research Program of China
(973 Program, 2014CB932700, 2012CB932800 and 2012CB215500), National Natural Science
Foundation of China (21273220, 21303180 and 21422307), and “the Recruitment Program of
Global youth Experts” of China.

Author Contributions: Jing Liu wrote the most parts of the article, Erling Li contributed
to the revise of the review in later stage, Mingbo Ruan and Ping Song were responsible
for the mechanism in the article, Weilin Xu checked the article in the process of writing
and modification.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Steele, B.C.H.; Heinzel, A. Materials for fuel-cell technologies. Nature 2001, 414, 345-352.
Higgins, D.; Chen, Z. Recent Development of Non-precious Metal Catalysts. In Lecture
Notes in Energy—Electrocatalysis in Fuel Cells; Shao, M., Ed.; Springer: New York, NY,
USA, 2013; Volume 9, pp. 247-270.

3. Gasteiger, H.A.; Kocha, S.S.; Sompalli, B.; Wagner, FT. Activity benchmarks and
requirements for Pt, Pt-alloy, and non-Pt oxygen reduction catalysts for PEMFCs.
Appl. Catal. B 2005, 56, 9-35.

4. Borup, R.; Meyers, J.; Pivovar, B.; Kim, Y.S.; Mukundan, R.; Garland, N.; Myers, D.;
Wilson, M.; Garzon, E; Wood, D.; et al. Scientific Aspects of Polymer Electrolyte Fuel Cell
Durability and Degradation. Chem. Rev. 2007, 107, 3904-3951.

5. Jasinski, R. A New Fuel Cell Cathode Catalyst. Nature 1964, 201, 1212-1213.

6. Jeon, I.-Y.; Choi, H.-J.; Choi, M,; Seo, ]-M.; Jung, S.-M.; Kim, M.-].; Zhang, S.; Zhang, L.;
Xia, Z.; Dai, L.; et al. Facile, scalable synthesis of edge-halogenated graphenenanoplatelets
as efficient metal-free eletrocatalysts for oxygen reduction reaction. Sci. Rep. 2013, 3.

7. Wu, G,; More, K.L.; Johnston, C.M.; Zelenay, P. High-Performance Electrocatalysts for
Oxygen Reduction Derived from Polyaniline, Iron, and Cobalt. Science 2011, 332, 443—447.

8.  Gong, K.; Du, F; Xia, Z.; Durstock, M.; Dai, L. Nitrogen-Doped Carbon Nanotube Arrays
with High Electrocatalytic Activity for Oxygen Reduction. Science 2009, 323, 760-764.

9. Sun, X.; Zhang, Y.; Song, P; Pan, J.; Zhuang, L.; Xu, W.; Xing, W. Fluorine-Doped Carbon
Blacks: Highly Efficient Metal-Free Electrocatalysts for Oxygen Reduction Reaction.
ACS Catal. 2013, 3, 1726-1729.

10. Sun, X.; Song, P; Zhang, Y.; Liu, C.; Xu, W.; Xing, W. A Class of High Performance
Metal-Free Oxygen Reduction Electrocatalysts based on Cheap Carbon Blacks. Sci. Rep.
2013, 3.

11. Oh, H.-S.; Kim, H. The role of transition metals in non-precious nitrogen-modified
carbon-based electrocatalysts for oxygen reduction reaction. . Power Sources 2012, 212,
220-225.

53



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jaouen, F. Heat-Treated Transition Metal-N,C, Electrocatalysts for the O, Reduction
Reaction in Acid PEM Fuel Cells. In Non-Noble Metal Fuel Cell Catalysts; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2014; pp. 29-118.

Chen, Z.; Higgins, D.; Yu, A.; Zhang, L.; Zhang, J. A review on non-precious metal
electrocatalysts for PEM fuel cells. Energy Environ. Sci. 2011, 4, 3167-3192.

Jaouen, E; Proietti, E.; Lefevre, M.; Chenitz, R.; Dodelet, J.-P.; Wu, G.; Chung, H.T,;
Johnston, C.M.; Zelenay, P. Recent advances in non-precious metal catalysis for
oxygen-reduction reaction in polymer electrolyte fuel cells. Energy Environ. Sci. 2011, 4,
114-130.

Xiang, Z.; Xue, Y.; Cao, D.; Huang, L.; Chen, J.-F,; Dai, L. Highly Efficient Electrocatalysts
for Oxygen Reduction Based on 2D Covalent Organic Polymers Complexed with
Non-precious Metals. Angew. Chem. Int. Ed. 2014, 53, 2433-2437.

Koslowski, U.L; Abs-Wurmbach, I.; Fiechter, S.; Bogdanoff, P. Nature of the Catalytic
Centers of Porphyrin-Based Electrocatalysts for the ORR: A Correlation of Kinetic Current
Density with the Site Density of Fe-N4 Centers. J. Phys. Chem. C 2008, 112, 15356-15366.
Bouwkamp-Wijnoltz, A.L.; Visscher, W.; van Veen, J.AR,; Boellaard, E.; van der
Kraan, A.M.; Tang, S.C. On Active-Site Heterogeneity in Pyrolyzed Carbon-Supported
Iron Porphyrin Catalysts for the Electrochemical Reduction of Oxygen: An In Situ
Mossbauer Study. J. Phys. Chem. B 2002, 106, 12993-13001.

Bae, I.T; Tryk, D.A.; Scherson, D.A. Effect of Heat Treatment on the Redox Properties
of Iron Porphyrins Adsorbed on High Area Carbon in Acid Electrolytes: An In Situ
Fe K-Edge X-ray Absorption Near-Edge Structure Study. J. Phys. Chem. B 1998, 102,
4114-4117.

Schulenburg, H.; Stankov, S.; Schiinemann, V.; Radnik, J.; Dorbandt, I.; Fiechter, S.;
Bogdanoff, P.; Tributsch, H. Catalysts for the Oxygen Reduction from Heat-Treated
Iron(III) Tetramethoxyphenylporphyrin Chloride: Structure and Stability of Active Sites.
J. Phys. Chem. 2003, 107, 9034-9041.

Arechederra, R.L.; Artyushkova, K., Atanassov, P; Minteer, S.D. Growth of
Phthalocyanine Doped and Undoped Nanotubes Using Mild Synthesis Conditions for
Development of Novel Oxygen Reduction Catalysts. ACS Appl. Mater. Interfaces 2010, 2,
3295-3302.

Rigsby, M.L.; Wasylenko, D.J.; Pegis, M.L.; Mayer, ]. M. Medium Effects Are as Important
as Catalyst Design for Selectivity in Electrocatalytic Oxygen Reduction by Iron-Porphyrin
Complexes. J. Am. Chem. Soc. 2015, 137, 4296-4299.

Bezerra, CW.B.; Zhang, L.; Lee, K,; Liu, H,; Zhang, J.; Shi, Z.; Marques, A.L.B.;
Marques, EP; Wu, S; Zhang, ]J. Novel carbon-supported Fe-N electrocatalysts
synthesized through heat treatment of iron tripyridyltriazine complexes for the PEM
fuel cell oxygen reduction reaction. Electrochim. Acta 2008, 53, 7703-7710.

Liu, H,; Shi, Z; Zhang, J.; Zhang, L; Zhang, ]J. Ultrasonic spray pyrolyzed
iron-polypyrrole mesoporous spheres for fuel celloxygen reduction electrocatalysts.
J. Mater. Chem. 2009, 19, 468-470.

54



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Choi, J.-Y.; Higgins, D.; Chen, Z. Highly Durable GrapheneNanosheet Supported Iron
Catalyst for Oxygen Reduction Reaction in PEM Fuel Cells. J. Electrochem. Soc. 2011, 159,
B86-B89.

Ye, S.; Vijh, A.K. Non-noble metal-carbonized aerogel composites as electrocatalysts for
the oxygen reduction reaction. Electrochem. Commun. 2003, 5, 272-275.

Lalande, G.; Coté, R.; Guay, D.; Dodelet, ].P.; Weng, L.T.; Bertrand, P. Is nitrogen important
in the formulation of Fe-based catalysts for oxygen reduction in solid polymer fuel cells?
Electrochim. Acta 1997, 42, 1379-1388.

Hsu, R.S.; Chen, Z. Improved Synthesis Method for a Cyanamide Derived Non-Precious
ORR Catalyst for PEFCs. ECS Trans. 2010, 28, 39-46.

Choi, J.-Y.;; Hsu, R.S.; Chen, Z. Highly Active Porous Carbon-Supported Nonprecious
Metal-N Electrocatalyst for Oxygen Reduction Reaction in PEM Fuel Cells. ]. Phys.
Chem. C 2010, 114, 8048-8053.

Choi, J.-Y.; Hsu, R.S.; Chen, Z. Nanoporous Carbon-Supported Fe/Co-N Electrocatalyst
for Oxygen Reduction Reaction in PEM Fuel Cells. ECS Trans. 2010, 28, 101-112.
Chung, H.T,; Johnston, C.M.; Artyushkova, K.; Ferrandon, M.; Myers, D.].; Zelenay, P.
Cyanamide-derived non-precious metal catalyst for oxygen reduction. Electrochem.
Commun. 2010, 12, 1792-1795.

Jaouen, F; Lefévre, M.; Dodelet, J.-P.; Cai, M. Heat-Treated Fe/N/C Catalysts for O,
Electroreduction: Are Active Sites Hosted in Micropores? J. Phys. Chem. B 2006, 110,
5553-5558.

Choi, C.H.; Park, S.H.; Woo, S.I. N-doped carbon prepared by pyrolysis of dicyandiamide
with various MeCl,- xH,O (Me = Co, Fe, and Ni) composites: Effect of type and amount
of metal seed on oxygen reduction reactions. Appl. Catal. B 2012, 119-120, 123-131.
Tian, J.; Morozan, A.; Sougrati, M.T.; Lefevre, M.; Chenitz, R.; Dodelet, ]J.-P.; Jones, D.;
Jaouen, F. Optimized Synthesis of Fe/N/C Cathode Catalysts for PEM Fuel Cells: A
Matter of Iron-Ligand Coordination Strength. Angew. Chem. Int. Ed. 2013, 52, 6867-6870.
Wang, M.-Q.; Yang, W.-H.; Wang, H.-H.; Chen, C.; Zhou, Z.-Y.; Sun, S.-G. Pyrolyzed
Fe-N-C Composite as an Efficient Non-precious Metal Catalyst for Oxygen Reduction
Reaction in Acidic Medium. ACS Catal. 2014, 4, 3928-3936.

Lefevre, M.; Dodelet, ].P.,; Bertrand, P. O, Reduction in PEM Fuel Cells: Activity and
Active Site Structural Information for Catalysts Obtained by the Pyrolysis at High
Temperature of Fe Precursors. J. Phys. Chem. B 2000, 104, 11238-11247.

Liu,J.; Sun, X; Song, P.; Zhang, Y.; Xing, W.; Xu, W. High-Performance Oxygen Reduction
Electrocatalysts based on Cheap Carbon Black, Nitrogen, and Trace Iron. Adv. Mater.
2013, 25, 6879-6883.

Li, X,; Liu, G.; Popov, B.N. Activity and stability of non-precious metal catalysts for
oxygen reduction in acid and alkaline electrolytes. ]. Power Sources 2010, 195, 6373-6378.
Jiang, Y;; Lu, Y;; Lv, X;; Han, D.; Zhang, Q.; Niu, L.; Chen, W. Enhanced Catalytic
Performance of Pt-Free Iron Phthalocyanine by Graphene Support for Efficient Oxygen
Reduction Reaction. ACS Catal. 2013, 3, 1263-1271.

55



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Xiao, M.; Zhu, J.; Feng, L.; Liu, C.; Xing, W. Meso/Macroporous Nitrogen-Doped Carbon
Architectures with Iron Carbide Encapsulated in Graphitic Layers as an Efficient and
Robust Catalyst for the Oxygen Reduction Reaction in Both Acidic and Alkaline Solutions.
Adv. Mater. 2015, 27, 2521-2527.

Niu, W,; Li, L.; Liu, X;; Wang, N.; Liu, J.; Zhou, W.; Tang, Z.; Chen, S. Mesoporous
N-Doped Carbons Prepared with Thermally Removable Nanoparticle Templates: An
Efficient Electrocatalyst for Oxygen Reduction Reaction. |. Am. Chem. Soc. 2015, 137,
5555-5562.

Wang, Q.; Zhou, Z.-Y,; Lai, Y.-J.; You, Y,; Liu, J.-G.; Wu, X.-L.; Terefe, E.; Chen, C.; Song, L.;
Rauf, M,; et al. Phenylenediamine-Based FeN, /C Catalyst with High Activity for Oxygen
Reduction in Acid Medium and Its Active-Site Probing. J. Am. Chem. Soc. 2014, 136,
10882-10885.

Yin, J.; Qiu, Y,; Yu, J. Onion-like graphitic nanoshell structured Fe-N/C nanofibers
derived from electrospinning for oxygen reduction reaction in acid media. Electrochem.
Commun. 2013, 30, 1-4.

Li, Y.; Zhou, W.; Wang, H.; Xie, L.; Liang, Y.; Wei, E; Idrobo, J.-C.; Pennycook, S.J.; Dai, H.
An oxygen reduction electrocatalyst based on carbon nanotube-graphene complexes.
Nat. Nanotechnol. 2012, 7, 394-400.

Kramm, U.L; Herranz, ]J.; Larouche, N.; Arruda, T.M.; Lefevre, M.; Jaouen, F,;
Bogdanoff, P; Fiechter, S.; Abs-Wurmbach, I.; Mukerjee, S.; et al. Structure of the catalytic
sites in Fe/N/C-catalysts for O,-reduction in PEM fuel cells. Phys. Chem. Chem. Phys.
2012, 14, 11673-11688.

Li, W,; Wy, J.; Higgins, D.C.; Choi, J.-Y.; Chen, Z. Determination of Iron Active Sites in
Pyrolyzed Iron-Based Catalysts for the Oxygen Reduction Reaction. ACS Catal. 2012, 2,
2761-2768.

Singh, D.; Mamtani, K.; Bruening, C.R.; Miller, ].T.; Ozkan, U.S. Use of H;S to Probe
the Active Sites in FeNC Catalysts for the Oxygen Reduction Reaction (ORR) in Acidic
Media. ACS Catal. 2014, 4, 3454-3462.

Zhu, Y.; Zhang, B.; Liu, X,; Wang, D.-W,; Su, D.S. Unravelling the Structure of
Electrocatalytically Active Fe-N Complexes in Carbon for the Oxygen Reduction
Reaction. Angew. Chem. Int. Ed. 2014, 53, 10673-10677.

Tylus, U.; Jia, Q.; Strickland, K.; Ramaswamy, N.; Serov, A.; Atanassov, P.; Mukerjee, S.
Elucidating Oxygen Reduction Active Sites in Pyrolyzed Metal-Nitrogen Coordinated
Non-Precious-Metal Electrocatalyst Systems. . Phys. Chem. C 2014, 118, 8999-9008.
Robson, M.H.; Serov, A.; Artyushkova, K.; Atanassov, P. A mechanistic study of
4-aminoantipyrine and iron derived non-platinum group metal catalyst on the oxygen
reduction reaction. Electrochim. Acta 2013, 90, 656—665.

Kattel, S.; Wang, G. A density functional theory study of oxygen reduction reaction on
Me-Ny (Me = Fe, Co, or Ni) clusters between graphitic pores. |. Mater. Chem. A 2013, 1,
10790-10797.

Badger, G.; Jones, R.; Laslett, R. Porphyrins. VIL. The synthesis of porphyrins by the
Rothemund reaction. Aust. . Chem. 1964, 17, 1028-1035.

56



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Baranton, S.; Coutanceau, C.; Roux, C.; Hahn, F; Léger, ]. M. Oxygen reduction reaction
in acid medium at iron phthalocyanine dispersed on high surface area carbon substrate:
Tolerance to methanol, stability and kinetics. J. Electroanal. Chem. 2005, 577, 223-234.
Vasudevan, P; Satya, S.; Mann, N.; Tyagi, S. Transition metal complexes of porphyrins
and phthalocyanines as electrocatalysts for dioxygen reduction. Transit. Met. Chem. 1990,
15, 81-90.

Zagal, ].H. Metallophthalocyanines as catalysts in electrochemical reactions.
Coord. Chem. Rev. 1992, 119, 89-136.

Morozan, A.; Campidelli, S.; Filoramo, A.; Jousselme, B.; Palacin, S. Catalytic activity of
cobalt and iron phthalocyanines or porphyrins supported on different carbon nanotubes
towards oxygen reduction reaction. Carbon 2011, 49, 4839-4847.

Faubert, G.; Lalande, G.; Coté, R.; Guay, D.; Dodelet, ]J.P.; Weng, L.T.; Bertrand, P;
Dénes, G. Heat-treated iron and cobalt tetraphenylporphyrins adsorbed on carbon black:
Physical characterization and catalytic properties of these materials for the reduction of
oxygen in polymer electrolyte fuel cells. Electrochim. Acta 1996, 41, 1689-1701.

Gupta, S.; Tryk, D.; Bae, I; Aldred, W.; Yeager, E. Heat-treated polyacrylonitrile-based
catalysts for oxygen electroreduction. J. Appl. Electrochem. 1989, 19, 19-27.

Wu, G.; Chen, Z,; Artyushkova, K.; Garzon, EH.; Zelenay, P. Polyaniline-derived
Non-Precious Catalyst for the Polymer Electrolyte Fuel Cell Cathode. ECS Trans. 2008,
16, 159-170.

Kramm, U.IL; Abs-Wurmbach, I.; Herrmann-Geppert, I.; Radnik, J.; Fiechter, S.;
Bogdanoff, P. Influence of the Electron-Density of FeNy-Centers Towards the Catalytic
Activity of Pyrolyzed FeTMPPCI-Based ORR-Electrocatalysts. J. Electrochem. Soc. 2011,
158, B69-B78.

Lefevre, M.; Dodelet, ].P.; Bertrand, P. Molecular Oxygen Reduction in PEM Fuel Cells:
Evidence for the Simultaneous Presence of Two Active Sites in Fe-Based Catalysts. J. Phys.
Chem. B 2002, 106, 8705-8713.

Charreteur, F; Jaouen, F.; Ruggeri, S.; Dodelet, ].-P. Fe/N/C non-precious catalysts for
PEM fuel cells: Influence of the structural parameters of pristine commercial carbon
blacks on their activity for oxygen reduction. Electrochim. Acta 2008, 53, 2925-2938.

Liu, G; Li, X.; Ganesan, P.; Popov, B.N. Studies of oxygen reduction reaction active
sites and stability of nitrogen-modified carbon composite catalysts for PEM fuel cells.
Electrochim. Acta 2010, 55, 2853-2858.

Nabae, Y.; Moriya, S.; Matsubayashi, K.; Lyth, S.M.; Malon, M.; Wu, L.; Islam, N.M.;
Koshigoe, Y.; Kuroki, S.; Kakimoto, M.-A.; et al. RETRACTED: The role of Fe species in
the pyrolysis of Fe phthalocyanine and phenolic resin for preparation of carbon-based
cathode catalysts. Carbon 2010, 48, 2613-2624.

Baker, R.; Wilkinson, D.P.; Zhang, J. Electrocatalytic activity and stability of substituted
iron phthalocyanines towards oxygen reduction evaluated at different temperatures.
Electrochim. Acta 2008, 53, 6906—-6919.

57



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Li, W.; Yu, A.; Higgins, D.C.; Llanos, B.G.; Chen, Z. Biologically Inspired Highly Durable
Iron Phthalocyanine Catalysts for Oxygen Reduction Reaction in Polymer Electrolyte
Membrane Fuel Cells. J. Am. Chem. Soc. 2010, 132, 17056-17058.

Liu, G,; Li, X;; Ganesan, P.; Popov, B.N. Development of non-precious metal
oxygen-reduction catalysts for PEM fuel cells based on N-doped ordered porous carbon.
Appl. Catal. B 2009, 93, 156-165.

Veldzquez-Palenzuela, A.; Zhang, L.; Wang, L.; Cabot, PL.; Brillas, E.; Tsay, K.;
Zhang, ]. Carbon-Supported Fe-N, Catalysts Synthesized by Pyrolysis of the
Fe(I)-2,3,5,6-Tetra(2-pyridyl)pyrazine Complex: Structure, Electrochemical Properties,
and Oxygen Reduction Reaction Activity. J. Phys. Chem. C 2011, 115, 12929-12940.
Zhang, L.; Lee, K; Bezerra, C.W.B.; Zhang, J.; Zhang, ]. Fe loading of a carbon-supported
Fe-N electrocatalyst and its effect on the oxygen reduction reaction. Electrochim. Acta
2009, 54, 6631-6636.

Jaouen, F.; Marcotte, S.; Dodelet, ].-P.; Lindbergh, G. Oxygen Reduction Catalysts for
Polymer Electrolyte Fuel Cells from the Pyrolysis of Iron Acetate Adsorbed on Various
Carbon Supports. J. Phys. Chem. B 2003, 107, 1376-1386.

Nallathambi, V.; Lee, J.-W.; Kumaraguru, S.P.; Wu, G.; Popov, B.N. Development of high
performance carbon composite catalyst for oxygen reduction reaction in PEM Proton
Exchange Membrane fuel cells. J. Power Sources 2008, 183, 34—42.

Lefevre, M.; Proietti, E.; Jaouen, F.; Dodelet, J.P. Iron-Based Catalysts with Improved
Oxygen Reduction Activity in Polymer Electrolyte Fuel Cells. Science 2009, 324, 71-74.
Proietti, E.; Jaouen, F.; Lefevre, M.; Larouche, N.; Tian, J.; Herranz, J.; Dodelet, J.-P.
Iron-based cathode catalyst with enhanced power density in polymer electrolyte
membrane fuel cells. Nat. Commun. 2011, 2, 416.

Kramm, U.L; Lefevre, M.; Larouche, N.; Schmeisser, D.; Dodelet, ].-P. Correlations
between Mass Activity and Physicochemical Properties of Fe/N/C Catalysts for the
ORR in PEM Fuel Cell via % Fe Mossbauer Spectroscopy and Other Techniques. . Am.
Chem. Soc. 2014, 136, 978-985.

Byon, H.R.; Suntivich, J.; Shao-Horn, Y. Graphene-Based Non-Noble-Metal Catalysts for
Oxygen Reduction Reaction in Acid. Chem. Mater. 2011, 23, 3421-3428.

Wu, G, Johnston, CM., Mack, N.H. Artyushkova, K., Ferrandon, M,
Nelson, M.; Lezama-Pacheco, ].S.; Conradson, S.D.; More, K.L.; Myers, D.J.; et al.
Synthesis-structure-performance correlation for polyaniline-Me-C non-precious metal
cathode catalysts for oxygen reduction in fuel cells. J. Mater. Chem. 2011, 21, 11392-11405.
Wu, G.; Nelson, M.; Ma, S.; Meng, H.; Cui, G.; Shen, P.K. Synthesis of nitrogen-doped
onion-like carbon and its use in carbon-based CoFe binary non-precious-metal catalysts
for oxygen-reduction. Carbon 2011, 49, 3972-3982.

Jahan, M.; Bao, Q.; Loh, K.P. Electrocatalytically Active Graphene-Porphyrin MOF
Composite for Oxygen Reduction Reaction. J. Am. Chem. Soc. 2012, 134, 6707-6713.
Yang, T.; Han, G. Synthesis of a Novel Catalyst via Pyrolyzing Melamine with Fe
Precursor and its Excellent Electrocatalysis for Oxygen Reduction. Int. ]. Electrochem. Sci.
2012, 7, 10884-10893.

58



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Xiao, H.; Shao, Z.-G.; Zhang, G.; Gao, Y.; Lu, W.; Yi, B. Fe-N-carbon black for the oxygen
reduction reaction in sulfuric acid. Carbon 2013, 57, 443-451.

Lopes, T.; Olivi, P. Non-precious Metal Oxygen Reduction Reaction Catalysts Synthesized
via Cyanuric Chloride and N-Ethylamine. Electrocatalysis 2014, 5, 396—401.

Qiu, Y,; Yu, J.; Wu, W,; Yin, J.; Bai, X. Fe-N/C nanofiber electrocatalysts with improved
activity and stability for oxygen reduction in alkaline and acid solutions. J]. Solid
State Electrochem. 2012, 17, 565-573.

Serov, A.; Robson, M.H.; Artyushkova, K.; Atanassov, P. Templated non-PGM cathode
catalysts derived from iron and poly(ethyleneimine) precursors. Appl. Catal. B 2012, 127,
300-306.

Serov, A.; Robson, M.H.; Halevi, B.; Artyushkova, K.; Atanassov, P. Highly active and
durable templated non-PGM cathode catalysts derived from iron and aminoantipyrine.
Electrochem. Commun. 2012, 22, 53-56.

Serov, A.; Robson, M.H.; Smolnik, M.; Atanassov, P. Tri-metallic transition
metal-nitrogen-carbon catalysts derived by sacrificial support method synthesis.
Electrochim. Acta 2013, 109, 433-439.

Nallathambi, V.; Leonard, N.; Kothandaraman, R.; Barton, S.C. Nitrogen Precursor Effects
in Iron-Nitrogen-Carbon Oxygen Reduction Catalysts. Electrochem. Solid-State Lett. 2011,
14, B55-B58.

Wu, Z.-S,; Yang, S.; Sun, Y,; Parvez, K.; Feng, X.; Miillen, K. 3D Nitrogen-Doped Graphene
Aerogel-Supported Fe;O, Nanoparticles as Efficient Electrocatalysts for the Oxygen
Reduction Reaction. J. Am. Chem. Soc. 2012, 134, 9082-9085.

Chung, H.T.; Won, ].H.; Zelenay, P. Active and stable carbon nanotube/nanoparticle
composite electrocatalyst for oxygen reduction. Nat. Commun. 2013, 4, 1922.

Kim, BJ.; Lee, D.U; Wu, J; Higgins, D; Yu, A, Chen, Z. Iron- and
Nitrogen-Functionalized Graphene Nanosheet and Nanoshell Composites as a Highly
Active Electrocatalyst for Oxygen Reduction Reaction. J. Phys. Chem. C 2013, 117,
26501-26508.

Zhang, S.; Liu, B.; Chen, S. Synergistic increase of oxygen reduction favourable
Fe-N coordination structures in a ternary hybrid of carbon nanospheres/carbon
nanotubes/graphene sheets. Phys. Chem. Chem. Phys. 2013, 15, 18482-18490.

Mo, Z.; Peng, H.; Liang, H.; Liao, S. Vesicular nitrogen doped carbon material derived
from Fe,O3 templated polyaniline as improved non-platinum fuel cell cathode catalyst.
Electrochim. Acta 2013, 99, 30-37.

Cao, R.; Thapa, R,; Kim, H.; Xu, X.; Gyu Kim, M.; Li, Q.; Park, N.; Liu, M.; Cho, ]J.
Promotion of oxygen reduction by a bio-inspired tethered iron phthalocyanine carbon
nanotube-based catalyst. Nat. Commun. 2013, 4, 2076.

Zhao, D.; Shui, J.-L.; Grabstanowicz, L.R.; Chen, C.; Commet, S.M.; Xu, T.; Lu, J.; Liu, D.-J.
Electrocatalysts: Highly Efficient Non-Precious Metal Electrocatalysts Prepared from
One-Pot Synthesized Zeolitic Imidazolate Frameworks. Adv. Mater. 2014, 26, 1093-1097.

59



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Yuan, S.; Shui, J.-L.; Grabstanowicz, L.; Chen, C.; Commet, S.; Reprogle, B.; Xu, T,;
Yu, L.; Liu, D.-]. A Highly Active and Support-Free Oxygen Reduction Catalyst Prepared
from Ultrahigh-Surface-Area Porous Polyporphyrin. Angew. Chem. Int. Ed. 2013, 52,
8349-8353.

Wen, Z; Ci, S; Zhang, F; Feng, X, Cui, S; Mao, S; Luo, S; He, Z;
Chen, ]J. Nitrogen-Enriched Core-Shell Structured Fe/Fe3;C-C Nanorods as Advanced
Electrocatalysts for Oxygen Reduction Reaction. Adv. Mater. 2012, 24, 1399-1404.

Deng, D.; Yu, L; Chen, X.; Wang, G.; Jin, L.; Pan, X.; Deng, J.; Sun, G.; Bao, X.
Iron Encapsulated within Pod-like Carbon Nanotubes for Oxygen Reduction Reaction.
Angew. Chem. Int. Ed. 2013, 52, 371-375.

Lee, J.-S.; Park, G.S.; Kim, S.T.; Liu, M.; Cho, J. A Highly Efficient Electrocatalyst
for the Oxygen Reduction Reaction: N-Doped Ketjenblack Incorporated into
Fe/Fe3C-Functionalized Melamine Foam. Angew. Chem. Int. Ed. 2013, 52, 1026-1030.
Hu, Y.; Jensen, J.O.; Zhang, W.; Cleemann, L.N.; Xing, W.; Bjerrum, N.J.; Li, Q. Hollow
Spheres of Iron Carbide Nanoparticles Encased in Graphitic Layers as Oxygen Reduction
Catalysts. Angew. Chem. Int. Ed. 2014, 53, 3675-3679.

Peng, H.; Liu, F; Liu, X,; Liao, S.; You, C,; Tian, X.; Nan, H.; Luo, E; Song, H.; Fu, Z,; et al.
Effect of Transition Metals on the Structure and Performance of the Doped Carbon
Catalysts Derived From Polyaniline and Melamine for ORR Application. ACS Catal.
2014, 4, 3797-3805.

Wang, L.; Ambrosi, A.; Pumera, M. “Metal-Free” Catalytic Oxygen Reduction Reaction
on Heteroatom-Doped Graphene is Caused by Trace Metal Impurities. Angew. Chem.
Int. Ed. 2013, 52, 13818-13821.

Jaouen, E; Herranz, J.; Leféevre, M.; Dodelet, ]J.-P.; Kramm, U.l;; Herrmann, I;
Bogdanoff, P; Maruyama, J.; Nagaoka, T.; Garsuch, A.; et al. Cross-Laboratory
Experimental Study of Non-Noble-Metal Electrocatalysts for the Oxygen Reduction
Reaction. ACS Appl. Mater. Interfaces 2009, 1, 1623-1639.

Herranz, J.; Jaouen, F,; Lefevre, M.; Kramm, U.I; Proietti, E.; Dodelet, ]J.-P;
Bogdanoff, P; Fiechter, S.; Abs-Wurmbach, I.; Bertrand, P; et al. Unveiling
N-Protonation and Anion-Binding Effects on Fe/N/C Catalysts for O, Reduction in
Proton-Exchange-Membrane Fuel Cells. J. Phys. Chem. C 2011, 115, 16087-16097.
Carver, C.T.; Matson, B.D.; Mayer, J.M. Electrocatalytic Oxygen Reduction by Iron
Tetra-arylporphyrins Bearing Pendant Proton Relays. J. Am. Chem. Soc. 2012, 134,
5444-5447.

Matson, B.D.; Carver, C.T.; von Ruden, A.; Yang, ].Y.; Raugei, S.; Mayer, ].M. Distant
protonated pyridine groups in water-soluble iron porphyrin electrocatalysts promote
selective oxygen reduction to water. Chem. Commun. 2012, 48, 11100-11102.
Ramaswamy, N.; Tylus, U.; Jia, Q.; Mukerjee, S. Activity Descriptor Identification
for Oxygen Reduction on Nonprecious Electrocatalysts: Linking Surface Science to
Coordination Chemistry. J. Am. Chem. Soc. 2013, 135, 15443-15449.

60



105.

106.

107.

108.

Ferrandon, M.; Wang, X.; Kropf, A.].; Myers, D.J.; Wu, G.; Johnston, C.M.; Zelenay, P.
Stability of iron species in heat-treated polyaniline-iron-carbon polymer electrolyte fuel
cell cathode catalysts. Electrochim. Acta 2013, 110, 282-291.

Wu, G.; Artyushkova, K.; Ferrandon, M.; Kropf, A.J.; Myers, D.; Zelenay, P. Performance
Durability of Polyaniline-derived Non-precious Cathode Catalysts. ECS Trans. 2009, 25,
1299-1311.

Varcoe, J.R.; Atanassov, P.; Dekel, D.R.; Herring, A.M.; Hickner, M.A.; Kohl, P.A.;
Kucernak, A.R.; Mustain, W.E.; Nijmeijer, K.; Scott, K.; et al. Anion-exchange membranes
in electrochemical energy systems. Energy Environ. Sci. 2014, 7, 3135-3191.

Katzfu$, A.; Poynton, S.; Varcoe, J.; Gogel, V.; Storr, U, Kerres, J. Methylated
polybenzimidazole and its application as a blend component in covalently cross-linked
anion-exchange membranes for DMFC. |. Membr. Sci. 2014, 465, 129-137.

61



Nanoscale Alloying in Electrocatalysts

Shiyao Shan, Jinfang Wu, Ning Kang, Hannah Cronk, Yinguang Zhao, Wei Zhao,
Zakiya Skeete, Pharrah Joseph, Bryan Trimm, Jin Luo and Chuan-Jian Zhong

Abstract: In electrochemical energy conversion and storage, existing catalysts often
contain a high percentage of noble metals such as Pt and Pd. In order to develop
low-cost electrocatalysts, one of the effective strategies involves alloying noble metals
with other transition metals. This strategy promises not only significant reduction of
noble metals but also the tunability for enhanced catalytic activity and stability in
comparison with conventional catalysts. In this report, some of the recent approaches
to developing alloy catalysts for electrocatalytic oxygen reduction reaction in fuel
cells will be highlighted. Selected examples will be also discussed to highlight
insights into the structural and electrocatalytic properties of nanoalloy catalysts,
which have implications for the design of low-cost, active, and durable catalysts for
electrochemical energy production and conversion reactions.

Reprinted from Catalysts. Cite as: Shan, S.; Wu, J.; Kang, N.; Cronk, H.; Zhao, Y,;
Zhao, W.; Skeete, Z.; Joseph, P.; Trimm, B.; Luo, ].; Zhong, C.-J. Nanoscale Alloying
in Electrocatalysts. Catalysts 2015, 5, 1465-1478.

1. Introduction

The design of active, stable and low-cost catalysts is essential for many
reactions in electrochemical energy production, conversion and storage. Metal
nanoparticles, especially alloy nanoparticles, have attracted a great deal of interest in
both experimental and theoretical studies [1-3]. It is the nanoscale size range over
which metal nanoparticles undergo a transition from metallic to atomic properties
which leads to unique electronic and catalytic properties different from their bulk
counterparts. Significant advances have been made in harnessing the nanoscale
catalytic properties in energy and environmental fronts [3]. However, challenges
remain, especially in preparation and characterization of active, robust, low-cost
nanocatalysts with controllable sizes, shapes, compositions and structures.

An alloy is a mixture of two or more metallic species, which can exist either
in a complete solid solution state exhibiting a single phase characteristics or in a
partial or phase-segregated solid solution state with multiple phases. Nanoalloy
(NA) differs from bulk alloys in several significant aspects in terms of mixing patterns
and geometric shapes. There are different types of mixing patterns, two of which
include completely phase segregated NAs where the different phases share either an
extended mixed interface or a very limited number of hetero-nuclear metal bonds,
and mixed NAs with chemically ordered/disordered structures. The degree of
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segregation, mixing and atomic ordering depends on a number of factors, including
relative strengths of differences in atomic sizes, surface energies of the component
element, homoatomic vs. heteroatomic bonds, charge transfer between the different
atomic species, and strength of binding to surface ligands or support materials. The
observed atomic arrangement for a particular alloy depends critically on the balance
of the preparation and usage conditions. By alloying, changes including atomic
structure, physical and optical properties, and chemical properties could lead to
two major effects: (i) ensemble effect where hetero-nuclear metals geometrically
arranged in the favor of certain properties (e.g., catalytic process); (ii) ligand
effect where electronic charge transfer between hetero-nuclear metals induces the
change of functionality of metals (e.g., molecule adsorption properties) [4]. It is
noted that the change of geometric arrangement by varying alloy composition
or structural ordering/disordering cannot be done without changing electronic
atmosphere. In catalysis, alloying hetero-nuclear metals plays a role in several
different aspects, including (i) activation of the main components for enhanced
activity; (ii) activation of successive reaction for the enhancement of overall reactions;
(iii) removal of poisonous intermediates to facilitate the reactions; (iv) inhibition of
certain intermediates and byproducts; and (v) reactants storage. [5] In addition, the
surface structures of NAs could be very complex due to the enrichment of certain
element in the core or shell. In the case of metal dissolution (“dealloying”) in the
presence of acidic electrolytes, often referred to as Pt-skin structure formation [6,7],
the details of the noble metal skin could be influenced strongly by the structural
types of the NAs, the understanding of which in terms of structural evolution, noble
metal skin or d-band center shift has attracted increasing interests in electrocatalysis.

Supported metal nanoparticles from traditional preparative methods have been
well demonstrated for various catalytic reactions [2,3,8]. In the last decade, new
approaches to the synthesis of molecularly capped metal nanoparticles for the
preparation of catalysts have been rapidly emerging (see Figure 1). While some of the
catalysts exploit the functional groups from the capping shell of the nanoparticles,
most others explore the surface active sites over the metal nanoparticles either
after removing the capping layers [9] or through open channels of the capping
layers [10]. In addition, the nanoscale facet is an important factor in catalysis. For
noble metal (e.g., Pt, Pd) alloyed with other transitions metals (e.g., Ni, Cu, Co, etc.),
a volcano curve has been observed for certain metal ratios (e.g., 1:1, 1:3, or 3:1) in
binary nanocatalysts [2]. Besides various nanostructural design parameters [11], the
understanding of how these factors play an important role on catalytic properties is
increasingly important.

In this article, some of the recent findings in the exploration of nanoscale alloying
degree for the preparation of the supported nanoalloy catalysts for catalytic and
electrocatalytic reactions [12-17] will be highlighted. One important focus is the
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understanding of the structural correlation of nanoscale alloying properties with the
electrocatalytic properties.

eg
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Figure 1. Illustration of the synthesis, assembly, and activation of nanoalloy
particles for the preparation of the supported electrocatalysts.

2. Synthesis and Preparation

The synthesis of molecularly-capped metal nanoparticles as building blocks
for engineering the nanoscale catalytic materials takes advantage of diverse
attributes, including monodispersity, processability, and stability in terms of size,
shape, composition, phase and surface properties in comparison with traditional
approaches [18]. One important approach involves core-shell type synthesis [19].
The core and shell are from different matters in close interaction, including
inorganic/organic and inorganic/inorganic combinations [20,21]. The synthesis of
metal nanoparticles in the presence of organic capping agents to form encapsulated
metal nanoparticles has demonstrated promises for preparing nanocatalysts [20,21].
The coupling of molecularly-mediated synthesis of nanoparticles and post-synthesis
thermochemical processing under controlled temperatures and atmospheres have
demonstrated effectiveness in the preparation of nanocatalysts. In comparison with
other methods such as plasmatic cleaning or chemical cleaning [22], thermochemical
processing strategy is not only effective in removing the encapsulation, but also
in refining the nanostructural parameters. The combination of the molecular
encapsulation based synthesis and thermochemical processing strategies typically
involves a sequence of steps for the preparation of nanoalloy catalysts: (1) chemical
synthesis of the metal nanocrystal cores capped with ligands, (2) assembly of the
encapsulated nanoparticles on supporting materials (e.g., carbon powders, TiO, or
5i0,), and (3) thermal treatment of the supported nanoparticles [12-17]. The size
and composition of the nanoparticles produced by thermochemical processing are
controllable. As shown for a series of binary and ternary alloy nanoparticle systems in
Table 1 [12-17,23-35], the catalysts prepared by the molecularly-mediated synthesis
and thermochemical processing methods have demonstrated enhanced catalytic and
electrocatalytic properties for oxygen reduction reaction (ORR), methanol oxidation
reaction (MOR), and ethanol oxidation reaction (EOR), etc.
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Table 1.
molecularly-mediated synthesis and thermochemical processing methods.

Examples of alloy nanoparticles and catalysts prepared by

Catalysts Synthesis method Catal.yhc Refs
reactions
Bimetallic nanoalloys
Precursor: Pt(acac),, Ni(acac);
PtNi NPs (2-8 nm)/C, Capping agent: oleic acid (OA), oleylamine (OAM); ORR, CO [12,23]
TiO,, or SiO, Reducing agent: 1,2-hexadecanediol (HDD); oxidation ’
Solvent: octyl ether (OE)
Precursor: Pt(acac),, Co,(CO)s;
PtCo NPs (2-8 nm)/C, Capping agent: oleic acid and oleylamine; ORR, CO [12,23]
TiO; or SiO, Reducing agent: 1,2-hexadecanediol; oxidation ’
Solvent: octyl ether
Precursor: Pt(acac),, Ru(acac)y;
» Capping agent: oleic acid and oleylamine; EOR, CO
PtRu (~5nm)/C Reducing agent: 1,2-hexadecanediol; oxidation [24]
Solvent: octyl ether
Precursor: HAuCly, CuCly;
Capping agent: 1-decanethiol (DT);
AuCu (ngnm)/c’ Tetraoctylammonium bromide (TOABr); g? [14]
12 Reducing agent: NaBHy; oxidation
Solvent: H,O and Toluene
Precursor: Au NPs and Cu NPs;
. Capping agent: 1-decanethiol (DT); CcO
AuCu (4-8 nm)/C Tetraoctylammonium bromide (TOABTr); oxidation (4]
Method: Thermally aggregated growth
Precursor: Pd(acac),, Ni(acac),;
. Capping agent: oleic acid and oleylamine; ORR, CO
PdNi (7-10 nm)/C Reducing agent: 1,2-hexadecanediol; oxidation (23]
Solvent: octyl ether or benzyl ether
Precursor: Pd(acac),, Cu(acac),;
= Capping agent: oleic acid and oleylamine; EOR, CO
PdCu (7-10 nm)/C Reducing agent: 1,2-hexadecanediol; oxidation [26]
Solvent: octyl ether or benzyl ether
Precursor: HAuCly, HPtCly;
A Capping agent: DT, OAM/OA; ORR,
AuPt (~4-5nm)/C Reducing agent: NaBHy; MOR [13,27,28]
Solvent: H,O and Toluene;
Trimetallic Nanoalloys
Precursor: Pt(acac),, Ni(acac),, Co(acac)s;
PtNiCo (3-5nm)/C, Capping agent: oleic acid and oleylamine; ORR, CO [12,29,30]
TiO,, and SiO, Reducing agent: 1,2-hexadecanediol; oxidation e
Solvent: octyl ether
Precursor: Pt(acac),, VO(acac),, Co(acac)s;
| Capping agent: oleic acid and oleylamine; ORR, CO
PtVCo (3-5nm)/C Reducing agent: 1,2-hexadecanediol; oxidation [17,31]
Solvent: octyl ether
Precursor: Pt(acac),, Ni(acac),, Fe(CO)s;
. - Capping agent: oleic acid and oleylamine; ORR, CO
PtNiFe (3-5nm)/C Reducing agent: 1,2-hexadecanediol; oxidation [32,33]
Solvent: octyl ether
Precursor: Pt(acac)y, Irs(CO)12, Co(acac),;
- Capping agent: oleic acid and oleylamine; ORR, CO
PHirCo (3-5nm)/C Reducing agent: 1,2-hexadecanediol; oxidation (1517,34]
Solvent: octyl ether
Precursor: Pt(acac),, VO(acac),, Fe(CO)s;
PtVFe (3-5 nm)/C Capping agent: oleic acid and oleylamine; ORR, [35,36]

Reducing agent: 1,2-hexadecanediol;
Solvent: octyl ether
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3. Examples of Nanoalloy Electrocatalysts

Pt- or Pd-based nanoalloys have been extensively explored as electrocatalysts for
electrocatalytic ORR, which is an important reaction in proton exchange membrane
fuel cell (PEMFC), an electrochemical energy conversion device that converts
hydrogen at the anode and oxygen at the cathode through a membrane electrode
assembly (MEA) into water and produce electricity. The desired reaction pathway
in the cathode of a PEMFC is 4e™ reduction reaction of oxygen. During PEMFC
reaction process, the voltage is the summation of the thermodynamic potential Enesyst,
the activation overpotential 14+ (from both anode and cathode overpotentials, i.e.,
TNact(cathode) — Mact(anode)), and the ohmic overpotential 1yyic.. The thermodynamic
potential is governed by Nernst equation in terms of the Ej (1.23 V) and the operating
concentrations (P(H;) and P(O,)), the activation overpotential is dependent on
the electrode kinetics in terms of current flow, and the overpotential associated
with catalyst activity (Mac(catarysn))- The overpotential Nyctcatanyst) 1S large mainly
attributed to the sluggish activity of ORR. The adsorption of O, over Pt surface
could produce Pt-O or Pt-OH in a dissociative adsorption, which constitutes
a four-electron reduction pathway forming water, or Pt-O,~ or Pt-O,H in an
associative adsorption which often proceeds in a two-electron reduction pathway
forming hydrogen peroxide. Although the understandings based on Pt skin on
an alloy or dealloyed surface can explain partially some of the experimental facts,
the exploration of how Pt-O or —-OH intermediate species would influence the
overall ORR by varying their binding strength and the formation and removal of
Pt-O/Pt—OH species are known to play a key role in the overall electrocatalytic ORR
over Pt-alloy catalysts [37]. The rational design of Pt-alloys involving transition
metals (M/M’) could create a bifunctional (or multifunctional) synergy for the
formation and removal of Pt-O or Pt-OH species. For ternary catalysts, the
introduction of a second M’ into Pt-M alloy may further lead to a manipulation of the
surface oxophilicity by maneuvering -O/-OH species over M and M’ sites through
structural or compositional manipulation [12,15,17,28-34]. The understanding of
how Pt-OH and Pt-O binding energies can be tuned by the M/M’ oxophilicity would
aid the design of the alloying metals for synergistic formation and removal of Pt-OH
species in correlation with the structural and chemical complexity of the nanoalloys.

3.1. Bimetallic Nanoalloy Catalysts

Bimetallic nanoalloy catalysts derived from combinations of two heterometals
often exhibit unique bifunctional or other physical and chemical properties. A strong
correlation between the size, structure and catalytic activities was revealed over
several interesting systems, e.g., PtNi, PtCo and AuPt [12,13,23,27,28]. Gold-platinum
(AuPt) nanoalloys serve as an intriguing system in terms of the unique synergistic
properties [12,27,28]. In contrast to the bulk counterpart which displays a miscibility
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gap at 20%-90% Au, nanoscale AuPt particles synthesized by wet chemical
methods has shown alloy properties. The morphology and alloy structures
are controllable, as shown by the example of AuyyPtyg nanoparticles on carbon
support (Figure 2A). The observation of the indicated lattice fringes, 0.235 nm,
corresponding to 111 planes, indicates that the carbon-supported nanoparticles
are highly crystalline. Carbon-supported AuPt nanoparticles have been shown to
exhibit alloying characteristics and possess a uniform distribution of the two metals
across the entire nanoparticles. The subtle increase of the particle sizes for the
thermochemcally-treated carbon-supported Auy,Ptyg nanoparticles was due to the
thermal sintering of the nanoparticles.

(A)

R

N

P vy vy vy vy vy

- (B)

Figure 2. (A) HRTEM (a) and EDS (b) composition mapping for AuyPtyg/C
(red: Pt, Blue: Au) nanoparticles; (B) Cross sections of 5.1 nm Pt-Au particles
(about 5000 atoms) with random alloy structure: (a) Pt;;Augs; (b) Pts; Augg and (c)
PtypAugg.Pt atoms are in gray, Au in yellow. ((B) reproduced from reference [13]
with permission. Copyright 2012, American Chemical Society; (A) reproduced from
reference [27] with permission. Copyright 2010, American Chemical Society).

The detailed nanoscale alloying characteristics is recently evidenced by studies
using element-specific resonant high energy X-ray diffraction coupled to pair
distribution function analysis (HE-XRD/PDF) [12]. This technique, aided by Reverse
Monte Carlo simulation (RMC) modeling, has provided an atomic-scale insight into
the alloy structures of AuPt nanoparticles (Figure 2B). Pure Au and Pt nanoparticles
are used to produce model configurations for Au,Ptjo9_, nanoparticles (n = 40, 51, 77)
where Au and Pt atoms show various patterns of chemical order-disorder effects.
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From the modeling, it was found that the alloying of Pt and Au occurs not only
within a wide range of Pt-Au concentrations but is also stable in nanoparticles of
different sizes.

The electrocatalytic ORR activities of AuPt nanoalloys have been assessed by
rotating disk electrode (RDE) measurements [27]. As shown by RDE curves in
Figure 3 for AuyPtyg/C and AuyPts; /C catalysts, there are clear differences of
the reduction currents in the kinetic region (0.8-0.9 V vs. NHE). These differences
demonstrated that both the bimetallic composition and the phase structures had
profound effects on the electrocatalytic activity. It is evident that the mass activity
depends on both thermal treatment temperature and condition (Figure 3 insert). The
data for Aup,Pt;g/C showed an increase of mass activity to a maximum at 400 °C
and further decrease with increasing temperature. The decrease of the activity with
temperature is consistent with the findings of the increased phase segregation and
the Pt core-Au shell formation by experimental HRXRD/PDF data. The temperature
for the maximum activity was also found to depend on the bimetallic composition, as
supported by the observations of a maximum activity at 400 °C for Auy,Ptzs/C and a
maximum activity at 600-700 °C for AugePts; /C. A combination of lattice parameter
and surface structural effects as a result of the differences in composition and
treatment conditions is believed to be operative. The observed differences between
Aup,Ptyg/C and AuyggPts; /C catalysts indicate that there exists an optimized surface
structure with an appropriate Pt-O bonding strength for achieving the enhanced
electrocatalytic activity.
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Figure 3. Cont.
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Figure 3. RDE curves for ORR for Aup;Ptys/C (A) and AuygPts; /C (B) catalysts
treated under H; for 30 min (normalized for comparison) at 400 (a), 600 (b), and
800 °C (c). (Glassy carbon electrode (0.196 cm?); 0.5 M H,S0; saturated with Oy;
catalyst loading: 10 ug; scan rate: 10 mV/s; speed: 1600 rpm). (reproduced from
reference [27] with permission. Copyright 2010, American Chemical Society).

3.2. Trimetallic Nanoalloy Catalysts

In comparison with bimetallic systems, ternary nanoalloy catalysts provide
an increased degree of structural tunability. In addition to the obvious tunability
in nanoscale alloying, the manipulation of surface oxophilicity is demonstrated by
the introduction of a second metal M’ into Pt-M alloys. In many cases, ternary
PtMM' catalysts, where M, M’ = Ni, Co, Fe, V, Ir, etc., have demonstrated enhanced
electrocatalytic activities and stabilities in comparison with commercial Pt/C and
their binary counterparts [12,15,17,29-36]. These aspects can be illustrated by studies
of the ternary nanoalloy of PtIrCo in comparison with its binary counterparts [15,34].
As an example, the Ptys5Iry0Coss nanoalloys prepared by the molecularly-mediated
synthesis display a size of 2.5 + 0.2 nm (Figure 4A). Based on HE-XRD/PDF
characterization of PtlrCo/C and its binary counterparts (Ptlr/C and PtCo/C) treated
under H; at 400 and 800 °C, the detailed structural ordering and atomic configuration
in the nanoparticles can modelled by RMC simulation (Figure 4B). Each of the
configurations have the real stoichiometry and size of the nanoalloy and atomic PDFs
computed from the configurations match the experimental PDF data very well.

Ptyslrss catalyst treated at 400 °C is a random alloy of Pt and Ir whereas that
at 800 °C tends to segregate into a Ir-core and Pt-surface-enriched structure. This
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finding is qualitatively in agreement with the XPS based analysis of the relative
surface composition, which showed a 16% increase in Pt upon treatment at 800 °C.
Pt73Coyy catalyst treated at 400 °C features an alloy where Co atoms show some
preference to the center of the nanoparticles whereas that at 800 °C, features an alloy
with Co atoms being somewhat closer to the surface of the particle. In comparison, the
Ptys51ry0Coss catalyst treated at 400 °C features an alloy where Co and Ir species tend
to occupy the inner part of the nanoparticles while Pt atoms show some preference to
the surface of the nanoparticles. The ternary catalyst treated at 800 °C features a rather
random type of alloy where Co, Pt and Ir atoms are almost uniformly distributed
across the nanoparticles, a finding that was qualitatively in agreement with the small
changes derived from the XPS analysis of the relative surface composition. These
results reveal that the atomic distribution across the nanoparticles depends strongly
on the binary/ternary composition and the thermochemical treatment temperature.

The electrocatalytic activities of PtIrCo catalysts with different compositions
for ORR were measured using the RDE method (e.g., Ptglri1Cops/Cla),
PtyolrygCoszp /C(b), and PtpsIrygCoss/C(c)). In comparison with the mass activity for
Pt/C catalysts, the mass activity was increased by a factor of 2—4 for these catalysts.
There is a clear trend showing the increase of the mass activity with the increase of
Co% and the decrease of Pt% in the nanoparticles. In comparison with the specific
activity for Pt/C catalysts, the specific activity was increased by a factor of ~3 for
the ternary catalysts. In comparison with its binary counterparts (PtCo and Ptlr),
the mass activity for Ptys5Iry0Coss /C nanocatalyst showed an increase by factor of
~2 (Figure 5A) [15]. Based on the detailed atomic structural data, the substantially
shorter metal-metal distances in the ternary nanocatalysts are believed to be one of
the key factors responsible for the improved catalytic properties. The increase in
SA from lower to higher temperature (e.g., from 400 °C to 800 °C) for the ternary
nanoalloys is also likely due to the further decrease in the metal-metal distances and
the changes in coordination numbers. In addition to a favorable change in Co-Pt
first coordination number, there are also changes in Co-Ir, Pt-Ir and Ir-Ir coordination
numbers indicating an increased degree of alloying. Moreover, the introduction of
Ir in PtCo to form a ternary system was indeed shown to increase stability of the
electrocatalytic activity indicating the important role of the addition of Ir. The mass
activity is the highest for the ternary catalyst among the three catalysts (see Figure 5A
insert). The 2x increase of specific activity for the ternary catalyst in comparison
with the relatively small increase for Ptlr indicates the importance of adding a third
metal with greater oxophilicity to the alloy. The marked enhancement of the activity
ternary nanoparticles is believed to be linked to the decrease in the 1st Metal-Metal
distances and the formation of alloy featuring either an Co-Ir core with Pt rich surface
or a uniform distribution of Co, Pt and Ir species across the entire nanoparticle.
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(A)

(d)

(B)

Figure 4. (A) HR-TEM for Ptys5IrygCos5 and (B) RMC constructed models for
PtysIrss, Pty;3Coy7, and PtysIrpygCoss processed at 400 °C (a, ¢, e, respectively) and
800 °C (b, d, £, respectively). (Pt atoms: green, Ir atoms: orange, and Co atoms:
blue). Note that the sizes of atoms are drawn not to scale to fit in the picture frame.
((A) reproduced from reference [15] with permission. Copyright 2013, American
Chemical Society, (B) reproduced from reference [34] with permission. Copyright
2012, American Chemical Society).
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Figure 5. Electrocatalytic activities for ORR in O,-saturated 0.1 M HCIOy: (A) RDE
curves for 400 °C (solid bar) and 800 °C (dash bar) treated catalysts: Pts51Ir55/C (a),
Pt73Co,7/C (b), and Pty5IrygCoss5/C (c). Insert: Mass activities extracted from RDE
curves for the same catalysts. (B) Durability plots of normalized mass activities
as a function of the number of potential cycles (ranging from 0 to 20,000 cycles)
for different catalysts upon potential cycling ((A) reproduced from reference [15]
with permission. Copyright 2013, American Chemical Society, (B) reproduced from
reference [34] with permission. Copyright 2012, American Chemical Society).

The durability of the PtIrCo catalysts was also found to show an improvement
in comparison with its binary counterparts. This is substantiated by the durability
data for the catalysts in the O,-saturated 0.1 M HCIOy as a function of square-wave
potential cycling protocol [34]. Most of the mass activity loss for all the samples
occurred during the initial 5000 cycles (Figure 5B). In comparison with those for
the commercial catalysts, the rate of the mass activity loss of Ptgslrj1Cos4/C was
comparable to that of Pt/C and slightly lower than that of Pt;Co/C. After 20,000
cycles, the mass activity of Ptgslr11Co4/C is found to be higher than that of
Pt3Co/C. The ternary nanoalloy catalyst synthesized by the molecularly-mediated
synthesis and thermochemical processing method has durability comparable to that
of commercial catalysts upon the severe potential cycling.

4. Summary and Perspectives

In summary, the ability to control the nanoscale alloying structures is essential
for understanding the enhanced electrocatalytic activities of Pt or Pd based
nanoalloys. It is the unique nanoscale phenomena in terms of atomic-scale alloying,
interatomic distances, metal coordination structures, structural/chemical ordering,
and phase states that operate synergistically in activating oxygen and maneuvering
surface oxygenated species. Understanding this synergy is important for the design
of catalysts with high activity with a significantly-reduced use of noble metals [38,39].
In addition to studies aimed at further lowering the noble metal content in the
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nanoalloy catalysts, future work is needed in the area of theoretical computation
and modelling to understand how the structural-catalytic synergy are influenced
by the binary or ternary metal composition. This understanding will also guide
the development of the ability to enhance the stability of metal components in the
nanoalloy catalysts under the electrocatalytic operation conditions. In addition, in
situ experiments will be very useful to probe the structural evolution processes such
as the de-alloying process in the electrolyte and atomic-scale rearrangements leading
to changes in size, shape, or surface energy. With recent advents in using synchrotron
X-ray based techniques for the study of various catalyst systems, new insights are
expected for elucidating the detailed factors controlling the activity and stability
of nanoalloy catalysts, which will further advance the endeavor of electrochemical
energy conversion and storage.
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Recent Advances in Carbon Supported
Metal Nanoparticles Preparation for Oxygen
Reduction Reaction in Low Temperature
Fuel Cells
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Kouakou B. Kokoh

Abstract: The oxygen reduction reaction (ORR) is the oldest studied and most
challenging of the electrochemical reactions. Due to its sluggish kinetics, ORR
became the major contemporary technological hurdle for electrochemists, as it
hampers the commercialization of fuel cell (FC) technologies. Downsizing the
metal particles to nanoscale introduces unexpected fundamental modifications
compared to the corresponding bulk state. To address these fundamental issues,
various synthetic routes have been developed in order to provide more versatile
carbon-supported low platinum catalysts. Consequently, the approach of using
nanocatalysts may overcome the drawbacks encountered in massive materials for
energy conversion. This review paper aims at summarizing the recent important
advances in carbon-supported metal nanoparticles preparation from colloidal
methods (microemulsion, polyol, impregnation, Bromide Anion Exchange ... )
as cathode material in low temperature FCs. Special attention is devoted to the
correlation of the structure of the nanoparticles and their catalytic properties. The
influence of the synthesis method on the electrochemical properties of the resulting
catalysts is also discussed. Emphasis on analyzing data from theoretical models
to address the intrinsic and specific electrocatalytic properties, depending on the
synthetic method, is incorporated throughout. The synthesis process-nanomaterials
structure-catalytic activity relationships highlighted herein, provide ample new
rational, convenient and straightforward strategies and guidelines toward more
effective nanomaterials design for energy conversion.

Reprinted from Catalysts. Cite as: Holade, Y.; Sahin, N.E.; Servat, K.; Napporn, TW.,;
Kokoh, K.B. Recent Advances in Carbon Supported Metal Nanoparticles Preparation
for Oxygen Reduction Reaction in Low Temperature Fuel Cells. Catalysts 2015, 5,
310-348.

1. Introduction

Formerly, electrocatalysis was practiced with metals in the bulk state.
Electrochemists became aware very early of a number of obstacles and/or limitations
of fundamental and economic order. On a fundamental level, it is difficult to tune
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the activity and selectivity of the electrodes enabling the design of advanced energy
converters. Since catalysis is a surface science [1-3], the use of a bare electrode has
a huge economical impact. The recent advances in nanomaterial science enable
the control of the nanoparticle growth steps for rational and effective preparation
of nanostructures with different shapes and sizes. Seminal papers from different
research groups have shown that the electrocatalytic properties of the metals depend
quasi-exclusively on their crystallographic structures [2,4]. As electrochemical
reactions involve the surface of the electrode, the bulk material is only of fundamental
interest and thus serves as a model electrode for reaction testing. Concerning the
oxygen reduction reaction, ORR, recently fundamental investigations have effectively
and definitively demonstrated that its kinetics strongly depends on the particle size
correlated with the corresponding aftermath [5-8]. Especially, Shao and coworkers
unexpectedly found that the optimum particle size window for Pt is roughly 2.2 nm
during ORR tests in perchloric acid, while the activity decreases drastically for ultra
small particles [6].

Nanomaterials have different and unique physicochemical properties compared
to the bulk metals from which they result. There are undoubtedly corollaries of
their sizes and shapes. They exhibit special optical, magnetic, electronic, and
catalytic properties. Consequently, they can be used in various applications
either ranging from physics to chemistry or from bionanotechnology to medicine.
Plainly speaking about ORR considered as the major contemporary technological
hurdle, electrochemists are wondering how to reduce electrode cost without losing
performance or durability and, to reduce cathode loadings under 0.1 mgpgm cm 2
(United States Department of Energy (DOE) 2015 & 2017 targets [9]), while keeping
the same activities. The approaches mostly emerging, focus on the catalytic
nanoparticles” surface structure and composition to achieve such gates (Figure 1).
For this objective, new nanocatalyst preparation protocols have been introduced.
Amongst these synthetic routes, featuring colloidal methods, high-surface area and
conducting, carbon-based materials are employed to ultra-disperse platinum group
metal (PGM) nanoparticles [10-14]. Figure 1 shows the kinetic activities of Pt-based
electrocatalysts prepared from the major chemical synthetic approaches. The catalytic
ability of an electrode material toward ORR is performed either by rotating disc
electrode (RDE) or in membrane electrode assembly (MEA); it is currently expressed
using the real electrochemical active surface (ECSA), the kinetic current density,
jk, (MA cm~2pgy) or the metal content (mA ng~'pgy) (Figure 1a). When ECSA
increases, ji decreases for the same activity expressed in mA pgflpGM, as can be seen
in Figure 1b. The DOE’s 2015 target is 0.7 mA cm 2peM. Currently, the state-of-the-art
commercial pure Pt/C catalysts (2-4 nm) have specific activities of 0.15-0.20 mA
cm~2pgy and 0.10-0.12 mA pug~'pgym measured in MEAs [9].
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Figure 1. Kinetic activities of the main Pt-based electrocatalyst systems at 0.9 V vs.
Reversible Hydrogen Electrode (RHE): (a) Activities are measured by rotating disc
electrode (RDE) and (b) Activities are measured in membrane electrode assemblies
(MEAs) at 80 °C and 150 kPa saturated O,. Reprinted with permission from Ref. [9].
Copyright 2012, Nature Publishing Group.

In gas-phase heterogeneous catalysis, the metal loading on the support typically
ranges from 0.1-1 wt%. Conversely to these kind of catalysts, the metal content
in the electrocatalysts must be at least 10 wt%, due to the reduced mass-transport
rates of the reactant molecules in the liquid phase versus the gas phase [15]. The
most used support material for electrocatalyst preparation is carbon black. It
should be emphasized that other carbon-based materials are used as supports
e.g., carbon nanotubes [16,17], single/multi-walled carbon nanotubes [18,19],
buckypaper [16], carbon nanofibers [20,21]; depending on the synthesis protocols.
The exceptional electrical, physical, and thermal properties of these advanced
carbon-based nanocomposites make them a preferential choice in electronics [17,22],
bionanotechnology [16,17,20], energy conversion and storage [17,23,24]. However,
even now, carbon black powder (Vulcan XC 72 or XC 72R) is the preferred support
for low temperature FCs applications. In addition to the high metal loading, its
relatively inert character implies that the widespread used method in gas-phase
heterogeneous catalysts preparation such as ion exchange [25] is not effective and
suitable in the electrocatalyst’s case. To overcome this, the electrocatalyst synthesis is
based on chemical/colloidal methods. In this context, various processes have been
developed. Basically, these routes can be classified into two categories: physical and
chemical techniques [2,26]. The main advantage of the chemical routes is the facility
of controlling and handling the primary structures of metal nanoparticles, such as
size, shape and composition (in the case of multimetallic nanomaterials) as well as to
achieve large-scale production. For the physical methods, all these crucial operations
are more difficult.
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This review aims to discuss the recent advances in the preparation of
highly dispersed nanoparticles onto carbon-based substrates for low temperature
FCs applications. These kinds of electrode materials enable increasing of the
surface-to-volume ratio and thus the electrochemical reaction rates [5,27,28]. We focus
on the recent developments regarding nanocatalysts preparation from water-in-oil
microemulsion [29-34], polyol-based [35], impregnation-reduction and Bromide
Anion Exchange synthetic routes [36-38].

2. Strategies to Synthesize Carbon Supported Nanocatalysts

2.1. Heterogeneous Catalysis: The Major Emergency for Supported Nanomaterials Design

Various synthetic routes have been successfully developed over the last twenty
years for carbon supported nanoparticle preparation to be used in electrocatalysis,
and particularly in ORR science. It is interesting to know why a support is needed
during catalyst preparation. In catalysis, it is reported that the direct immobilization
of metal nanoparticles onto carbon-based substrates induces a high improvement
in the nanoparticles’ catalytic performances [2,21,39]. This enhancement has been
attributed to the strong interaction between nanoparticles and the support. Free
nanoparticles in solution are used in electrocatalysis to find out the intrinsic
activity of the electrocatalysts, especially the structure sensitivity [2]. While it is
difficult to control, distinguish, and separate the intrinsic activity of the different
crystallographic facets, the single crystal (bulk) as well as the shape-controlled
nanoparticles constituted cornerstones for the fundamental understanding of
electrocatalytic activity. Even if many examples can be found in the literature about
the use of these kinds of electrocatalysts toward ORR and related reactions, they are
not still yet proven as of any significant interest in FC sciences. Indeed, a support is
needed to boost the current density when the catalyst is immobilized for the tests
of the FCs. Their preparation and long-term storage processes are less competitive
than supported nanoparticles. Besides, it is more difficult to produce these types of
materials for large-scale applications such as for FCs.

2.2. Water-in-Oil (w/o) Microemulsion Method

The preparation of metal nanoparticles from the “water-in-oil” microemulsion
(w/0) method was initiated by Boutonnet et al. [30] in 1982 when they reported the
successful preparation of Pt, Pd, Rh and Ir nanoparticles with a size ranging from
3-5 nm. After this stage of initiation, it is worthy of note that the preparation of
nanoparticles from this method was successful, particularly in the field of catalysis.
It should be noted that the term “microemulsion” was introduced by the English
chemist, J. H. Schuman [29,31,40,41]. According to Clausse and co-workers, it can be
assumed to be “a macroscopically monophasic fluid transparent compound made up
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by mixing water and hydrocarbon in the presence of suitable surface active agents
(surfactants)” [42]. Similar definitions can be found in the literature [30,31,43]. It
should be mentioned that this solution is optically isotropic and thermodynamically
stable [44]. From a macroscopic point of view, the internal structure of the
microemulsion appears to be homogeneous, but at the nanoscale, it is heterogeneous,
consisting either of nano-spherical monosized droplets or a bi-continuous phase
(1040 nm) [41,44]. Obtaining this droplet is very crucial in order to control the size
of the nanoparticles during their preparation.

The microscopic structure of the microemulsion is precisely determined at
a given temperature by the ratio of its different constituents, as illustrated in
Figure 2. Two systems can be clearly identified in this figure: the water-rich phase
and the oil-rich one, determined by the water and oil contents. The water-rich
phase is obtained for a high concentration of water where the internal structure
of the microemulsion consists of small o0il droplets in a continuous water phase
(micelles or direct micelles) and is known as “oil-in-water, o/w” microemulsion
(ratio o/w « 1). Indeed, to stabilize the system, the hydrophilic portion of the
surfactant molecules must be oriented toward the aqueous phase (water), while
the hydrophobic tail is directed toward the organic phase (oil) to form oil droplets.
In nanoparticles” preparation from colloidal methods, it is important to keep in
mind that the droplet size is the key parameter for size, shape and control of other
factors. Consequently, the system o/w is unusable for nanoparticles preparation
because the metal ion (always in the aqueous phase) will be outside the droplet.
Indeed, most metal precursors are inorganic salts and are soluble in water, not in
oil [32]. At a high oil concentration, the system consists of small water droplets
in a continuous oil phase (reversed micelles), also known as a “water-in-oil, w/0”
microemulsion (ratio w/o « 1). For the solution stabilization, the hydrophilic portion
of the surfactant molecules oriented toward the aqueous phase (water) and the
hydrophobic tail directed toward the organic phase (oil) form together a water
droplet: reversed micelles which are water-in-oil droplets stabilized by a surfactant
are obtained. Therefore, the system w/o (emulsions with low water concentration
and high oil concentration) is used almost exclusively for nanoparticles’ preparation
because the metal ion will be inside the droplet. It is a necessary condition for
nanoparticles’” preparation from metal precursors. Furthermore, between these
extreme situations, there is a bicontinuous phase without any clearly defined shape.

Obviously, at fixed water content, the volume of the surfactant plays crucial role
for the size of the formed micelles. Basically, their size is inversely proportional to
the amount of surfactant present in the microemulsion [32,44-46]. The surfactant
can be ionic or non-ionic; its presence is very important for the stability of the
microemulsion [31,44,45]. Moreover, the structure of micelles must be flexible to
allow the penetration of the reducing agent and the interactions/exchanges between
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micelles during the collision step. In addition, when the ionic surfactants are used,
they can form strong bonds with the surface of the nanoparticles. Thereby, it becomes
particularly difficult to remove them during the cleaning step. This is the case of
sodium bis(2-ethylhexyl)sulphosuccinate, AOT, which can form thiol bonds with
the metal surface, making it more complicated to remove. In order to minimize
this kind of phenomenon, the most used non-ionic surfactant is a polyethylene
glycoldodecylether known as Brij® 30 [47-50].

Lipophilic tail

.

Reversed Micelles
(water inside the droplet)

Hydrophilic head

.
H,0 T

A 3
Direct Micelles \_ 5

(water outside the droplet)

100 % Water | 100 % Oil

Bicontinuous phase

Figure 2. Scheme of the microscopic structure of a microemulsion at a given
concentration of surfactant as function of temperature and water concentration,
showing the different systems. Reprinted, adapted with permission from
Ref. [44]: Copyright 2004, Elsevier and from Ref. [31]: Copyright 1995, American
Chemical Society.

Concerning the nanoparticles” preparation, there are currently two main ways:
either by preparing a second microemulsion (having the same composition as
that containing the metal ions), which contains a reducing agent, or by direct
addition of the reducing agent to the microemulsion that already contains metal salt
precursors [44,51]. Figure 3 illustrates the formation of nanoparticles following the
first procedure. Here, two microemulsions are mixed together, one containing the
precursor and the other, the reducing agent. Due to the physical and chemical
properties of its different constituents, the colloidal solution is very sensitive
to temperature and the synthesis is currently performed at room temperature
(20-25 °C) [34,49,50,52-56]. Current reducing agents are sodium borohydride
(NaBHy), hydrazine (N;Hjy), gas hydrogen (Hy) etc. The organic solvent (oil) can
be hexane, n-heptane, cyclohexane or isooctane [44,47,55,56]. The formation of
particles occurs in two steps known as the nucleation process inside the droplet and the
aggregation process to form the final particle [44]. The major role of the surfactant is to
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control the growth via steric effect in order to have well-dispersed and homogeneous
particles with a good size distribution.

Microemulsion I Microemulsion II

Y e
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Figure 3. Proposed mechanism for the formation of metal particles from the
microemulsion method using the two microemulsions protocol. Reprinted with
permission from Ref. [45]. Copyright 2004, Elsevier.

Summarizing, the optimization of this method over more than twenty years has
led to the following experimental parameters:

e molar ratio n(water)/ M(surfactant), W: 3.8 [47,48,52,56],

e  volume of organic solvent (n-heptane) per synthesis reactor: 27.35 mL [50],

e total metal salt concentration in the aqueous solution: 0.1-0.2 mol L—1[47,48,50],
e  volume percentage of Brij® 30 in the microemulsion: 16.5% [47,48,52,56],

e molar ratio between the reducing agent and the metal salt: 15 [49,50,52,56],

e  synthesis conducted at room temperature [34,49,50,52-56].

In order to have a good dispersion of nanoparticles, conducting and high
surface area (BET surface) carbon substrates are currently used. The main roles
of the support are to improve nanoparticles dissemination, to reduce the metal
content (generally noble metals are used) and to provide good nanoparticles-support
interactions [53,54,57]. Vulcan XC 72 and Vulcan XC 72R carbons are the most
used substrates for electrocatalytic applications and the metal content rises from
2040 wt.%. For this purpose, Vulcan carbon is thermally pre-treated (see
Section 2.4) to remove the potential undesired contaminants coming from its
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industrial manufacture such as sulfur [53,54,57,58]. Very recently, it has been shown
that this thermal activation highly improved the physicochemical and electrocatalytic
properties of Vulcan [57]. We will briefly describe herein a typical synthesis as
currently carried out in our research group, from two microemulsions: one containing
the dissolved metal(s) precursor(s) and the other one, the reducing agent, NaBHj.
Typically, microemulsions I and II (as shown in Figure 3) are mixed in a synthesis
reactor thermostatted at 25 °C for about 30 min under magnetic stirring: the
mixture gradually darkens, reflecting the formation of metal nanoparticles. Then,
an appropriate amount of the Vulcan XC 72 or Vulcan XC 72R carbon is added
after the solution has been transferred into an ultrasonic bath for homogenization
(15-20 min), followed by additional vigorous stirring for 2 h. Finally the carbon
supported metal nanoparticles are thoroughly filtered and washed to remove organic
solvent and surfactant using three different solvents, acetone, ethanol and water.
The filtration occurs under a vacuum system (Buchner) using a Millipore filter
type GV 0.22 um (also known as GVWP 0.22 um). The washing steps are carried
out strictly in the following order: addition of acetone, then ethanol and finally
a mixture of 50 vol% acetone-water. It is strongly recommended to repeat this
procedure at least three times. The material is rinsed thoroughly with Milli-Q®
Millipore water (18.2 MQ) cm at 20 °C), and finally the filter containing the catalyst
is removed and dried in an oven for at least 12 h at 75 °C. Figure 4 shows the low
and high resolution TEM images of the bimetallic 40 wt% AuPt/C. From these
physicochemical and electrochemical characterizations, Habrioux and co-workers
found that the obtained bimetallic nanomaterials exhibit two different behaviors.
For high Au-content, the Au-Pt particles exhibited alloy properties, and at low
Au-content, atom rearrangement leads to an enrichment of the electrode surface
with those of Pt. It should be mentioned that the AuPd/C bimetallic nanomaterials
synthesized from w/o by Simdes et al. [34] are unalloyed for Au > 50 at%, leading
to two phases: Au islets + AuPd alloy. Various studies have shown that ORR is a
structure-sensitive reaction. This means that the crystallographic orientations (hkl)
play a major role, more especially the low-index ones [2,4]. The seminal papers on
the single crystal revealed that (111) and (110) are the most active facets toward ORR
in aqueous media. Particularly, for Pt(hkl), the activity toward ORR increases in the
order (100) < (110) ~ (111) in HCIO4; (100) < (110) < (111) in KOH and (111) « (100)
< (110) in HpSOy4 [2]. As highlighted in Figure 4b, the presence of (111) face on the
nanoparticles prepared from the w/o approach allows better ORR efficiency to be
expected on these catalysts.

Notwithstanding the diversity of applications, this method remains questionable
due to the surfactant Brij® 30 that is not completely removed from the surface
of the metal nanoparticles [59,60]. The remaining molecules undoubtedly block
some catalytic sites, therefore affecting the catalytic performances of the obtained
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catalysts. In conclusion, the nature of the surfactant (Brij® 30 or others) and its strong
adsorption onto the metal nanoparticles’ surface constitute the main drawback of the
water-in-oil microemulsion method.

't‘;bvg—‘ s \\\,
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Figure 4. (a) TEM images of: (1) Pt/C, (2) AuzoPt;0/C, (3) AuyPtzn/C, (4)
AuggPtyy/C, (5) Au. Particle agglomerates are shown in (6) and (7) for AuzgPty/C
and AuyPts3y/C, respectively. (b) HRTEM images of (i and ii) Pt, (iii) AusoPty/C,
(iv) AuyPtzp/C and (v) Au/C highlighting the facets, steps (S), twins (T) and
stacking faults (SF). Note that the metal loading was 40 wt%. Reproduced and
adapted in part from Ref. [54] with permission of the PCCP Owner Societies.
Copyright 2009, Royal Society of Chemistry.
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2.3. Polyol Method

The polyol process refers to a polyalcohol that acts both as a solvent and a
reducing agent. It has spread for its self-seeding mechanism and lack of required
hard or soft templating materials, making it an ideal process for potential industrial
scale-up due to the low cost and simplicity of processing. The main superiority
of the polyol synthesis is the use of high-boiling alcohols such as ethylene glycol
(197 °C), propylene glycol (188 °C), butylene glycol (207 °C), diethylene glycol
(244 °C), glycerol (290 °C), tetraethylene glycol (327 °C), benzyl alcohol (205 °C)
etc., as a solvent and stabilizing agent for controlling particle nucleation and growth.
Each polyol solvent has different oxidation potentials that along with the metal
reagent, define the temperature at which particle formation takes place. Especially,
ethylene glycol is one of the most widely used solvents for the polyol process owing
to its strong reducing capability, relatively high boiling point and high dielectric
constant, which increases the solubility of inorganic salts. Therefore, ethylene glycol
is more convenient to act as reducing agent for the metal nanoparticles. In the
polyol process, a metallic precursor in the form of chlorides, acetates, nitrates,
hydroxides, oxides is dissolved in polyol solvent, and then the experimental
conditions are optimized to complete the reduction of metallic precursor. To control
the shape, size, and distribution of metallic particles, each metal precursor requires
modified-experimental conditions.

To identify the mechanism and comprehend the influence of polyol solvents
on nucleation and growth kinetics, several studies were reported. Fievet et al. [61]
focused on the general mechanism of reduction of Ni(OH); and Co(OH); in ethylene
glycol, shown in Scheme 1. They proposed that acetaldehyde is the possible reductant
for the synthesis strategies of preparing metal nanoparticles. It is necessary that
the precursors require high solubility in polyol solvents to actualize the reaction
described in Scheme 1 by steps (1) and (2).

2H,0 (M2 +2HO") M+ 2H,0
HO
\ ; H \ / HsC CH;
Step 1 N TN
o =tepl 0 Step 2 0] 0

Scheme 1. General mechanism of reduction of M(OH); in ethylene glycol.

According to the mechanism proposed by Fievet et al. [61], diacetyl appears to
be the main oxidation product, which may be explained by a duplicative oxidation
of acetaldehyde previously produced by dehydration of ethylene glycol. The metal
is generated in the liquid phase and when the super-saturation is high enough,
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nucleation and the growth steps occur. For better understanding of the metallic
reduction mechanism in polyol solvent, some significant researches were undertaken.
One of them was based on redox phenomena related to the reduction potential of
metal precursor and the oxidation potential of ethylene glycol [62]. The researchers
proposed that chemical reduction of noble metal species by ethylene glycol is
thermodynamically unfavorable. For this reason, to get a completely reduced metal
species, an energy barrier must be overcome by heating the polyol solvent.

Another study on reaction mechanism was proposed by Bock et al. [63] for
reduction of the metals by the oxidation of ethylene glycol to aldehydes, carboxylic
acids, and CO;, as shown by Scheme 2.

2H' +2¢” 2H +2e 2H,0 4H" +4e” I+ 26
i’ i» LZ, I
HvC CHv HwC—C 2 |(l
A “ou I
C E 0
H,0
2¢ +2H"
HO OH
\ /
HgC—C\
D \o

Scheme 2. Ethylene glycol (A) oxidation pathways to aldehydes (B, C), glycolic
acid (D), oxalic acid (E) and further CO; and carbonate in alkaline medium owing
to interaction of -OH groups of ethylene glycol with metal-ion sites.

The oxidation of the ethylene glycol gives glycolate or glycolic acid (depending
on the pH) which acts as a stabilizer for the metal species; the size of the noble
metal colloids is thereby controlled through the pH value of the synthesis solution.
Oxidation products resulting from the ethylene glycol oxidation reaction interact
with the noble metal colloids and hence act as their stabilizers. Additionally,
Skrabalak ef al. [64] reported how metal ions are reduced by the ethylene glycol
oxidation to glycolaldehyde, using a spectrophotometric method. They proposed
an alternative pathway related to the reduction of metal precursor depending on
the reaction atmosphere. For example, heating ethylene glycol between 140 and
160 °C in air, Equation (1), may generate glycolaldehyde as a reductant for the many
metal precursors

2HO — CH, — CH, — CH, — OH + O, — 2HO — CH, — CH, — CHO + 2H,O (1)
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It was found out from spectroscopic data that glycolaldehyde is the main
reductant depending on reaction temperature, atmosphere, and experimental
setup [64]. Numerous studies have been reported on synthesizing metal
nanoparticles with controlled-size, shape and morphology, and satisfactory stability,
as well as high product yield and low environmental contamination [65-67]. Physical
properties of nanoparticles can influence catalytic activity [68,69], selectivity [70,71]
and durability [72]. Biacchi et al. [73] demonstrated that proper selection of the
polyol solvent can be used to manipulate the metal nanoparticles morphology.
They reported that the kinetics and thermodynamics of nanoparticles synthesis
is critically important for controlling the shape and size when using different
polyol solvents such as ethylene glycol, diethylene glycol, triethylene glycol, and
tetraethylene glycol. In recent years, methodological development of the synthesis of
the highly active electrocatalysts has been one of the major topics in energy converting
systems [74-79]. Joseyphus and co-workers [80] investigated the reaction rate of the
polyol method using cobalt and its alloys. The reduction limit of polyol solution
depends mainly on the concentration of hydroxyl ions (OH™) for the reduction of
metal ions. Although the presence of OH™ ions in the metal ion-polyol system acts as
a catalyst in accelerating the formation of precursor complexes, it may decrease the
reaction rate by forming metal hydroxide compounds which are not easily reduced.
Therefore, it is important to control the degree of complex or hydroxide forms
in the presence of OH™ ions by using UV-Visible spectroscopy. Susut and Tong
demonstrated that the particle shape could be controlled in the presence of AgNO3
with different concentrations in the reaction mixture before the addition of PVP
(poly-vinylpyrrolidone) and Pt precursor solutions [81]. Gonzalez-Quinjano et al. [82]
also reported the synthesis of Pt-Sn/C electrocatalysts by using ethylene glycol
containing ethanol and water in different ratios. They noticed that the chemical
composition, lattice parameter, and degree of alloying depended on the solution
ratio between ethylene glycol, ethanol, and water. The average particle size was
observed as between 1.8 and 4.7 nm, the smaller particle sizes were reported in the
absence of water. Furthermore, Jiang et al. [83] prepared Pt/C and Pt-Sn/C catalysts
by slightly modifying the polyol method. In brief, they prepared a tin complex in
ethylene glycol at 190 °C for 30 min and then added the required chloroplatinic acid
and finally, the mixture was maintained at 130 °C for 2 h under argon gas to remove
the oxygen and organic by-products. Lee et al. [84] prepared in ethylene glycol,
acid pre-treated carbon supported Pt and Pt-Ni electrocatalysts, which exhibited
significantly improved electrocatalytic activity.

In the polyol process, polyalcohols are currently used as both solvent and
reducing agent. Alternatively, poly-vinylpyrrolidone (PVP) can be added as
surfactant or capping agent [85,86] in association with a variety of reducing agents
such as sodium borohydride (NaBHy) [87,88], and formaldehyde (H-CHO) [88]
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for controlling surface reactivity. These properties significantly influence the
electrochemical performance. During their synthesis, metal particles tend to
aggregate, particularly in the liquid phase, because of their very high surface energy
in the nano level. Therefore, nanoparticles have a natural tendency to be attracted
to each other through Van der Waals forces leading to agglomeration. In order to
neutralize the Van der Waals interaction, the required repulsive forces have to be
improved. As a result, a stabilization procedure is required to ensure the quality of
the nanomaterial products. The stability relation of the nanoparticles can be mainly
controlled by two kinds of effects in the dispersing medium. One is an electrostatic
stabilization (Figure 5a) for developing surface charges to repulse (high positive Er)
aggregated particles, which can be evaluated by zeta potential measurements and
the other is a steric stabilization (Figure 5b) for controlling the protective layer, using
organic ligands and polymer [89].
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Figure 5. Stabilization of nanoparticles in a dispersing medium; (a) electrostatic
stabilization and (b) steric stabilization of metal. Reprinted with permission from
Ref. [89]. Copyright 2004, Elsevier.

2.4. Impregnation-Reduction Process

The impregnation-reduction method is one of the simple and straightforward
techniques in material science for supported nanocatalysts preparation. It is
still widely used in the field of gas-phase heterogeneous catalysis to prepare
nanostructured catalysts. Compared to the w/o method, the impregnation technique
is one of the green class methods to prepare nanocatalysts due to its environmental
friendly solvents versus organics ones. The synthesis takes place either at low or
room temperatures, thus minimizing energy consumption [32,51]. For a long time,
this chemical approach was devoted to Pt-Ru catalyst preparation [90-92]. Basically,

89



it involves two steps: impregnation and reduction. During the impregnation, the
support (mainly carbon) is immersed in the aqueous solution containing the desired
metal precursors. Then, metal ions are reduced to their metallic state by the addition
of an aqueous solution of reducing agent such as Na;S,03, NaBHy, NasS;05, NoHy,
H-CHO, or Hj [51,91,93,94]. It should be noted that the impregnation duration step
strongly depends on the nature of the precursors, the targeted metal loading, as well
as the nature of the support. Recently, Knani et al. [93,95] optimized an experimental
approach for synthesizing methanol tolerant ORR nanocatalysts (10 wt% Pt-Co-Sn/C)
preparation using NaBH,4 and Vulcan XC 72R carbon as reducing agent and support,
respectively. Typically, the mixture made of metal precursors and the support is
ultrasonically homogenized for 30 min followed by additional stirring for 2 h before
the reduction step at 80 °C. Then, the filtered solid composite is washed several times
with ultra pure water and dried in an oven at 110 °C for about 4 h [95]. Miller et al. [96],
reported the preparation of noble metal free electrocatalysts based on iron(Il) and
silver(I) phthalocyanines using an impregnation-reduction method. During this
procedure the Ketjenblack EC-600JD used as support was impregnated with the
metal precursors by stirring (30 min) and sonicating (30 min) ethanol suspensions
(200 mL) of the metal phthalocyanine complexes with the carbon material at room
temperature. The obtained mixture was stirred afterwards for 24 h (to improve
the impregnation process with the support surface) at room temperature and then
sonicated for 30 min again. After these steps, the solvent was removed under reduced
pressure to yield a solid residue which was dried under high vacuum. Then, the
resulting powder annealed at high temperature (250-800 °C) for 2 h was cooled to
room temperature under continued argon flow prior to use. These nanostructures
have shown good electrochemical performances toward ORR in alkaline medium.
Others impregnation-reduction processes have been reported for the successful
preparation of PtRhM/C (M = W, Pd, or Mo) [97]; PtRh/C [98]; PtNi/C [99].
Different metal precursors can be used; chloride, sulfite, nitrate, carbonyl
complexes. It should be emphasized that the metal carbonyl complexes are especially
interesting since the second step is not required in some cases [32,100]. As any
process, many experimental parameters affect the electrochemical activity of the
obtained catalysts by controlling their composition, morphology, and dispersion onto
the support. From the experimental view, it has been suggested that, the control of
the nanoparticles size and as yet the particle distribution are more difficult by the
impregnation method, which thus constitutes its major drawback [32,51].

2.5. Bromide Anion Exchange (BAE) Method

Obviously, electrocatalysis is one of the disciplines that requires maximum
cleanness. Indeed, from catalyst preparation to initiating chemical reactions, the
cleanliness is mandatory throughout the chain. Any impurity can drastically alter
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the catalytic activity/selectivity through the control of active sites. Thus, taking
into account the fact that the reactions involved in electrocatalysis are surface
reactions, the electrocatalyst surface state (cleanness) is the key parameter for the best
electroactivity. Thereby, the surface of the nanomaterial must be free from impurities
such as surfactant molecules and other capping ones. In this way, the development of
an advanced synthetic method must limit the use of strong organic molecules, which
have an affinity with the nanoparticles surface. To this end, the research group of Prof.
B. Kokoh has recently initiated a new clean, easy, and accessible synthetic route called
“Bromide Anion Exchange, BAE” [36,38,101]. Most of the metal salts (precursors)
used in nanomaterials synthesis are chlorinated. The bromide ion (r(Br~) = 195 nm)
is larger than its counterpart chloride (r(Cl17) = 181 nm). Thus, the partial or
total substitution of CI~ by bromide anions must accentuate steric hindrance
around the metal cation, which will further play a crucial role during the seed’s
growth. This advanced method has been successfully used to synthesize Au-based
nanocatalysts for glucose electro-oxidation [38,57], Pd-based electrocatalysts for
glycerol electro-oxidation [36,37,101] and hybrid/abiotic electrodes for biofuel cell
application [102,103].

This convenient and straightforward synthesis approach is an environmentally
friendly method and is based on the use of bromide ion as a capping agent, the major
gate in the BAE process. It has been reported that halide ions (chloride, bromide, and
iodide) could serve as coordination ligands and thus, play the role of capping agent
for shape and size control of nanocrystals [67,104-107]. Figure 6 summarizes the
different steps for preparing nanocatalysts with the BAE route. The main feature of
BAE lies in the simplicity undertaken. By using no organic compounds as surfactants
or capping agents, clean, small, and well-dispersed nanoparticles with highly
improved catalytic properties are currently obtained. The effects of the different
parameters such as the metal salt concentration, the amount of bromide anion and
the temperature of the synthesis reactor were scrutinized recently. From these reports,
the molar ratio between KBr and total metal(s): ¢ = n(KBr)/n(metal(s)) is 1.46; the
total molar concentration of metal salts is 1 mM and the reactor temperature is 25 and
40 °C (meaning 25 °C before the addition of the reducing agent and 40 °C after) [108].

Typically, the metal precursor salts are dissolved in a reactor containing
ultrapure water thermostatted at 25 °C under magnetic stirring. Then, an appropriate
amount of KBr via the parameter ¢ is added under vigorous stirring. A suitable
amount of carbon support (Vulcan or Ketjenblack) is then added under constant
ultrasonic homogenization for 45 min, followed by the drop wise addition of the
reducing agent, under vigorous stirring. Afterwards, the reactor temperature is
elevated tot 40 °C (to improve the reaction kinetics) for a 2 h period. Finally, the
carbon supported nanomaterials are filtered, washed several times with ultra pure
water and dried in an oven at 40 °C for 12 h. In the whole BAE procedure, the
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Vulcan or Ketjenblack supports were thermally pretreated at 400 °C under nitrogen
atmosphere for 4 h, in order to improve their physical properties and remove any
contaminant coming from their industrial manufacture [57]. Holade et al. [57] found
surprisingly that the BET surface area of the support was enhanced, being 322 and
1631 m? gfl instead of 262 and 1102 m? g*1 for the as-received Vulcan XC 72R (C)
and Ketjenblack EC-600]D (KB) materials, respectively. They also found that Pt/C
and Pt/KB exhibited a highly improved specific electrochemical surface area (SECSA).
It is worthy of note that all catalysts were prepared with a high chemical synthesis
yield (@ > 90 %), defined as the percentage of the ratio between the experimental
mass and the theoretical one based on the initial reactor mixture [102,103]. It should
be emphasized that it is the first time that such a synthesis yield has been reported.
Indeed, for electrocatalysts preparation, neither the microemulsion method [30,109]
nor any of the others [14,35,110,111] yielded this important result, indicating that the
BAE method is suitable for nanomaterials preparation.

Reducing
agent

Carbon Vulcan
Precursor 1 r XCT72R

Reactor

25 °C — Stirring Ultrasounds
(water)

Precursor2 5- Filtration (Buchner)
6- Rinsing (with water)
\ 7- Drying (40 °C)

Catalyst: z wt.% MM’,/C

Figure 6. The experimental setup of the Bromide Anion Exchange (BAE) route
for nanoscale materials synthesis. Reproduced with permission from Ref. [37]
Copyright 2014, The Electrochemical Society.

During the synthesis (before the reduction step), change of the initial solution
color was observed after the addition of KBr (see Figure 6: before and after step 2).
Color changes can be seen in Figure 7a,c,e. To gain further insights on the origin
of this phenomenon, UV-Vis measurements were performed. As can be seen in
Figure 7b,d f, there is a change in the UV-Vis spectra on the addition of KBr. In the
case of the Pt salt, the addition of KBr shifts the band at 287 nm toward 298 nm with
an intense shoulder around 411 nm. The absorption band due to a ligand-to-metal
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charge transfer transition of the [PtClg]?~ ion complex is found to be at 263 nm [112]
or 260 nm [46,113,114]. Thus, the shift and intensity of the present bands indicate
partial substitution of C1~ in the [PtClg]*~ ion complex by Br~. For the Pd salt,
the aqueous solution goes from a clear yellow to a deep yellow, depending on the
metal salt concentration. Furthermore, the addition of KBr to this solution drastically
changes its appearance. According to the literature, the absorption wavenumber
associated with the complex [PACL4]?~ in aqueous solution may be 425 nm [115] or
415 nm [116]. This value depends undoubtedly on the complex ion concentration in
the solution and could be affected by the presence of other species. The metal salt
solution without KBr presents a band at ca. 300 nm and a shoulder at ca. 400 nm.
With KBz, in addition to the band at 325 nm, two shoulders at 400 nm and 510 nm
can be observed. The slight shift of the peak position and the appearance of the
band around 510 nm indicate clearly the insertion of the Br™ ions in the complex
[PACl4]>~. Herein, the ratio n(Br~)/n(Pd?") is 1.5 versus 4 for the complex ion
[PdBry]?~. Thus, there is no complete substitution of chloride by bromide. The
change of the color, substantiated with the UV-Vis observations is attributed to the
complex ion [PACly_,Bry]?>~, 0 < x < 4. Klotz et al. [117] reported that, in aqueous
media, [PdI;]*~ is 1081 times more stable than [PdBr4]?>~ which is 10*! times more
stable than [PdCl4]?~. Consequently, the complex ions that control the particles
size/shape growth after reduction is [PACly_,Bry]?>~. The latter species provides
a more steric environment than [PACl4]>~. This hypothesis was confirmed when
nanoparticles were synthesized without and with different amounts of KBr [108].

Figure 8a,b show the TEM micrographs (with their HRTEM images in the inset)
of 20 wt% AuPt nanomaterials and their corresponding particle size distribution
when using Vulcan XC 72R or Ketjenblack EC-600]JD as supports, respectively.
Particles are well dispersed onto the support with a mean particle size between
3-6 nm. The HRTEM images highlight an octahedron-like shape. It has been observed
that for Au-based bimetallics, the particle size increases with increasing Au content,
which is a well-known phenomenon, coming from the difference in the reduction
kinetics of the metal salts. Trimetallics AuPtPd supported on both Vulcan and
Ketjenblack were also successfully prepared from BAE [102,103].
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Figure 7. (a), (c) and (e) From left to right in each photograph, images of water
containing: no substance, 1.5 mM KBr, 1.0 mM metal salt and 1.5 mM KBr + 1.0
mM metal salt. (b), (d) and (f) Their corresponding UV-Vis absorption spectra of
water containing 1.5 mM KBr (black), 1.0 mM H,PtClg 6H,0O (red) and 1.5 mM KBr
+ 1.0 mM H,PtClg 6H,O (blue). Note: (a-b) for platinum; (c—d) for gold and (e—f)
for palladium.
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Figure 8. TEM-HRTEM micrographs and their corresponding particle size
distribution (histograms were fitted using the log-normal function) of the
nanostructured AuPt (20 wt%) supported on (a) Vulcan XC 72R and (b) Ketjenblack
EC-600]D. (a) Reprinted and adapted with permission from Ref. [103]. Copyright
2014, John Wiley & Sons, Inc. (b) Reprinted and adapted with permission from
Ref. [102]. Copyright 2014, John Wiley & Sons, Inc.

2.6. Other Synthetic Routes

From chemical to physical approaches, a huge number of metal nanoparticles
preparation methods have been initiated over the last twenty years. Formerly
reserved for the application in physics and related fields [26,39], nanomaterials
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prepared from physical routes are becoming unavoidable targets for electrocatalysis.
Free nanoparticles prepared in solution from radiolysis [118] or laser ablation
processes have been successfully tested in electrocatalysis [119]. Up till now, no
test has been performed using carbon as support for application in electrocatalysis.
The other chemical methods are the historical methods developed by Bonnemann
and co-workers [94,120,121]. They have been adapted for electrocatalysts
preparation [58,94]. In such a method, the reducing agent is a tetra-alkylammonium
triethylborohydride, which acts also as a surfactant after reducing the metal saltin a
tetrahydrofuran medium. After addition of the support, e.g., Vulcan XC 72 carbon,
the filtered powder is calcined under air at 300 °C. Small nanoparticles about 2-5 nm
are currently obtained. However, because of the use of some organic molecules as
reducing agents, their removal from the nanoparticles surface is not always effective.
Thus, their catalytic performance can be affected.

3. Application of Carbon-Supported Nanocatalysts toward the ORR

3.1. ORR Activity on Various Carbon Supported Nanoparticles Prepared from w/o Method

Because of its natural abundance (20.95 vol%; 23.20 wt% of the earth's
atmosphere and roughly 21% in air), dioxygen is the first choice of oxidant used at
the cathode in FCs. Already known as an oxidant in the propulsion system, H,O,
can supply O; as in the case of submarines. From this perspective, FCs were already
developed [122,123]. This section will focus on the electrocatalytic performances
of carbon-based substrates supporting metal nanoparticles toward the ORR. An
emphasis on analyzing data from theoretical models to address the intrinsic and
specific electrocatalytic properties depending on the synthetic method is incorporated
throughout. The issue of the ORR is as old as that of FCs. Obviously; it is certainly
one of the most widely studied processes due to its important applications in the
field of clean energy conversion and storage systems. The ORR involves several
basic steps. To date, two plausible mechanisms have been proposed in the literature
(Figure 9) [124-126]. According to Acre et al. [125], the direct O, reduction to H,O
(path A) is the result of O, adsorption parallel to the catalytic surface plane. This
requires the presence of active sites side by side. The other pathway (path B) proceeds
by an initial adsorption of O, perpendicularly to the electrode surface (by a single
atom). However, it should be noted that the second step (reduction of H,O;) has a
high activation energy, which increases the overpotential.
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Figure 9. Schematic representation of the oxygen reduction reaction (ORR)
mechanism by direct pathway (A: adsorption parallel to the surface) and indirect
pathway (B: adsorption perpendicular to the surface). Reprinted and adapted with
permission from Ref. [125]. Copyright 1997, Elsevier.

In the early 2000s, most of the catalytic applications of nanomaterials prepared
from the water-in-oil method (developed more than 10 years ago) were oxidation
of organic molecules in heterogeneous catalysis ranging from batch reactor to
electrocatalysis. Tuning the experimental factors that affect the w/o method
will be crucial for designing more active low temperature FCs cathodes. In
2008, Demarconnay and co-workers reported the use of the w/o route to prepare
various Pt-Bi bimetallic nanomaterials dispersed onto Vulcan XC 72 carbon (metal
loading: 50 wt%) [33] for the oxygen reduction reaction in alkaline medium. It is
worth mentioning that this metal loading is too high to achieve the condition for
commercialization of FCs which is limited to 8 g of platinum group metals (PGM)
per vehicle, meaning less than 100 pugpgm cm 2 at the cathode [9]. However, it
can be helpful to understand the ORR electrocatalysis before thinking about the
required three major criteria for FCs MEAs: cost, performance, and durability. In
this preliminary ORR investigation using electrocatalyst from the w/o method, the
RRDE technique to find out the fundamental data was used. It is worthy of note that,
after the preparation of a carbon black catalyst, a black powder is obtained. Before
using this powder for electrochemical tests, a catalytic ink is prepared. To this end,
different approaches are currently used and are based on the initial method proposed
at the beginning of the 1990s using Nafion® suspension [101,127-129]. Figure 10
shows the polarization curves at 5 mV s~! (2500 rpm) at the disc for Pt/C, Vulcan
XC 72R and different bimetallic catalysts in 0.2 M NaOH. The reaction starts at ca.
1.05 V vs. RHE on PtBi/C and 0.87 V vs. RHE on Vulcan XC 72R. An onset circuit
potential (OCP) of 1.05 V vs. RHE reflects the ORR sluggishness because it must be
roughly 1.19 V vs. RHE. As can be seen in the activation—diffusion mixed region
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(from 1.0-0.7 V vs. RHE) the bimetallics PtggBi1g/C and PtgyBiy/C are more active
than Pt/C and PtyyBizy/C. This means that the optimum window is obtained when
at %Bi < 70 in the PtBi alloy system. The Pt/C catalyst synthesized by this method
did not produce any peroxide, yielding roughly 4 as the number of exchanged moles
of electron per mole of oxygen as on bulk Pt [130]. The evaluated kinetic current
density at 0.95 V vs. RHE was 0.60, 1.05, 1.14, and 0.49 mA cm~2 on Pt/C, PtgyBijp/C,
PtgoBipo/C, and PtyBizg/C, respectively. Unfortunately, it was not always mentioned
whether this kinetic current density, which is free from mass transport, was evaluated
using geometrical or active surface area. Therefore, it is difficult to compare it with
other values found in the literature. Based on these values, PtgyBisg/C shows the best
kinetic activity. The value of exchange current density (jo) at the high overpotential
region on this electrode material is 23.2 102 mA cm~2, which is higher than 16.8
and 5.6 1073 mA cm~2 on Pt/C and Pt(Biz/C, respectively. Typically the exchange
current density is 5.4 107> mA cm~2 on the bulk Pt [130]. The low value of the Tafel
slope on PtyyBiz /C at high overpotential (99 mV dec™) contrary to theoretical value
of 120 mV dec™! has been explained by the presence of bismuth oxides. Table 1
shows the influence of the synthesis method and catalyst composition on the kinetic
parameters. More importantly, the authors found that PtgyBiyg/C exhibits a high
tolerance for ORR in the presence of 0.1 M ethylene glycol from 1.0-0.9 V vs. RHE.
Indeed, they investigated the tolerance properties of the catalysts towards the ORR in
the presence of ethylene glycol as fuel. The platinum substitution by bismuth up to
20 at% improves the catalyst tolerance by shifting the reduction wave towards higher
potentials. These kinds of fuel tolerant cathode materials are promising electrodes for
the development of advanced electrocatalysts for direct alcohol fuel cells in which the
fuel can crossover the membrane to be mixed with O, in the cathodic compartment.

j/mA.cm?2

0.0 0.2 04 0.6 0.8 1.0 1.2
E/V vs.RHE

Figure 10. ORR polarization curves recorded in an O,-saturated 0.2 M NaOH
solution at 50 wt.% PtBi/C catalysts prepared from w/o method: (1) Pt/C, (2)
PtogBi1g/C, (3) PtgoBizg/C, (4) PtyoBizg/C and (5) Vulcan XC 72 carbon (5 mV s~1,
2500 rpm, 20 °C). Metal loading on the electrode: 177 g cm~2. Reprinted with
permission from Ref. [33]. Copyright 2004, Elsevier.
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Until the early 2000s, it was difficult to decrease the metal content in the
electrocatalysts without losing significant catalytic activity. This poses a considerable
challenge to the material science community, particularly when considering that for
most catalyst systems, durability and high current density work together with the
PGM content. Habrioux and co-workers used the same w/o method to design
platinum-gold nanoalloys with improved electrocatalytic properties [52]. They
managed to reduce the metal charge up to 40 wt% without a significant loss in
catalytic activities. Au is known to improve the Pt electrode durability by modifying
the Pt-OH bond strength [52]. O, reduction starts at ca. 0.7 V vs. RHE on Vulcan,
0.9 V vs. RHE on Au/C and 0.95 V vs. RHE on AuyyPt3)/C, AuyyPtgy/C, and
Pt/C. The peroxide production increases when the Pt content decreases in the
electrode materials. From the kinetic parameter, AuyyPt3o/C has the best exchange
current density: jo = 300, 300, 700, 100 and 400 pA cm~2 for Pt/C, AuyPtsy/C,
AuyPts)/C Au/C, and Vulcan carbon, respectively. In order to reduce the cost of
the electrocatalysts, while keeping the same reaction kinetics, Pd-based electrodes
have been recognized to be excellent candidates. Precisely, the addition of Ni or Ag
boots the electroactivity of Pd either for oxidation of organic molecules [36,101,108]
or ORR [56,131] in both acid and alkaline media. The synthesis of 2-5 nm of PdAg/C
and PdNi/C (20 wt%) from the w/o method using the reversed micelles approach
has been reported [56]. The polarization curves for ORR on Pd/C, Pd;yNizy/C,
and PdypAgs/C electrode materials are represented in Figure 11. In the activation
region (0.95-0.85 V vs. RHE), the addition of the second metal to Pd does not
induce any benefit in terms of activity. The electrodes’ efficiency in terms of oxygen
reduction current follows the order Pd/C > PdyNisg/C > PdyyAgso/C. This is
supported by the value of the exchange current density (jy), which is 11.1, 7.4 and
1.6 pA cm~2 for Pd/C, Pd7Niz/C, and Pd7Agsy/C, respectively [56]. In the
mixed activation-diffusion limiting control domain (0.85-0.65 V vs. RHE, Figure 11),
the presence of Ag or Ni increases slightly the limiting current, which is roughly
6.9 mA cm~2 (Pd/C), 7.1 mA cm~2 (Pd70Ags0/C), and 8.0 mA cm~2 (Pd7Nizp/C).
The determined number of exchanged electrons, from Koutecky-Levich plots, is close
to 4 for all the catalysts. This shows that O, reduction is a four-electron transfer
process for the electrode potential centered at ca. 0.85 V vs. RHE. But, the careful
analysis of the two behaviors in the polarization curves (on the disc) in 0.9-0.8 V vs.
RHE and 0.75-0.6 V vs. RHE indicates a 2 + 2 electrons process.
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Figure 11. Disc (bottom) and ring (top) current-potential curves for ORR on (a)
Pd/C, (b) Pd7Nizp/C and (c) Pd79Agso/C electrocatalysts prepared from w/o
method (20 wt%), in O,-saturated 1 M NaOH at 5 mV s~1. Metal loading on the

electrode ca. 100 pg cm~2.

3.2. ORR Activity on Various Carbon Supported Nanoparticles Prepared from the
Polyol Method

Examination of the oxygen reduction reaction on various metals, including
Pt, Pd, Rh, Ir, and Au began in the 1960s. Over the past decade the polyol
process has been used to synthesize metallic nanoparticles such as Pt [132,133],
Pd [88,134], Au [135], Fe [136], Ni [137,138], Co [139], Ag [140,141], Cu [142,143],
Sn [144], and Rh [73]. Platinum is one of the most active metal catalysts toward
many electrochemical reactions, such as oxidation of small molecules and reduction
of molecular oxygen in PEMFC. Compared to other transition metals, Pt adsorbs
oxygen with an intermediate bond strength. That is, Pt adsorbs oxygen strongly
enough to be reduced, but not so strongly that the surface oxidizes. Additionally,
the transition metals, for instance Ni, Co, Cr and Fe, adsorb oxygen so strongly
that the surface may fully oxidize, while Au adsorbs oxygen so weakly that it does
not stick to the surface. As platinum exhibits the highest catalytic activity for the
oxygen reduction reaction [145], carbon supported platinum-based bimetallic alloys
have been investigated as electrocatalysts to reduce the voltage losses associated
with the cathode performance. Platinum-based bimetallic catalysts provide high
oxygen reduction activity on the basis of d-band modification by the addition of a
second metal. Toda et al. [146] reported that oxygen adsorption increases in the case
of changing of the electronic structure of Pt induced by a transition metal, and then
the O-O bond is weakened. For this purpose, various platinum-based bimetallic
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catalysts, such as Pt-Ni [147,148], Pt-Co [149,150], Pt-Fe [151,152], Pt-Cr [153,154],
Pt-Cu [155,156], Pt-V [157,158], Pt-Mn [159], Pt-Bi [35], Pt-Te [160] have been reported.
It can be clearly emphasized that modified-platinum catalysts display 1.5-3 times
higher catalytic activity than that of pure platinum catalyst. Alvarez et al. [88]
reported oxygen reduction activity on carbon supported palladium prepared by
using ethylene glycol, sodium borohydride, and formaldehyde. They showed
that reduction of the palladium precursor salt in alkaline medium led to small
palladium nanoparticles around 5.7 nm at pH 11. It is clearly displayed that
the peak position for palladium oxide reduction depends on the nanoparticles
size. Indeed, this peak is centered at 0.70 V vs. RHE on Pd/C-ETEK; 0.72 V vs.
RHE on Pd/C-CH,0, 0.74 V vs. RHE on Pd/C-NaBHy and 0.74 V vs. RHE on
Pd/C-EG. Rao et al. [152] reported Pt and Pt-M (M: Fe, Co, Cr) alloy catalysts
prepared by the polyol method in 1,2-hexadecanediol in the presence of nonanoic
acid and nonylamine as protecting agents. The results of linear sweep voltammetry
indicated that the Pt alloy catalysts exhibited 1.5-1.7 times higher oxygen reduction
activity than that of the as-synthesized and commercial Pt catalyst. Additionally,
electrocatalytic activity and stability on graphene supported Pt3-Co and Pt3-Cr alloy
catalysts were reported by Rao et al. [150] for the oxygen reduction reaction. The fuel
cell performance of the catalysts was evaluated with 0.4 mgp; cm ™2 catalyst loading
on the cathode and at 353 K and 1 atm. The power densities of 790, 875, 985 mW cm 2
were observed for graphene supported Pt, Pt3-Co, and Pt3-Cr catalysts, respectively.
The stability of the so-called catalysts were investigated by using continuous potential
cyclic voltammetry swept for 500 cycles in Op-saturated 0.5 M HpSO, and then linear
scan voltammetry recorded at 1600 rpm and 5 mV s~!. No obvious decrease in the
oxygen reduction activity was observed for graphene supported catalysts after a
continuous 500 cycles. Santiago et al. [149] prepared homogeneously dispersed Pt-Co
bimetallic catalysts with 1.9 nm particle size, which have a high degree of alloying
without thermal treatment. H, /O, PEM fuel cell polarization curves for oxygen
reduction were recorded at 80 °C with a 0.4 mg cm 2 total metal loading. The single
cell polarization response related to the as-prepared catalysts exhibited superior
mass activity compared to commercial Pt/C catalyst. As reported by Chen and
co-workers [161], shape controlled Pt-Ni bimetallic nanocrystals exhibit enhanced
oxygen reduction activity. Pt3-Ni nanoframe catalysts exhibited in mass activity
a factor of 22 and in specific activity a factor of 36, for the enhancement for the
oxygen reduction reaction. In addition to the high intrinsic and mass activities, Pt3-Ni
nanoframe catalysts showed considerable durability for a duration of 10,000 potential
cycles at different scan rates from 2-200 mV s~
carbon supported palladium catalysts by using the polyol process for the oxygen
reduction reaction. They reported that pretreatment of Vulcan XC-72R carbon support
influenced Pd nanoparticle morphology and its activity towards the oxygen reduction

Kumar et al. [162] prepared
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reaction in acidic solution. The mass activities, measured at 0.7 V vs. RHE, for Pd at
0.07 M H3POy, 10% HyO; and 0.2 M KOH treated carbon supports were superior to
that of E-TEK 20% Pd/C. They observed less than 4% H,O, formation on different
Pd/C catalysts in the kinetic potential regions. The Tafel slopes of the oxygen
reduction reaction on different Pd/C catalysts showed two different regions with
two different slopes. These Tafel slope values are about 60 and 120 mV dec™!, at
the low current and high current density regions, suggesting different adsorption
isotherms of oxygenated species such as Temkin and Langmuir isotherms [163,164],
respectively. Carbon supported Pt-Cu bimetallic catalysts were prepared by the
polyol process for the oxygen reduction reaction by Tseng et al. [155]. The prepared
catalysts were exposed under 300, 600, 900 °C for 1 h in a flowing mixture of 90%
Ar-10% Hj. They reported that the Pt-Cu/C catalyst treated at 300 °C exhibited
superior catalytic activity in terms of mass activity and specific activity than that
of Pt/C in 0.1 M HClO4. From the experimental data recorded at 1600 rpm and
5mV s~!, it was reported that Pt-Cu/C-300 showed the highest mass activity of
651 mA mg~!, and the highest specific activity of 1.33 mA cm~2. In the case of
Pt-Cu/C-600 and Pt-Cu/C-900, lower mass and specific activities were observed
than that of the unheated Pt-Cu/C catalyst.

As a conclusion, the polyol reduction process permits the preparation of size
and shape controlled metal nanoparticles by improving the synthesis parameters
for electrochemical applications. Parameters such as reaction duration, reaction
temperature, and the pH value of the electrolyte assist to a remarkable extent the
reduction kinetics [63,80].

3.3. ORR Activity on Pt/C Electrocatalyst Synthesized from BAE Method

Recently introduced in nanoscale material science, the BAE method enables
the preparation of nanoscale electrocatalysts without using organic molecules.
Materials from this advanced synthetic route have been primary used as anode
materials for organics electro-oxidation [36,38,101] and have been successfully
utilized as anode-based electrodes in the glucose hybrid biofuel cell for
bionanotechnology applications. More importantly, it has been demonstrated
that Au-Pt catalysts prepared with the BAE method exhibit unexpected cathode
selectivity-tolerance-durability in mixed reactants and in a poisoning environment,
and physiological medium [102]. Indeed, AugyPtsg bimetallic (3.2 nm) supported
onto carbon Ketjenblack EC 600-JD was able to selectively reduce oxygen in a
membraneless biomedical implantable glucose fuel cell at pH 7.7 in human serum to
activate a pacemaker, which constitutes a real application [102]. To some extent, BAE
allows the development of advanced low temperature FCs electrocatalysts. In order
to check these exceptional behaviors and compare them with the existing methods in
acidic and alkaline media using the RRDE technique, we conducted ORR at 20 wt%
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Pt/C, as prepared from BAE as a state-of-art catalytic material [9,28,165,166]. In
both media, several metal loadings were studied ranging from 6-100 ugp; cm 2.
Durability tests were performed by cycling the electrode potential from 0.05-1.10 V vs.
RHE for 1000 cyclic voltammograms (CVs). Figure 12a shows the ORR polarization
curves recorded in O,-saturated 0.1 M HCIO,. Before recording these curves, the
RRDE setups were calibrated as illustrated in Figure 9. Then, the electrode was
scanned from 0.05-1.1 V vs. RHE at 50 mV s~! twenty times followed by 2 CVs at
5mV s~ . Finally ORR was performed by scanning the disc (glassy carbon, 0.196 cm?)
from 1.1-0.2 V vs. RHE at 5 mV s~ !, while that of the potential of the ring (platinum,
0.11 cm?) was fixed at 1.2 V vs. RHE to oxidize any peroxide intermediate. The
oxygen reduction at the disc starts earlier than 1 V vs. RHE, with negligible H,O,
in the whole scanned potential range. As a first qualitative observation, the catalyst
displays good kinetics because of the sharp current behavior in the potential range of
1.0-0.8 V vs. RHE reaching a half-potential (E; /;) of 0.90 and 0.85 vs. RHE for 400 and
900 rpm, respectively. Almost the same value of the OCP and E; /, were reached in
0.1 M NaOH. The important diffusion current density obtained herein and compared
to that resulting in the w/o method can be assigned to the synthetic method, whereas
the magnitude of the metal loading is almost two times lower [33,52]. One of the
recurring themes in the FCs performance loss is the decrease of the ORR activity due
to the active electrochemical surface area (ECSA) loss over the cycles [9,58,167-170].
The durability test was performed as depicted in Figure 12b. It provides evidence that
the BAE method delivers prototype catalyst with impressive durability performances
where the ORR curve is superimposed with the initial polarization curve, even if the
catalyst loses 12% on its maximum ECSA. Indeed, compared to the current carbon
supported nanoparticles, in such a situation, the catalyst is expected to lose more
than 50% [58,171,172].

The kinetic parameters of the catalyst were analyzed. Figure 13a shows the
Koutecky-Levich plots, highlighting a linear dependence at all potentials. This
linearity combined with the parallelism is not surprising and clearly indicates that
the oxygen reduction reaction is first-order kinetics with respect to oxygen. The type
of plot is crucial for determining the apparent kinetic current density at each potential.
Then, all these values are plotted as in Figure 13b to give the limiting current density
(L) In 0.1 M HCIOy, ji =150 and 140 mA cm 2 for the initial Pt/C and Pt/C after
1000 CVs, respectively. These values are found to be 105 and 97 mA cm ™2 in 0.1 M
NaOH. Considering the likely impact of the electrolyte on the ORR performances
at the nanoparticles, Nesselberger et al. [5] found in 2011 that the absolute reaction
rates decrease in the order HCIO4 > KOH > H,SO4. They explained it by the anionic
adsorption strength increase (acid solutions), whereas the lower activity of KOH
compared to HCIO4 might be due to the noncovalent interactions between hydrated
K* and adsorbed OH™ [5,173]. Because of the ORR improved durability and activity
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in HCIOy, this solution is the electrolyte of choice for the electrochemical tests in a
three-electrode cell [11,14,173-175].
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Figure 12. ORR polarization curves recorded in a O,-saturated 0.1 M HCIO4
solution at 20 wt% Pt/C catalyst prepared from the BAE method: (a) Ring (top)
and disc (bottom) current density; (b) Electrochemical durability (top) and the
ORR polarization after 1000 CVs (bottom). ORR performed at 5 mV s~!, 1600 rpm,
and room temperature. Insets show the SECSA decay over the 1000 cycles from
0.05-1.1 V vs. RHE at 50 mV s—1. Metal loading on the electrode: 100 ugp; cm— 2,

Two Tafel slopes (inset in Figure 13b) were determined: 125 mV dec~! at
low overpotential (PtOy region) and 63 mV dec™! at high overpotential (Pt free
region). On the fresh Pt/C electrode, these values were 130 and 67, respectively.
Besides, 126 and 69 mV dec! were evaluated with the fresh catalyst. Then, 140
and 71 mV dec~! were obtained after the durability test in 0.1 M NaOH. All these
determined Tafel slopes are close to the theoretical ones, which are 120 mV dec!
(low 1) and 60 mV dec™! (high 1)) [126]. It should be emphasized that these values
are in agreement with those reported both for Temkin adsorption isotherms of
oxygenated species (low 1), or Langmuir ones for high n (where Pt surface is free of
PtOy species) [176,177].
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Figure 13. (a) Koutecky-Levich and (b) j,, ~! plot for the determination of ji . Inset
in (b) shows the Tafel plots: data are extracted from ORR after the durability test
in 0.1 M HCIOy4. (c) Comparison of ji at 0.9 V vs. RHE in 0.1 M HCIO4 and
0.1 M NaOH.

Figure 13c gathers the kinetic current (extracted from Figure 13a) normalized
either with ECSA mass (mA cm2p;) or Pt mass (mA pgflpt) at 09 V wvs.
RHE. Initially, j, = 0.45 mA cm™?p; (0.15 mA pg~'py) in 0.1 M HCIO4 and
jk = 0.31 mA cm%p; (0.12 mA ug_lpt) in 0.1 M NaOH. After the durability
test, they became ji = 0.40 mA cm~2p; (0.15 mA pg_lpt) in 0.1 M HCIO4 and
jk = 0.14 mA cm™2p; (0.05 mA ugflpt) in 0.1 M NaOH, meaning a good stability in
acid medium and a performance loss in the alkaline medium. The stability could be
improved by the addition of second metals like palladium or gold to platinum. Table 1
summarizes the different parameters. It can be seen that jj is 179 1072 mA cm—2
(and 153 1073 mA cm™? after stability) in HClOy, and 122 1073 mA cm~2 (and
114 1073 mA cm~2 after stability) in NaOH, respectively. These values of j, are
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more important than those reported by Demarconnay et al. [33] (16.8 mA cm~?2) and
Habrioux et al. [52] (0.3 103 mA cm~2) on Pt/C synthesized from the w/o method,
reflecting an enhanced ORR kinetics at these electrode materials.

Table 1 gathers the experimental data concerning the ORR on carbon-supported
nanomaterials prepared from the colloidal method. It would be interesting to
discuss each point depending on the used method. Unfortunately, there is missing
information in the literature. The ORR occurs with high OCP close to 1 V vs. RHE
and suitable half-potential (E; /;) roughly at 0.85 V vs. RHE, as on the most active and
advanced Vulcan supported PtCo [3,14], PtNi [3,11] or PtNiCo [13] nanoparticles as
well as on the free nanoparticles in solution (unsupported catalysts) [10,65]. The other
interesting result from this table concerns the number of exchanged electrons. This
value is close to 4, which means that the reaction does not produce any significant
peroxide, maximizing the Faradaic yield. Conversely, it is difficult to compare the
kinetic activity with j, due to the fact that some authors did not clearly indicate
whether the current was normalized with the geometric or active surface area.
For this, we recommend further papers include full information concerning their
materials for better comparison.

Table 1. Comparative performances of oxygen reduction reaction (ORR) results
from RRDE experiments on various catalysts prepared from colloidal methods.
E;/, was graphically determined at 1600 rpm (potential at i = Ip/2). Note: OCP,
“w/0” and “BAE” refer to open circuit potential, water-in-oil and bromide anion
exchange methods, respectively. Empty box (-) means that the original article does
not provide such data.

i (mA cm—2p;) Tafel slope jo (x 107% mA Method
ocCP Eyp Jic (m Pt P jo
Catalyst  Electrolyt: —_— 1 -2 Mex
atalys ectolyte At (V vs. RHE) (mV dec™) em™) ¢ ?{2‘:
V vs. RHE 0.90 0.85 Low High Low High
5
Sgt‘l}/tc ? 02M 1.05 0.85 0.60 - 81 126 12 16.8 4 w/o
— '~ NaOH [33]
50 wt%
PtsyBizg/C 1.05 0.87 1.14 - 62 127 0.3 23.2 4
Zlgd“/]tco 1M 0.95 0.83 - 0.07 89 162 - 111 39 w/o
'~  NaOH [56]
20wt 0.95 0.85 B 0.06 76 133 B 1.63 3.8
Pd7Niz/C . - : E X
20 wt% Polyol
Pd/C 0.80 0.70 - - 60 120 - - 4 [162]
20 wt% 05M Polyol
PE/C H,S0, 0925 0.84 - - - - - - 4 e
20 wt% Polyol
Pt-Co/C 0.980 0.85 - - - - - - 4 [152]
20 wt% Polyol
Pt-Cr/C 0.985 0.85 - - - - - - 4 [152]
20 wt% 0.TM w/o
Ag/C N2OH 0.95 0.80 - - - 6.3 - 157 39 [178]
0.IM
20 wit% HCIO, 1.09 0.85 0.45 1.01 67 130 0.45 179 4.0 BAE
Pt/C 1M Here
y 1.08 0.85 0.31 0.77 69 126 0.64 122 4.0

NaOH
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4. Summary and Perspectives

This review paper focused on the preparation and application of carbon
supported nanoparticles in electrocatalysis, and especially on the oxygen reduction
reaction (ORR) in low temperature fuel cells (FCs). We examined the recent
developments in nanocatalysts preparation science in order to better understand
and correlate their catalytic performances toward the ORR. From this survey,
we found that the catalytic properties can be precisely and effectively tuned by
changing the experimental conditions. Definitively, among the developed methods
for carbon-supported nanoparticles, the colloidal ones are the most used in ORR
electrochemistry. The state-of-the-art Pt/C electrocatalyst shows poor long-term
stability and different co-atoms (Co, Ni, Bi, Ag, Au) have been proposed to improve
its performances. The reaction on Pt-based electrodes starts at ca. 1.1 V vs. RHE,
which represents only 100 mV difference compared to the theoretical value (close
to 1.2 V vs. RHE). More importantly, most of the optimized systems, display sharp
behavior between 0.8-0.9 V vs. RHE in the potential-current ORR polarization
curves, for the range of interest for FCs applications. From the different results,
it can be concluded that the oxygen reduction reaction at the metal nanoparticles
depends strongly on the electrolyte medium as well as the particle size. Fundamental
studies at the laboratory scale reveal that the reaction kinetics decreases in the order
HClO,4 > NaOH (or KOH) > H;SOy4. For the particles size effect, the optimum
window is 2-3 nm, where the active sites on the corners and edges are more available.
Unfortunately, basic but fundamental data are missing in research papers about the
kinetic parameters to enable better comparison. In this review paper, we were not
able to compare the specific kinetics of the different electrode materials derived from
the various preparation methods due to lack of information. Future studies are urged
to provide clear and full in depth information on their ORR tests.

These recent advances in low temperature FCs electrocatalysts preparation
indicate that the standard and quality of fundamental research in this area needs to
continue unabated. Water-in-oil has been the method of choice for heterogeneous
catalysis. The inability to clean the nanoparticles surface from the organic molecules
used as surfactant affects the catalytic performance of the obtained catalysts.
The recent initiated “Bromide Anion Exchange, BAE” method leads to various
surfactant-free nanoparticles. Undoubtedly, the performance of such materials
in the long term is expected to be of particular importance in fuel cell science.
Even catalysts from colloidal methods (water-in-oil, polyol, Bénnemann, BAE) have
demonstrated excellent ability toward the ORR; they have not been widely tested
in the Membrane-Electrode-Assembly, MEA. Future works in this area should first
focus on the performances of carbon supported metal nanoparticles in MEAs for the
in situ oxygen reduction reaction as well as the FC results. Furthermore, in order to
reduce the electrode cost and thus the FC system, incorporating non-noble metals
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is needed to reduce the amount of precious metals in the electrode materials. The
experimental tools provided herein will be useful for early career researchers in FCs
and could help in finding suitable ORR methodology.
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Design of Pt/Carbon Xerogel Catalysts for
PEM Fuel Cells

Nathalie Job, Stéphanie D. Lambert, Anthony Zubiaur, Chongjiang Cao and
Jean-Paul Pirard

Abstract: The design of efficient catalytic layers of proton exchange membrane
fuel cells (PEMFCs) requires the preparation of highly-loaded and highly-dispersed
Pt/C catalysts. During the last few years, our work focused on the preparation of
Pt/carbon xerogel electrocatalysts, starting from simple impregnation techniques
that were further optimized via the strong electrostatic adsorption (SEA) method
to reach high dispersion and a high metal weight fraction. The SEA method, which
consists of the optimization of the precursor/support electrostatic impregnation
through an adequate choice of the impregnation pH with regard to the support
surface chemistry, leads to very well-dispersed Pt/C samples with a maximum
8 wt.% Pt after drying and reduction under H,. To increase the metal loading, the
impregnation-drying-reduction cycle of the SEA method can be repeated several
times, either with fresh Pt precursor solution or with the solution recycled from the
previous cycle. In each case, a high dispersion (Pt particle size ~3 nm) is obtained.
Finally, the procedure can be simplified by combination of the SEA technique with
dry impregnation, leading to no Pt loss during the procedure.

Reprinted from Catalysts. Cite as: Job, N.; Lambert, S.D.; Zubiaur, A.; Cao, C,;
Pirard, ].-P. Design of Pt/Carbon Xerogel Catalysts for PEM Fuel Cells. Catalysts
2015, 5, 40-57.

1. Introduction

Pt supported on a high surface area carbon support is commonly used in
low-temperature proton exchange membrane fuel cells (PEMFCs) to catalyze the
oxidation of H; at the anode and the reduction of O, at the cathode [1]. The former
is fast, thus allowing small Pt loading to be used at the anode. However, due to
the sluggish O, reduction kinetics, high Pt loading is required at the cathode. In
addition, the thickness of both the cathode and the anode should be as small as
possible to avoid diffusional limitations; this means that electrocatalysts with a high
Pt mass fraction are required. In commercial Pt/carbon black catalysts, the Pt mass
fraction may be increased up to 60 wt.% to cope with these limitations. However,
the electrode structure does not guarantee that each Pt particle is active: indeed,
to be electrochemically active, the Pt particles must be in contact with both the
electrically-conductive carbon support and the membrane, which can be achieved
only by reconstructing an ionomer network (Nafion®) within the porosity of the
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catalytic layer. In addition, mass transport of reactants and products within the
catalytic layers should be easy: (i) the Pt particles must be accessible to the gas
reactant, through the porous structure of the catalytic layer; (ii) protons have to
circulate in the ionomer network and reach the membrane; (iii) electrons must be
collected by the catalyst support and be driven to the current collector. In most cases,
a non-negligible fraction of the Pt particles does not meet all of these requirements,
which results in undesirable Pt waste.

To produce efficient electrocatalysts and, thus, decrease the mass of Pt used,
significant efforts have been directed towards the synthesis. First, the size of the
Pt particles should be appropriate: ~3-nm particles lead to the most active catalyst
per mass unit of Pt [2]. Second, mass transport limitations can be decreased by
using carbon supports with an appropriate pore texture. This is why research turns
towards nanostructured carbons [3]. Finally, the distribution of the electron and
the ion components (Pt/C and Nafion®) depends on the processing, which must be
optimized. This optimization strongly depends on the support chosen and especially
on its pore texture and surface chemistry.

For several years now, our group has been working on the development of
new Pt/C electrocatalysts with high specific activity and a support nanostructure
that allows for optimal mass transport. The supports studied are carbon xerogels,
i.e., texture-controlled synthetic carbon materials prepared by drying and pyrolysis
of resorcinol-formaldehyde aqueous gels [4]. Indeed, these supports proved to
be excellent materials for heterogeneous catalysis in gas phase reactions [5]: since
their pore texture can easily be tuned, from nm- to um-sized pores, one can design
the catalyst support in order to decrease the mass-transport limitations. The same
idea was then applied to other catalytic systems, i.e., PEMFCs [6-8]. Since the pore
texture and surface chemistry are fully adjustable, one can design the support in
order to: (i) improve Pt dispersion; (ii) improve mass transport in the operating
conditions; and (iii) improve the Pt-Nafion contact, so as to reach 100% Pt particle
utilization, i.e., a configuration in which each Pt particle is electroactive for the oxygen
reduction reaction.

One of the objectives of our studies is to rationalize the synthesis procedure,
so as to keep it as simple and inexpensive as possible. The metal deposition
was first performed by simple wet impregnation, followed by reduction under
hydrogen [9]. However, the excellent metal dispersion (particle size ~2 nm) obtained
at low Pt loading could not be maintained at a high metal weight percentage [6].
The impregnation was thus studied in depth, with attention paid to the metal
precursor-support interactions, to design new procedures allowing for high Pt
dispersion and high Pt weight percentage. The synthesis techniques had to remain
as simple as possible to: (i) make their industrial scale-up possible; and (ii) avoid
metal losses during preparation. The present article consists thus of a review of the

121



different procedures investigated during the last few years in our research group. Its
aim is to clearly depict the reasoning leading to optimized procedures and to sum up
the results obtained at each step. The properties of the catalysts, as well as the pros
and cons of each synthesis technique are described and compared. Finally, the goal
of this paper is to open new synthesis routes that will allow for the easy production
of new supported metal catalysts with high loading and high dispersion.

2. Synthesis Techniques

2.1. Carbon Support

In all cases, the support was a carbon xerogel prepared following a well-known
method [4]. In the present work, the carbon xerogel chosen was a material with
a specific surface area of ~600 m?/g and a total pore volume of ~2.1 cm3/g
(micropore volume ~0.23 cm®/g), and the average meso-macropore size was ~70 nm
(Figure 1). These properties were measured by coupling nitrogen adsorption to
mercury porosimetry, following a method fully described elsewhere [4].
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Figure 1. Cumulative pore volume vs. pore size of the carbon xerogel support
(micropores excluded) calculated from Hg porosimetry data.

Briefly, the gel was obtained by polycondensation of resorcinol with
formaldehyde in water. The resorcinol/formaldehyde molar ratio, R/F, was fixed
at 0.5; the resorcinol/sodium carbonate molar ratio, R/C, was chosen to be equal to
1000; and the dilution ratio, D, i.e., the solvent/(resorcinol and formaldehyde) molar
ratio, was set at 5.7. The resorcinol, formaldehyde, sodium carbonate and water
amounts can be found in [4]. The sealed flask was put in an oven at 358 K for gelling
and aging for 72 h, then the obtained gel was dried under vacuum, first at 333 K
under decreasing pressure (stepwise, from atmospheric pressure down to 103 Pa,
8 h), second at 423 K and 10° Pa for 12 h. When the sample was dry, it was pyrolyzed
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at 1073 K under nitrogen flow following a procedure described in another study [4].
After pyrolysis, the xerogel was crushed into a fine powder.

2.2. Wet Impregnation

Pt/carbon xerogel catalysts can be obtained by simple wet impregnation (WT) [9].
One catalyst was prepared by soaking the solid in an H,PtClg aqueous solution with
the appropriate concentration, calculated with regard to the target Pt loading; in this
case, one supposes: (i) that all of the metal entering the support porosity remains
trapped after drying; and (ii) that no interaction exists between the support and the
Pt precursor. Therefore, with the total pore volume equal to 2.1 cm3/g, one calculates
that, to obtain a 1-wt.% Pt/C catalyst, the impregnation suspension should contain,
for 1 g of carbon support, 0.64 cm? of H,PtClg- 6H,O solution (100 g/L) and 4.36 mL
of deionized water [9]. The nominal Pt weight percentage, Pty,, i.e., the Pt mass
fraction calculated from the two above-mentioned assumptions, is equal to 1 wt.%.
The maximum Pt weight percentage, Ptmax, i.e., the value reached should all the Pt
present in the solution be deposited on the carbon support, equals 2.4 wt.% [9]. The
carbon support was simply soaked in the precursor aqueous solution under magnetic
stirring for 1 h, at ambient temperature. After impregnation, the excess of solution
was removed by filtration. The catalyst was dried under ambient air for 24 h, then
under vacuum (103 Pa), at 333 K, for another 12 h. The sample was finally reduced
under hydrogen flow (0.025 mmol/s) for 3 h at 623 K (heating rate: 350 K/h).

The sample prepared by the wet impregnation technique described in the
present section is labelled “WI” (for “wet impregnation”).

2.3. Wet Impregnation Coupled to Liquid Phase Reduction

To reach much higher Pt weight percentages, which is undoubtedly necessary
for PEMFC applications, one option is to use a precursor solution with high Pt
precursor concentration and to reduce the metal directly on the solid by the addition
of a reductant in the liquid phase (e.g., NaBHy) [6]. In this case, all of the Pt present
in the solution is supposed to be reduced on the support.

The nominal Pt weight percentage, Pty,, was chosen equal to 35 wt.% Pt.
The ground carbon xerogel (1 g) was suspended in an H,PtCls aqueous solution
(0.6 gpt/L) for 1 h, at ambient temperature, under magnetic stirring. At the beginning
of the impregnation, the pH of the solution was always about 2.2, due to the acidity
of HpPtClg. After 24 h of magnetic stirring, NaBH,; was added to reduce the Pt
ionic precursor into metallic Pt. A very large excess of NaBHy (several times the
stoichiometric quantity required to reduce the total amount of Pt salt) was used for
this; indeed, under these conditions, water is reduced into H,, and this side-reaction
competes with the Pt reduction process. The catalyst sample was washed thoroughly
with boiling water. After filtration, the samples was dried in open air at 333 K during
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12 h. Finally, the catalyst was reduced in flowing H, (0.025 mmol/s) during 3 h at
623 K to ensure the transformation of the last platinum ions into the metallic Pt.

The sample obtained by this technique is labeled “WI-R” (for “wet
impregnation-reduction”).

2.4. Strong Electrostatic Adsorption

The study of the WI technique shows that interactions exist between the support
and the precursor: the amount of Pt deposited on the carbon xerogel is higher than
expected [9]. This is due to the electrostatic attraction between the support and the
precursor. This effect can be exploited to reach a high Pt weight percentage. Indeed,
the electrostatic interactions can be emphasized by choosing an adequate pH of
impregnation. This is the principle of the strong electrostatic adsorption technique,
inspired from the early work of Brunelle et al. [10], who postulated that the adsorption
of noble metal complexes onto common oxide supports was essentially Coulombic in
nature. Rational synthesis techniques were then developed by Regalbuto et al. [11,12],
initially to deposit Pt and Pd nanoparticles on inorganic supports. The technique
is, however, quite versatile: it was adapted to various supports, like silica [13,14],
alumina [15] and carbon [16,17], and can be extended to other metals and to bimetallic
nanoparticles [18,19].

The point of zero charge (PZC) of a support corresponds to the pH value at
which the electric charge density on the support surface is zero (neutral surface). At
a pH lower than its PZC, the support charges positively and adsorbs preferentially
anions (e.g., PtClg?~). On the contrary, at a pH higher than the PZC of the support,
the adsorption of cations (e.g., [Pt(NH3)4]**) is enhanced. This property can be
exploited by the so-called “strong electrostatic adsorption” (SEA) method [11,20],
which consists of maximizing the electrostatic interactions, so as to adsorb the
maximum amount of Pt at the support surface. The PZC of the support can be
measured by the method of Park and Regalbuto (equilibrium pH at high loading,
EpHL) [11]. Briefly, the porous solid was soaked in water solutions of various initial
pH, and after stabilization, the pH was measured again. The PZC value corresponds
to a plateau in a pHgpnay vs. initial pHipia plot. For all measurements, the surface
loading (SL), i.e., the total carbon surface in solution, was fixed at 10* m2-L—1.
Figure 2a shows that the PZC of the carbon xerogel, i.e., the pHgn, value of the
plateau, equals 9.3.

Afterwards, the precursor adsorption curve vs. pH was determined. Since the
PZC of the carbon xerogels equals 9.3, the adsorption of PtCls>~ anions is favored for
a pH lower than this value. The adsorption curve was measured by contacting 0.042 g
of carbon xerogel with 25 mL of HyPtClg (5.1 x 1072 mol/L) aqueous solution, the
pH of which was adjusted from 1 to 10 with HCIl or NaOH. The mass of carbon was
chosen so as to fix the surface loading, i.e., the total material surface area in solution,
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at 103 m? /L. This variable is indeed a key point in both the PZC measurement and
the SEA technique, but is kept higher in the former case to enhance the buffering
effect of the carbon. Contacted slurries were then placed on a rotary shaker for 1 h,
after which the final pHs of these slurries were measured again. Three to 4 mL of
the contacted slurries were withdrawn and filtered. The remaining concentration
of Pt in the solution was determined by inductively-coupled plasma (ICP) with a
Perkin-Elmer (Waltham, MA, USA) Optima 2000 ICP instrument. Platinum uptakes
from pH 1.5 to 10 were determined from the difference in Pt concentration between
the pre-contacted and post-contacted solutions. The adsorption curve was then
reported as the Pt surface density (umolp;/ m?) vs. the final pH of the solution
(Figure 2b). The adsorption curve shows that the maximum Pt uptake (0.9 tmolp;/m?,
which corresponds to ~8 wt.%) is obtained for a final pH equal to 2.3 (initial pH = 2.5).
Note that the Pt uptake is constant for initial HyPtCls concentrations higher than
~4 x 1073 mmol /L.

The SEA catalyst was then prepared by adjusting the final impregnation pH
to this value. One gram of carbon xerogel was soaked in 0.6 L of H,PtCl4 solution
(4.1 mmol/L), the pH of which was adjusted to 2.5 with HNOj prior to carbon
addition. Therefore, the surface loading (SL) was again fixed at 103 m? /L. After 1 h
under magnetic stirring at ambient temperature, the slurry was filtrated, and the
recovered solid was dried in air at 333 K for 12 h. The catalyst obtained was then
reduced under flowing H; (0.025 mmol/s) at 473 K for 1 h.

The sample produced by this technique is labeled “SEA” (for “strong
electrostatic adsorption”).
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Figure 2. (a) pH equilibrium (point of zero charge (PZC) measurement) for
the carbon support at maximum surface loading (SL = 10* m2/L); and (b) final
metal precursor uptake vs. pH for the adsorption of PtCls>~ over carbon xerogel
(SL = 103 m? /L, [HyPtClg] = 5.1 x 1073 mol/L). The results are adapted from [20].
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2.5. Multiple Strong Electrostatic Adsorption

As mentioned previously, the maximum Pt uptake obtained by maximizing the
precursor-support interaction is ~8 wt.% in the case of the HyPtClg /carbon xerogel
pair. However, this metal weight fraction is too low for PEMFC applications. To
increase the Pt weight fraction, the impregnation-drying-reduction cycle can be
repeated several times, using at each step a fresh precursor solution [21]. Therefore,
the procedure detailed in Section 2.3 was simply performed several times on the same
sample. After reduction under hydrogen flow, the obtained sample was contacted
again for 1 h with 0.6 L of fresh H,PtClg solution (4.1 mmol/L, pH adjusted to
2.5 with HNOs), filtered and dried in air at 333 K for 12 h before reduction under
flowing H; (0.025 mmol/s) at 473 K for 1 h. A fraction of the same sample was also
reduced at 723 K for 5 h.

The SEA technique requires the use of large amounts of Pt precursor solution
(~0.6 L per gram of carbon), and only a small fraction of the Pt is deposited on
the support. This obviously induces inacceptable metal losses during the synthesis
process, and the SEA technique, although quite elegant in scientific studies, cannot be
applied as presented in industrial production. Alternatively, one can, of course, thus
imagine re-using the residual solution by re-adjusting its pH and concentration at
the required values [22]. Indeed, as long as the concentration of the HyPtClg solution
remains higher than ~4 mmol/L, the Pt uptake remains constant [20]. Therefore,
another catalyst was prepared by multiple SEA (M-SEA), but the concentration
of the initial impregnation solution was higher, then re-used several times. One
gram of carbon xerogel powder was mixed with 567 mL of an H,PtCls solution at
8.97 mmol/L (i.e., 1.75 gp /L) with an initial pH of 2.5. The surface loading (SL) was
equal to 10> m? /L. the mixture was mechanically stirred for 1 h, then filtered; the
filtrate was stored for re-use in the following impregnation step. The solid was dried
in an oven at 333 K during 12 h and reduced at 473 K under H; flow (0.04 mmol/s)
during 1 h. The “impregnation-drying-reduction” steps were performed two times
on the same support. After the second impregnation, the catalyst was reduced under
H; (0.04 mmol/s), either at 473 K during 1 h or at 723 K during 5 h.

The samples obtained by this techniques are labelled “M-SEA”, followed by the
temperature of the last reduction treatment (samples M-SEA-473 and M-SEA-723).
In the case that the impregnation solution is re-used, an “r” is added at the end of
the sample name (M-SEA-1). In the case of this specific sample, the last reduction
treatment was performed at 723 K (5 h).

2.6. Charge-Enhanced Dry Impregnation

Another option, which is certainly much more efficient, is to combine the
principles of SEA with dry impregnation (i.e., the volume of impregnating solution
is equal to the pore volume of the support) [23]. Therefore, after determining
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the optimal pH conditions for an impregnation slurry, which must be performed
for every support-precursor pair, one can use the exact volume of solution
(corresponding to the pore volume) in which the maximum amount of Pt ion that
can be deposited on the support under those optimal conditions is dissolved.

In a typical synthesis, the mass of metal precursor (HpPtClg) corresponding to
the maximum metal uptake of the solid support, first determined by the SEA method,
was dissolved in a volume of deionized water corresponding exactly to the amount
necessary to wet the solid. Prior to impregnation, the latter volume was measured by
dropping deionized water (50 pL at a time) on the carbon until it was just wet. Three
mL of H,PtClg solution with a concentration of 28.7 mol/L were prepared, and the
initial pH was adjusted to 2.5 with dilute HNOj3, according to the optimal initial pH
of the support/complex pair determined by SEA; this precursor solution was slowly
added, 50 pL at a time, to 1 g of carbon xerogel. The sample was then directly dried
in air at 298 K for 48 h and reduced in H, flow (0.04 mmol/s) at 523 or 723 K for 1 h.

This technique, called the “charge-enhanced dry impregnation” (CEDI) method,
was first developed by Zhu et al. [24], who recently combined the SEA method with
the classical dry impregnation technique to synthesize 2-wt.% Pt catalysts supported
on oxidized active carbon or y-alumina. The samples obtained by this method are
labelled “CEDI”, followed by the reduction temperature (i.e., CEDI-523 or CEDI-723).

2.7. Characterization

Several physico-chemical techniques were used to characterize the catalysts. The
pore texture of the raw support, as well as that of the final catalysts were measured
by a combination of nitrogen adsorption and mercury porosimetry [4,25]. This is
necessary, because nitrogen adsorption is limited to pores smaller than 50 nm, while
mercury porosimetry gives access to pores larger than 7.5 nm [25]. The particle size
distribution was determined by image analysis of transmission electron microscopy
(TEM) micrographs obtained with a Jeol (Tokyo, Japan) 2010 microscope (200 kV, LaBg
filament) or from scanning transmission electron microscopy (STEM) micrographs
(Jeol, Tokyo, Japan, JEM-2010F). The image analysis method used is fully described
in [21]. The samples were also analyzed by X-ray diffraction (XRD) with a Siemens
(Karlsruhe, Germany) D5000 goniometer using the Cu-K line (Ni filter). The average
crystallite size, dxrp, was estimated using Scherrer’s equation [26]. Note that in the
case of well-dispersed Pt particles, the good agreement between dxrp and the particle
diameter calculated from TEM images allows us to conclude that the particles are
monocrystalline and that dxgrp also corresponds to the diameter of the Pt particles.
The metal dispersion and surface availability were determined by CO chemisorption
using a Fisons (Ipswich, UK) Sorptomatic 1990 equipped with a turbomolecular
vacuum pump that allows the reaching of a high vacuum of 1073 Pa. The entire
procedure, from the sample preparation to the adsorption measurement, is fully

127



described elsewhere [6]. This technique allowed calculating the accessible Pt surface,
ScO-chem, and the corresponding Pt particle diameter, dco, assuming that all of the
particles are spheres of equal size.

Samples were also investigated by electrochemical techniques, except the WI
catalyst, due to its too low Pt content (see Section 3). The reaction used was the
electrooxidation of carbon monoxide adsorbed (CO,q4s) at the surface of the Pt
particles. This reaction, called “CO stripping”, allows for the determination of
the electrochemically-active Pt surface, Sco.strip, which can be compared to the Pt
surface detected by CO chemisorption. CO,q4s stripping was performed in liquid
electrolyte (sulfuric acid 1 M, Suprapur-Merck, Overijse, Belgium), at 298 K, using an
Autolab-PGSTAT20 potentiostat (Metrohm, Antwerp, Belgium) with a three-electrode
cell and a saturated calomel electrode (SCE) as the reference (+0.245 V vs. normal
hydrogen electrode, NHE). However, all of the potentials are expressed on the
NHE scale hereafter. The procedures, from sample preparation to measurements,
are completely described in [21]. Globally, a thin layer of the catalyst was fixed
using Nafion® on a rotating disk electrode (EDT 101 Tacussel from Materials Mates,
Sarcenas, France). In the case of CO,q, stripping measurements, the surface of the
Pt nanoparticles was saturated with CO (N47, Alphagaz, Paris, France) by bubbling
for 6 min in the solution. Then, the non-adsorbed CO was purged from the cell
by Ar bubbling for 39 min. During these two steps, the electrode potential was
held at +0.095 V vs. NHE. Voltammetric cycles were recorded between +0.045 and
+1.245 V vs. NHE at 0.02 V/s. The active area of platinum, Sco.strip, was calculated
assuming that the electrooxidation of a full monolayer of adsorbed CO requires
420 x 1070 C/cm?p, [27].

3. Results and Discussion

For all samples, the pore texture analysis was performed and compared to that of
the raw support. We do not report detailed results here, but globally, the only effect of
metal deposition on the pore texture of the carbon xerogel is a decrease of the specific
surface area, Sggt, certainly due to a partial blocking of the micropores by nm-sized
Pt particles. Depending on the loading, the loss of specific surface area, reported per
mass of carbon, ranges from 100 to 200 m?/g [20,21]. The meso-macropores remain
unchanged, both in terms of pore size and pore volume, compared to the pristine
carbon xerogel support.

Table 1 regroups the characterization results issued from physico-chemical
techniques. The table displays the theoretical and the measured Pt weight percentage
of the catalysts, i.e., Pty, and Ptcp, respectively. From the TEM images, the average
particle size, dtpym, and its standard deviation, o, were calculated. The surface
weighted average diameter, d;, and the volume weighted average diameter, dy, were
also calculated for comparison with Pt particle diameters obtained from surface or
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volume measurements, respectively. Indeed, since XRD is sensitive to the volume of
the particles, the diameter estimated from Scherrer’s equation, dxgrp, corresponds to
a volume weighted average diameter, dy = >, nid;1 / nid? [26]; since CO chemisorption
and CO stripping are surface phenomena, the diameters calculated by these methods
should be compared to a surface weighted average diameter ds = > n;d? /nid?. In
both cases, #; is the number of particles of diameter d; as observed on TEM or STEM
micrographs. Table 1 also shows the particle diameter calculated from XRD patterns
using Scherrer’s equation, dxrp, and parameters issued from CO chemisorption:
1s,m is the amount of CO needed to form a chemisorbed monolayer on surface Pt
atoms (mmol/gpt), Dp; is the Pt dispersion, i.e., the proportion of metal located at
the surface of the Pt particles, dco is the particle diameter leading to a metal surface
equivalent to that detected by chemisorption and Sco-chem is the total surface of the
Pt particles. The last three parameters are calculated from 7 (mmol/gp,) using the
following equations [26]:

Dpt = ngmMpiXpr.cox 107 1)
6 (Um/a
dco = (0 m) g/ m) 2
Pt
Vi 1
SCO—Chem = o (3)

6dcomPt ~dcopp
where Mp; is the atomic weight of Pt (195.09 g/mol), Xpi.co represents the
chemisorption mean stoichiometry; i.e., the average number of Pt atoms on which
one CO molecule is adsorbed, vy, is the mean volume occupied by a metal atom in
the bulk of a metal particle (for Pt: vy, = 0.0151 nm3), amy is the mean surface area
occupied by a surface metal atom (for Pt: ar, = 0.0807 nm?) and pp; (21.09 g/ cm®) is
the density of Pt. Note that Xpi.co was chosen equal to 1.61 for samples containing
small Pt particles (<5 nm) and equal to 1.00 for samples containing large particles
(>5 nm), according to the conclusions of Rodriguez-Reinoso et al. [28] about the effect
of the Pt particle size on the CO adsorption stoichiometry. The values of Xpt.co for
each sample are mentioned in Table 1 (see the notes below the table). Finally, the
electroactive Pt surface detected by CO stripping, Sco-strip, is also mentioned. All of
these data are discussed below.

TEM images of several catalysts prepared using the above-mentioned methods
are presented in Figure 3. In each case, the support is a raw carbon xerogel (PZC ~9),
with a pore size of around 70 nm, and the Pt precursor is HyPtClg, but it is worth
noticing that very similar results were found with carbon xerogels oxidized in
HNOj; as the support and [Pt(INH3)4](NO3), as the precursor [20,23]; in that case,
since the PZC of the oxidized carbon xerogel was equal to 2.4, impregnation was
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performed under basic conditions (initial pH = 12.5, i.e., optimized conditions for
the [Pt(NH3)4](NO3), / oxidized carbon xerogel pair).

The simple wet impregnation (WI) leads to the obtaining of very well-dispersed
catalysts (Figure 3a). In addition, the amount of Pt deposited is higher than expected
(Table 1): in the case of sample WI, the target value, Pty,, was 1.0 wt.%, while the
measured Pt weight fraction was 1.9 wt.% (to be compared with the maximum
possible amount of Pt calculated from the total amount of Pt in the impregnation
solution, i.e., 2.4 wt.%). This can be explained by the existence of electrostatic
interactions between the support and the chloroplatinic ion (PtCls?~). Indeed, the
PZC of a raw carbon xerogel is around 9.0, which means that it charges positively
at pH lower than this value. In the case of a carbon xerogel soaked in an H,PtClg
solution, the pH is acidic, the support charges positively and electrostatic interactions
cause the precursor to adsorb on the carbon surface. This property was further used
to develop the SEA method. TEM and XRD data are in good agreement, since dxrp
compares well to dy (1.8 and 2.0 nm, respectively). CO chemisorption is in good
agreement with TEM, too: dco and ds are identical (1.9 nm). The Pt specific surface
area obtained from CO chemisorption being very high (153 m?/gp;). This type of
catalyst shows thus very nice properties, but the Pt loading is obviously far too low
for PEMFC catalytic layers.

Figure 3. TEM and STEM images of Pt/C catalysts: (a) WI (1.9 wt.%); (b) WI-R
(31.0 wt.%), (b') magnified inset of WI-R; (c) SEA (7.5 wt.%), (d) M-SEA-723 (double
SEA, 15.0 wt.%); (e) M-SEA-r (double SEA with recycling, 14.7 wt.%); and (f)
CEDI-473 (10 wt.%), STEM image.
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When trying to deposit 35 wt.% in one step via the WI-R method, i.e., by direct
reduction of the precursor in the aqueous phase by NaBHy, one obtains a mix of
large and small Pt particles (Figure 3b): the precursor is partly adsorbed, which leads
to small particles (~2 nm), but a large fraction of PtClg?>~ anions remains in excess.
These are directly reduced in the liquid phase, in the pore texture or outside the
carbon particles, which leads to the deposition of large Pt particles (~10-30 nm). The
Pt particle distribution is clearly bimodal: this is why two values of drpy (4.1 and
17.7 nm) are mentioned in Table 1. dxrp (22 nm) corresponds to the average size of
the large particles. The amount of CO chemisorbed is much lower than in the case
of WI, which translates into an equivalent particle diameter, dco, of 6.9 nm and a
lower Pt specific surface area (41 m?/gpy). dco represents an average between the
two populations, and the accessible Pt surface decreases due to the presence of large
Pt particles. The WI-R technique is efficient to deposit high amounts of Pt in one step,
but the Pt particles are badly dispersed, which leads to an inacceptable loss of active
surface area. Note, however, that this technique can be improved. Very recently,
Alegre et al. [29] obtained well-dispersed Pt particles (around 4 nm in diameter)
supported on a mesoporous carbon xerogel by impregnation with H,PtClg followed
by reduction with either NaBH, or formic acid. The loading was 20 wt.%, and the
TEM pictures do not show any large particles or aggregates. The main differences
between their technique and the WI-R method presented here are: (i) the target
loading (20 wt.% instead of 35 wt.%); and (ii) the pH adjustment at a value of 5
with NaOH before NaBH, addition. Additional investigations could lead to optimal
Pt/carbon xerogel catalysts in one or two impregnation steps.

In the SEA technique, the pH is adjusted, so as to maximize the electrostatic
interaction and, thus, to adsorb the maximum quantity of Pt precursor at the surface
of the support; as a result, the Pt weight percentage increases with regard to the WI
technique, but remains limited to max. 8-10 wt.%. Contrary to the WI-R method,
the dispersion after drying and reduction remains excellent (Figure 3c). Since the
amount of Pt deposited by the SEA method is the maximum quantity that can be
adsorbed at the carbon surface, it is clear that trying to obtain 35.0 wt.% in one single
impregnation step (WI-R technique) cannot lead to one single Pt particle population.
Comparison between the two approaches (WI-R and SEA) clearly confirms that,
in WI-R, two phenomena occur during the impregnation-reduction in the liquid
phase: (i) adsorption of PtCls>~ on the carbon support, leading after reduction to
very small Pt particles (~2 nm); and (ii) direct reduction in the liquid phase, leading
to large Pt particles (~10-30 nm). One may notice, however, some discrepancies in
terms of the Pt surface detected by CO chemisorption and CO stripping. Indeed,
SCO-chem i8 lower for the SEA sample than in the case of W1 (92 and 153 m?/gp,
respectively). The value obtained by CO,q4s stripping for the SEA sample is even
lower (34 m?/ gpt). From Equation (3), one finds that a sample containing Pt particles
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2.0 nm in diameter should display a Pt surface area close to 140 m?/gp;. The low
value obtained for the SEA sample, which was reduced at 473 K, was attributed to CI
poisoning of the Pt surface [30]. Indeed, XPS measurements demonstrated that, for
too low reduction temperatures, the Pt surface was still partly covered with Cl issued
from the decomposition of the Pt precursor (PtClg2™), which leads to a decrease
of the Pt surface detected, both by CO chemisorption and CO,q4s stripping. CO,
which strongly adsorbs onto Pt atoms [31], slowly displaces CI. This explains why
measurements obtained from CO,qs stripping (34 m?/gp;) and CO chemisorption
(92 m?/gpy) are not in agreement. In CO chemisorption, the device waits for a
pseudo-equilibrium to be reached, the next point being taken when the pressure
seems stable; on the contrary, CO,4s stripping is always performed according to the
same time schedule, without taking into account possible very slow reactions. As a
result, the Cl displacement by CO is more complete in the case of CO chemisorption
than in the case of CO,qs stripping, leading to different values. In any case, this
shows that the reduction temperature should be higher than 473 K to clean the Pt
surface: 723 K (5 h) leads to almost Cl-free Pt nanoparticles [30]. It also shows that
CO chemisorption overestimates the real accessible Pt surface due to the Cl removal.
Clearly, for PEMFC applications, the true Pt electroactive surface would be that
left free by the Cl species and not the surface calculated from CO chemisorption,
after Cl displacement by CO. This is why our further studies rely on CO stripping
measurements and not on CO chemisorption to determine the Pt electroactive surface
area: M-SEA-r and CEDI samples were not investigated by CO chemisorption.

In order to increase the Pt content of the catalysts, the impregnation-
drying-reduction cycle of the SEA method can be performed several times. Figure 3d
and Table 1 show that samples M-SEA-473 and M-SEA-723 display very small Pt
particles (dtgv = 2.0 and 1.9 nm, respectively). No Pt large particles or agglomerates
are visible, which is confirmed by the good agreement between TEM and XRD.
Increasing the reduction temperature has thus no effect on the particle size. However,
these two samples show significant differences when comparing the Pt specific
surface area. Sco-chem i higher in the case of M-SEA-723 (122 m?/ gpt Us. 89 m?/ gpt
in the case of M-SEA-473). The difference is even more pronounced for Scostrip
(127 m? / gp; vs. 37 m?/gpy, respectively). Good agreement between dco and ds is
found only for sample M-SEA-723 (2.3 and 2.5 nm, respectively). This result shows
again that, at 473 K, the Pt surface is not fully accessible. Again, one can show
through XPS characterization that this phenomenon is due to the partial blocking of
the Pt surface by C1 [30]; high reduction temperatures only can efficiently clean the
Pt surface.

The recycling of the solution (re-use in further impregnation step) does not alter
at all the Pt dispersion (Figure 3e). Results obtained for sample M-SEA-r are identical
to those of sample M-SEA-723, except for the Pt surface measured by CO,qs stripping
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which is slightly lower for the former sample (M-SEA-r: 93 m?/gp;; M-SEA-723:
127 m?/ gpt). This could again be due to an incomplete Pt cleaning, even after 5 h
at 723 K.

Finally, the CEDI technique fully preserves the optimal metal dispersion
(Figure 3f, Table 1) and allows avoiding any Pt losses during the synthesis. Results
show again the importance of the reduction temperature on the final electroactive
surface area, since the latter increases from 77 to 95 m?/gp; when increasing the
temperature from 523 (1 h) to 723 K (1 h). It is worth noting that, in principle, the CEDI
technique can be developed in multi-steps. For example, double-CEDI impregnation
of oxidized carbon xerogels with [Pt(NH3)4](NO3), as the precursor was already
performed [23]: the effect was to double the Pt weight percentage without affecting
the size, surface or electrochemical properties of the Pt nanoparticles. One CEDI
step with the [Pt(NH3)4](NOs3), /oxidized carbon xerogel pair leads to ~5 wt.% Pt/C
catalysts; so 10 wt.% samples were obtained by double impregnation. Though the
number of impregnation-drying-reduction cycles will obviously be higher in that
case, the advantage is the absence of Cl, leading to quite clean Pt nanoparticles.

The shape of the CO,q, stripping voltammograms are also in good agreement
with the above conclusions. Indeed, CO,q4s stripping voltammetry provides us
with information about the electroactive surface area (Sco-stip) and with information
about the Pt particle size distribution [32-34] and the presence of poisons at its surface.
Figure 4 shows the curves obtained for samples WI-R, M-SEA-473, M-SEA-723
and M-SEA-r. The surface of the electrooxidation peak(s) is obviously directly
proportional to the Pt electroactive area.

100 +

50 -

j (Algpy)

0 0.4 0.8 1.2
E (V vs. NHE)

Figure 4. CO,q4; stripping voltammogram in HySOy4 (1 M) at 298 K; sweep rate of
0.020 V/s. (A) WI-R; (O) M-SEA-473; (0) M-SEA-723; (¢) M-SEA-T.
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First, one can note that WI-R displays three CO, 45 oxidation peaks centered at
about +0.73, +0.81 and +0.92 V vs. NHE. The electrooxidation of a CO,45 monolayer
is a structure-sensitive reaction and provides a wealth of information on the particle
size distribution and the presence/absence of particle agglomeration [32-34]. In
particular, the position of the CO,4; stripping peak strongly depends on the average
particle size and is shifted toward positive potential with decreasing of the Pt particle
size. Taking into account a sweep rate dependence of 0.080 V dec™! [34], one can
consider that the highest oxidation peak (at ca. 0.92 V vs. NHE) corresponds to CO,q4s
electrooxidation at small nanoparticles (d < 1.9 nm) and the lowest oxidation peak at
ca. 0.81 V vs. NHE to the CO,4s electrooxidation at large particles (d > 3.3 nm) [32].
Finally, the peak located at +0.73 V vs. NHE highlights the presence of Pt particle
aggregates [33,34]. These observations remarkably parallel the TEM analysis of
sample WI-R.

Second, all of the other samples (M-SEA-473, M-SEA-723 and M-SEA-r) display
one single peak corresponding to small Pt particles (~2 nm). In some case, a pre-peak
at ca. 0.81 V vs. NHE appears [22], but its intensity always remains low for
samples prepared using the SEA method (multiple or not). The position of the
peak, however, shifts towards lower potentials when the reduction temperature
increases. This reflects the presence of Cl species at the surface of the Pt particles,
for instance in the case of sample M-SEA. Indeed, CO,q45 electrooxidation proceeds
via a Langmuir-Hinshelwood mechanism on Pt, which includes water dissociation
into oxygen-containing species and recombination of the former species with CO,
yielding CO, [32,34-36]. The shift towards higher potential values of the peak
corresponding to small particles suggests that water and chloride species compete at
the Pt catalytic sites.

The CO,q4s stripping curves obtained by the CEDI method follow exactly the
same tendencies: (i) in general, one single peak corresponding to small particles
(~2 nm) is visible; (ii) sometimes, a second peak, small in intensity, corresponding to
larger Pt particles (>3 nm) appears; (iii) the position of the main electrooxidation peak
(small Pt particles) shifts towards lower potentials when the reduction temperature
increases. In all cases, the latter effect is not due to any modification in the Pt particle
size, but is in our case attributed to the removal of Cl species from the Pt surface as
the reduction temperature and duration increase.

Finally, it is worth noticing that samples prepared either by SEA (multiple or
not, with fresh or recycled impregnation solution) and CEDI display no difference
in terms of electrocatalytic activity towards the oxygen reduction reaction (ORR).
The electrocatalytic activity was measured in a three-electrode cell filled with liquid
electrolyte (H,SO4 aqueous solution), using a rotating disk electrode to eliminate
the effect of external diffusion. Since all of the electrocatalytic results obtained in
the same conditions were identical and because the present paper is clearly focused
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on catalyst preparation, the complete data are not fully reproduced here. However,
details can be found in [21-23].

4. Conclusions

The synthesis of Pt/C catalysts was rationalized in order to evolve towards
catalysts with high metal dispersion and a high Pt weight fraction. The wet
impregnation of a carbon xerogel with an HpPtClg solution, followed by drying
and reduction under H; flow, leads to small Pt particles (~2 nm) well distributed on
the support. However, when trying to deposit directly 35 wt.% Pt, by combining
impregnation with reduction in the liquid phase, two populations of Pt particles
(centered at ~4 and 20 nm) are obtained, which strongly decrease the reactive Pt
surface. The impregnation technique can be optimized by the strong electrostatic
adsorption method, which consists of maximizing the electrostatic interactions
between the Pt precursor and the carbon support via an adequate choice of the
impregnation pH. In this case, the Pt weight fraction obtained is the maximum
possible value without affecting the excellent Pt dispersion obtained by impregnation.
With the PtClg?~-carbon xerogel pair, one impregnation-drying-reduction cycle leads
to the obtaining of 8 wt.% Pt/C catalysts with a narrow particle size distribution
centered at ca. 2 nm; this Pt weight percentage is too low for PEMFC applications.
This cycle can however be repeated several times in order to increase the metal
loading; up to now, it was possible to reach 25 wt.% without decreasing the Pt
dispersion [21,22]. In order to lower the Pt losses during the impregnation, the Pt
precursor solution can be recycled from one cycle to another without any problem.

Finally, the dry impregnation and SEA techniques can be combined to develop
a new method, called the “charge-enhanced dry impregnation” (CEDI); the latter
is efficient and avoids any metal losses, since only the amount of Pt precursor that
the support is able to fix by electrostatic interactions is present in the impregnation
solution. Again, the Pt dispersion is excellent (particles ca. 2 nm in size). One must,
however, notice that the use of a chlorinated Pt compound as the precursor leads to
Cl-covered Pt particles if the reduction temperature is not high enough. Our work
now turns towards the use of non-chlorinated Pt complexes to avoid this problem.

To conclude, the work summarized in the present paper shows how the
synthesis of a supported metal catalyst can be rationalized in order to fulfil the
various criteria from both the economic and performance point of view. The studied
case is very specific (Pt nanoparticles supported on carbon), but since the synthesis
methods developed are based on very general principles, the same reasoning can
be applied to many systems, especially when a relatively high loading of expensive
metal is required.
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Advances in Ceramic Supports for Polymer
Electrolyte Fuel Cells

Oran Lori and Lior Elbaz

Abstract: Durability of catalyst supports is a technical barrier for both stationary
and transportation applications of polymer-electrolyte-membrane fuel cells. New
classes of non-carbon-based materials were developed in order to overcome the
current limitations of the state-of-the-art carbon supports. Some of these materials
are designed and tested to exceed the US DOE lifetime goals of 5000 or 40,000 hrs for
transportation and stationary applications, respectively. In addition to their increased
durability, the interactions between some new support materials and metal catalysts
such as Pt result in increased catalyst activity. In this review, we will cover the latest
studies conducted with ceramic supports based on carbides, oxides, nitrides, borides,
and some composite materials.

Reprinted from Catalysts. Cite as: Lori, O.; Elbaz, L. Advances in Ceramic Supports
for Polymer Electrolyte Fuel Cells. Catalysts 2015, 5, 1445-1464.

1. Introduction

The need for advanced alternative energy technologies for transportation,
backup-, and main-power applications is undisputable. Of the three available
technologies, batteries, solar cells, and fuel cells (FCs), the latter is considered to be
the most promising option for such applications due to its low footprint, high energy
density, and low maintenance costs. In addition, fuel cells do not require a complex
logistical effort and can be easily deployed in any terrain and weather (e.g., fuel
cells as backup power for cellular antennas in remote locations). Hence, there is a
growing use of fuel cells across industries (e.g., server farms, forklifts, buses, cellular
antennas, and cars).

One of the significant hurdles in the mass deployment and commercialization of
this technology is the lifetime of the fuel cell, which is mostly limited by the stability
and durability of the catalyst support. Further understanding and improvement of
this technology is expected to increase fuel cells' lifetime and reliability, and lower
their cost.

Carbon is the most common and preferred catalyst support material for polymer
electrolyte membrane fuel cells (PEMFCs) and alkaline fuel cells (AFCs). It possesses
most of the primary required features: it is abundant, and it has a high surface
area and good electrical conductivity. However, the use of carbon is problematic
due to its low resistance to corrosion. The electrode integrity and durability is
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currently a technical barrier [1] in PEMFCs and AFCs, especially for applications that
demand high power. This is mainly due to the loss of the fuel cell performance as a
consequence of the use of carbon supports. More specifically, the degradation and
corrosion of carbon-based electrodes lead to losses in the overall activity of FCs, and
this is usually attributed to catalyst dissolution and agglomeration, as illustrated in
Figure 1. The complete oxidation of carbon by water, which leads to its corrosion, is
a four-electron process with the production of four protons, as follows:

C(s) + 2H,O0—CO, + 4H" + 4e 1)

E® = 0.207 vs. NHE

(b)

—
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Figure 1. Relationship of carbon corrosion and activity loss in fuel cells (a) and
illustration of catalyst detachment from corroded carbon (b) [2].

This is the potential of most power devices including batteries, solar cells, and
fuel cells. When the pH increases, such as in AFCs, the proton activity is lowered.
Consequently, the equilibrium shifts to the right in the above reaction and the rate of
the carbon corrosion increases. The standard potential for complete oxidation was
previously calculated by Pourbaix [3] as follows:

EO (V) = 0.207 — 0.0591 x pH + 0.0148log Pcoy )

The conditions in PEMFCs and AFCs are oxidizing, especially at the cathode [4-6].
As discussed above, these conditions are detrimental to the carbon electrodes and
can significantly shorten the lifetime of the fuel cell [7,8].

Gruver et al. [7] showed that as the carbon support corrodes and turns into
CO and COy, the catalyst will either wash out or migrate and aggregate. Figure 2
presents images of a pre- and post-mortem sample from a fuel cell, where the loss of
carbon (bright material) was observed and the platinum nanoparticles (dark material)
have agglomerated (a significant increased in size was observed when compared
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to the particles in the Figure 2a). The result of both wash-out or aggregation of
the catalyst is manifested in a decrease in the catalyst ECSA (Electro-Chemical
Surface Area) in the case of precious group metal catalysts (PGMCs), or leaching
and dissolution in the case of non-precious group metal catalysts (NPGMCs). One
way to improve the stability of electrodes from corrosion in FCs is by the use of
graphitic, nano-structured carbon materials, such as graphene nano-sheets, carbon
nanotubes, and carbon nanofibers as catalyst supports [9-12]. The high degree of
graphitized structures of these compounds provides a higher resistance to chemical
and electrochemical oxidation. Another way is to use ceramic materials as catalyst
supports [8].

Figure 2. PEM fuel cell catalyst layer with support before (a) and after (b) use.
Darker dots are Pt nanoparticles and the brighter material is carbon. [7] (Adapted
from this reference with the permission of the Journal of Electrochemical Society).

Many ceramic supports were developed in order to increase the durability
of fuel cells. Supports such as titanium-oxides [13,14], molybdenum-nitride [15],
tungsten-oxide [16], and others were synthesized. Most of these possess some of the
qualities needed for a good FC electrode (mechanical properties, thermal stability,
chemical corrosion resistance), but lack others, such as good electrical conductivity
and high surface area.

In this manuscript, we will review the recent advances in ceramic supports
for polymer electrolyte fuel cells with a focus on five categories: carbides, oxides,
nitrides, borides, and composites.

2. Carbides

The interest in metal carbides in recent years mostly rose from their possible use
as catalytic materials. Some similarities between the catalytic behavior of tungsten
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carbide and platinum was found by Levy and Bourdart [17]. Others have shown
studies on the catalytic activity of molybdenum and tungsten carbides as catalysts
for methane reforming [18]. The attractiveness of these ceramic materials as catalysts
was attributed to their high activity [19-21], lower price when compared to precious
metals [22], unique structure [23], and stability [24] in acidic and alkaline mediumes.
In order for these materials to be good supports for electro-catalysts, they need to
have high surface area (equivalent to 300 m? /g of carbon; with ceramic supports,
this surface area may be much lower due to the atomic weight of the metals and
comparisons should be made carefully) and good electrical conductivity (circa
4 S/cm) [25]. These requirements narrowed the possible candidates to a handful.

One of the most studied carbide supports is tungsten carbide. Ticianelli ef al. [26]
recently reported a composite of tungsten carbide/carbon (WC/C) synthesized using
a chemical vapor deposition (CVD), and used it as a support for Pt in PEMFC anodes.
They showed enhanced corrosion resistance when compared with Vulcan XC-72.
Roman-Leshkov ef al. [23] developed a removable ceramic coating method for the
synthesis of WC. Using this technique, they were able to produce high-surface-area,
electronically conductive WC, which also exhibited superior stability on the anode
when compared to Vulcan XC-72. The electronic interaction between Pt and WC and
its effect on the catalysis of the oxygen reduction reaction were also studied. It was
concluded that the Pt is strongly attached to the support and that the interaction
between the two promoted a favorable catalytic activity for the oxygen reduction
reaction (ORR) [27]. Although very interesting, in these studies and others that
showed similar trends [28], the WC was not exposed to harsh oxidizing conditions
and was only studied at the anode where carbon corrosion is less of an issue [29].
Hence, so far, there is not enough information regarding the WC stability under
oxidizing conditions.

A different carbide support was recently proposed by Elbaz et al. [30], who
used the polymer-assisted deposition (PAD) method developed for the synthesis of
nanoparticles by Jia et al. [31], for the synthesis of molybdenum carbide. They were
able to form a Mo,C/C composite which, similarly to the WC, showed enhanced
catalytic activity to ORR. Although their composite material was not completely
resistant to corrosion, it did perform better than XC-72. They tied the loss of
Pt electrochemical surface area (ECSA) on the Mo,C/C during their accelerated
stress tests (ASTs) to the presence of excess amorphous carbon. In a more recent
publication [32], the authors synthesized amorphous carbon-free Pt/Mo,C, which
was found to be very resistant to corrosion, as shown in Figure 3 (less than 10%
loss of ECSA vs. 90% with Pt/XC-72). In this case the Pt was added to the support
during its synthesis and formed non-crystalline small atomic clusters (3—-6 atoms of
Pt), which the authors called Nano Rafts. This new system exhibited remarkable
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ORR activity with a 50% higher mass activity and a higher onset potential, attributed
to the electronic interaction between the Pt and the support.

Titanium carbide has previously been tested as a support material of Ir
for hydrogen evolution [33] and as a support of Pt for the electro-oxidation of
methanol [34], both in acidic media, and showed promising results electrochemically
and even in alleviating CO poisoning.

Recently, some studies were published also showing better durability of Pt
supported on TiC than Pt/CB under ADTs (0.6-1.2V in 0.1M HCIO; solution) [35] and

Pt;Pd/TiC@TiO; support [36], which even exceeds that of Pt/ TiC (under 0.4-1.2V),

attributed to the corrosion resistance of the supports.

A)

Normalized activity (% ECS

Yelgg 5000 100

Figure 3. Normalized activity of Pt/C (black), Pt/Mo,C/C (blue), and Pt/Mo,C
(red) as a function of the number of accelerated test cycles and carbon content.

3. Oxides

Metal Oxides are inorganic compounds that possess several compatible
properties for FC applications. Exhibiting properties such as corrosion resistance and
mechanical and thermal stability, they show a lot of potential for FCs, although some
of them are only semi-conductors or even poor electrical conductors and require
certain modifications in order to make sufficient FC materials.

3.1. Titanium Oxide

Titanium oxides received extensive interest in recent years and can be roughly

divided into two groups: semi- or non-conducting systems (such as TiO,) and
systems that show high electrical conductivity (Ti,O,,_1 group).
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Ti,Op;,—1 (Where n is between 4 and 10) is widely used in photo-catalysis [37-39],
water splitting [40], and gas sensing [41] and has attracted much attention in the FC
field as a possible catalyst support due to its relatively good conductivity. Recently,
Ti,Os,—1 has shown promising effects on the durability and catalytic activity of
fuel cell catalysts because of its good mechanical resistance and stability in acidic
and oxidative environments. Among this series of distinct oxides, Ti4Oy (titanium
sub-oxide, TSO) exhibits the highest electrical conductivity, exceeding 1000 S/cm at
25°C [41].

In a recent study, Wu et al. [42] prepared Ti,Oy,—; (magneli-phase TSO) and
XC-72 to support Pt electro-catalysts for comparison purposes, both loaded with
20%t Pt. Even though the TSO-based catalyst showed low conductivity (~103 S/cm
vs. 4.78 S/cm for XC-72 at 12 MPa), lower ECSA value (13 m?/ g vs. 30 m?/ g), and
minimally lower onset potential (AE = 0.02 V) compared to Pt/XC-72, their ADT
procedure (cycling between —0.5 and 2.0V vs. Saturated Calomel Electrode, SCE)
was found to cause no change in the onset potential and minimal loss in ECSA (about
12% vs. twice as much for Pt/XC-72) after 8000 cycles. TEM images proved that
after 8000 cycles the Pt/XC-72 went through considerable Pt aggregation whereas
the morphology of Pt/TSO remained intact. loroi ef al. also studied Pt/ TSO-based
electrodes for PEMFC [43-45]. Although promising, one of the most significant issues
that still remains unsolved with the sub-stoichiometric titanium oxide is its relatively
low surface area which translates to lower current densities.

In this study, the synthesis, structure, and morphology of Pt/TSO using a
laser-irradiated TSO support were investigated, as well as the electrochemical activity
for ORR and its stability under high potential conditions for Pt/TSO. They found
that the Pt/TSO catalyst had shown a specific activity for the oxygen reduction
reaction (ORR) very similar to those of commercial Pt/C catalysts, and much better
oxidation resistance under high potential conditions as well. It was also shown that
the conductivity of TSO-supported catalysts increased with an increase in Pt loading:
20 wt. % Pt on TSO showed conductivity of ca. 8 S/cm at 50 MPa, which was about
one-quarter of that of 40 wt. % Pt on XC-72 (30 S/cm) under the same conditions.
On the other hand, the calculated ECSA of Pt/TSO was rather small compared to
that of Pt/XC-72 (values of 22 and 16 m?/ g for 10 wt. % and 20 wt. % vs. 44 m2/ g
for Pt/XC-72), indicating a larger diameter of deposited Pt particles, which was
consistent with the results of SEM and TEM observations: the Pt particle diameter
was between 10 and 20 nm, which is much larger than the common Pt/C catalysts.
The performance of the Pt/Ti4O; cathode was evidently low compared to that of
20% Pt/XC72, mainly due to the smaller ECSA.

Non-stoichiometric mixtures of several titanium oxide phases, mainly Ti4O7
and Ti5Oy, known as magneli-phase and by the registered name Ebonex, were
investigated as well [46]. Ebonex is considered to be electrochemically stable with a
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tendency for ORR in acid and base solutions, possesses a high electrical conductivity
of 1000 S/cm, and could be a good alternative catalyst support material [41,47]. The
Pt/Ebonex catalytic activity was reported to be as much as 10 times higher than that of
pure Pt. This was attributed to the increase of active Pt surface area by the reduction
of Pt particles sized even below 1 nm and the increase of the number of active sites
for oxygen reduction through simple geometric effects, as well as change of oxygen
adsorption conditions through the change of the electronic structure of the catalyst
caused by the electronic interactions between platinum and the Ebonex. These
interactions were rationalized by the Ebonex’s hypo-d-electron character which has
the ability to interact with Pt that has the hyper-d-electron character. This synergetic
effect was explained through the increase of the 5d vacancy of Pt and the decrease of
the Pt-Pt bond distances as a result of the interaction with Ebonex, which inhibits the
chemisorption of OH™. It also shifts the PtOH formation to more positive potentials,
facilitating the interaction of oxygen with Pt, hence increasing the activity of the
catalyst for the oxygen reduction reaction.

Another titanium oxide which was studied as a possible catalyst support for
FCs is TiO;. It is a wide band gap semiconductor and its conductivity is insufficient
for a support material without modification such as doping [48-51]. In spite of that,
it was widely studied as a ceramic support promoting ORR in PEMFC. In a recent
study [13], the synthesis of high surface area TiO, and TiO composite materials in
a single step was presented. The high surface area conductive titanium oxide was
successfully synthesized using the polymer-assisted deposition technique [31]. The
TiO; and TiO nano-crystalline materials were formed with an average crystallite size
on the order of 4 and 8 nm and a BET surface area of 286 and 200 m?/g for TiO and
TiO,, respectively. Pt was added to the supports, and the calculated ECSA value also
showed promise with approximately 60 m? /g for both phases. This system exhibited
better ORR activity when compared to Pt/XC-72. This was again, as in the case of the
sub-stoichiometric titanium oxides, attributed to the electronic interaction between
the support and the Pt catalyst.

Shanmugam et al. [14] synthesized mesoporous TiO; using the sono-chemical
method. This synthesis resulted in a spherical globular morphology of the TiO,
particles, and a size range of 100-200 nm with pores of 4-7 nm which were around
the size of the Pt particles deposited. This Pt/TiO, was compared to Pt/C. The
onset potential of the oxide formation on the Pt/ TiO, was shifted toward a higher
potential, indicating a better resistance nature of Pt/TiO, for Pt-OH formation. The
Pt/TiO; also exhibited superior results towards ORR electro-catalysis than Pt/C.
This enhanced activity is attributed to several factors, such as high dispersion, better
stabilization, and the modification of the electronic structure of Pt nanoparticles
by interaction with the oxide interface, which results in a change in the adsorption
characteristics of Pt nanoparticles on TiO,. They also studied the stability examined
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by chronoamperometry at an applied voltage of 0.55V and found that the current
decay rate was higher for Pt/C than for Pt/TiO, when only 13% decay was detected
after 1 h (80% for conventional Pt/C). Several more studies were conducted with
titanium oxide supports and showed very similar results [52-55].

3.2. Tungsten Oxide

Tungsten oxide is an n-type semiconductor with a band gap of a few eVs.
Tungsten, which has several oxidation states (usually 2 to 6), appears in many forms,
making it compatible with various applications. The conductivity of tungsten oxide
comes from its non-stoichiometric composition, causing a donor level formed by
oxygen-vacancy defects in the lattice.

Tungsten oxides (predominantly WO3) were studied for quite a long time
as a catalyst for DMFC and showed high catalytic activity toward methanol
oxidation reaction, possibly due to the formation of tungsten bronzes favoring the
dehydrogenation of methanol, and a synergistic effect leading to CO tolerance [56-58].
Park et al. [59] showed excellent performance for the use of porous tungsten oxide
in thin film fuel cells and also showed good stability in sulfuric acid. In another
study [60], Pt was added to commercially available tungsten oxide. The performance
of this system was compared to Pt/XC-72 and showed very high stability in
acidic conditions.

Nano-sized WO3 was also studied as a possible support material for monolayer
Pt ORR electro-catalysts in acid electrolyte [61]. Pt/WOj3 exhibited good activity for
ORR and superior electron transfer capability compared to conventional Pt/C and Pt.
However, a thorough examination of the WOj3 support revealed that it can easily turn
to water-soluble hydrogen tungsten bronze (H,WO3), facilitating the detachment of
Pt nanoparticles as also been discussed elsewhere [62].

Recently, Lu et al. [63] studied the electrochemistry, structure, and interaction
of nano-sheets of Pd on tungsten oxide (Pd/W13O49), comparing it to three other
systems: Pt/C, Pd/C (both obtained commercially), and support-less Pd NPs. The
Pd/W15049 was found to have considerably higher electrical conductivity than the
support devoid of Pd and had a higher surface area (40 vs. 30 m?/g). Electrochemical
studies of ORR catalysis and accelerated life tests in alkaline media showed fairly
remarkable results of the tungsten-based catalyst support, outperforming the other
examined systems in almost every aspect (ECSA = 48 m?/g, E1/, = 0.875V us.
Reversible Hydrogen Electrode) and mass activity at 0.9 V-0.216 A/mgp) and with
very high stability of the W13O49 nano-sheets system.

Theoretical and experimental studies also revealed that oxygen has a higher
affinity for Pd than Pt when on W1gOyg [64], making O, adsorb better on Pd, enabling
the O=0 bonds to break more easily. This causes a decrease in the electron density of
Pd, which weakens the Pd-O bond and could significantly increase the dissociation
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of O,. In fact, introducing W1gO49, which substantially alters the electronic structure
of Pd, and the excess of oxygen vacancies present that might increase the electronic
conductivity of W1gOy9 translated into enhanced electro-catalytic activity.

3.3. Tin Oxide

Tin oxide (S5nOy) is a post-transition metal dioxide with a structure resembling
rutile TiO,, and is often referred to as an oxygen-deficient n-type semiconductor that
has been studied in the fields of chemical sensors [65] and electronic devices [66].

Pt and Pd supported on SnO, were investigated as catalyst systems for various
chemical reactions, such as the low temperature oxidation of CO and methane [67],
the reduction of NOxs [68], and the electro-oxidation of alcoholic fuels [69,70]. Indeed,
pure tin dioxide is a wide band gap semiconductor with electrical conductivity
varying from 0.1 to 107 S/cm. Therefore, if considered as a catalyst support for
fuel cells, it must have higher conductivity and, hence, certain modifications such as
doping [71-78] or distinct synthesis routes are required.

Various forms of tin oxide were reported, such as SnO, nanowires [79] (TONW)
synthesized by the thermal evaporation method and meso-porous tin oxide (MPTO)
by the neutral-surfactant template-assisted method [80], having high BET surface
area (205 m?/ g for the MPTO, very close to the value of XC-72, ca. 230 m2/ g) and low
particle size (20 nm diameter for TONWs and 6 nm for MPTO). After the addition
of Pt to both supports, their ORR activity was compared with that of Pt on carbon
and was found to be superior. In terms of durability and stability, the MPTO support
outperformed commercial Pt/C during potential cycling, including two steps: the
first at a constant potential of 1.2V vs. RHE and the second between 0.6 and 1.2 V vs.
RHE in 0.5M sulfuric acid.

Other metal oxides that are still under investigation are Pt/MnO; [81] and
Pd/Mn,03 [82], which have shown better catalytic activity than Pt/C even with very
low noble metal content, and SiO; [83] and NbO, [84], which were reported as ORR
catalysts in fuel cells and have shown promising and interesting results.

4. Nitrides

Like metal oxides, metal nitrides have also attracted much attention owing to
their excellent thermal and chemical stabilities. Recently, some of them were found
to have catalytic properties similar to those of noble metals like Pd and Pt [85,86].
However, in terms of fuel cell applications, there have not been many publications
dealing with metal nitrides as catalyst supports thus far.

Among these nitrides, TiN is the most studied since it seems to show the most
promise. It has a high electrical conductivity of ~4000 S/m [87,88] and is considered
to have good corrosion resistance, usually attributed to the oxy-nitride layer, caused
by the formation on the surface oxide due to atmospheric oxidation and/or acidic
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media, which prevents further oxygen diffusion to the bulk [89], in turn making it
relatively chemically inert.

However, corrosion still might occur under fuel cell conditions (relatively high
temperature, acidic environment, oxygen presence, high water content, and high
potential applications), turning TiN into oxide form which leads to catalyst particle
growth and significantly lowers the conductivity [89]. Some have tried to use this to
their advantage by making oxy-nitride supports [90], employing the high corrosion
stability of TiO; and the electrical conductivity of TiN. These supports with Pt
deposited on them have shown to have an ECSA more than three times higher than
the conventional Pt/C catalyst and the activity under prolonged operations (denoted
by ECSA) exceeded 50% even after 1000 cycles (close to 0% for Pt/C under the same
conditions). Another study on TiON [91] substantiated this increased stability and
even showed an improved result of only 20% loss in ECSA after 1000 cycles (80%
loss for Pt/C).

More complex morphologies of TiN were also synthesized in order to increase
the surface area and lower the TiN content and overall weight. For example,
Pan et al. [92] synthesized hollow TiN nanotubes (NTs) by two-step synthesis. The
TiN hollow NTs showed better electrochemical activity and stabilty than comercial
Pt/C after an accelerated life test.

Since nitrides do not show any significant catalytic activity, a catalyst is usually
added to the support. The interaction of the catalyst, in most cases -Pt, with
the support is of extreme interest, since the support may change the Pt-Pt bond
length and the electron density on the Pt, hence changing its catalytic activity.
Zhang et al. [93] investigated the thermodynamics of a single-atom Pt catalyst
bonding to the TiN surface and found that Pt atoms prefer to be embedded on
the surface of the TiN, at the N vacancy sites, instead of forming Pt clusters.
Therefore, under typical PEM fuel cell operation, TiN surface vacancies come into
play, anchoring the Pt atom for better catalytic function as illustrated in Figure 4.

‘ Ti

Figure 4. Crystal structure of TiN and the atomic structure model of Pt embedded

on an N-vacancy site [93] (adapted from this reference with the permission of
RSC publishing).
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Although showing good stability when compared to carbon supports, TiNs
show degradation under fuel cell operating conditions. This was studied by
Avasarala et al. [89,94], who investigated the degradation mechanism of the Pt/TiN
catalyst under fuel cell conditions using their accelerated stress test (AST) protocols.
They found that out of the three main degradation mechanisms taken into account
under these conditions, (1) support oxidation, (2) catalyst agglomeration, and
(3) catalyst dissolution, Pt catalyst agglomeration and coalescence were the most
dominant. Furthermore, during potential cycling, the oxy-nitride formed on the
outer layer tends to dissolve to Ti (IV) hydroxide ions, leading to further passivation
of the surface.

Among the other less-studied nitride supports, vanadium nitride (VN) has
also been shown to have properties that might be suitable for fuel cells, such as
reasonable surface area (55.4 m?/g) and good electrical conductivity (72 S/cm).
It was studied as a support for Pd for formic acid fuel cells and has shown to
be efficiently prepared by solid-solid phase separation. Higher catalytic activity
promoting formic acid oxidation, dehydrogenation path, and diminished Pd catalyst
CO poisoning was also demonstrated [95]. In addition, pure VN showed some
catalytic activity for ORR [86], and was also suggested as a promising electrode
material for electrochemical super-capacitors [96].

Another interesting nitride support is Mo,N, which was reported both as
a catalyst substitute for Pt on carbon [85,97] and as a catalyst support [15]. In
these studies, Moy N supports were prepared by polymer-assisted deposition, and
subsequently, Pt nanoparticles were grown on it. The ECSA of the Pt was 20.8 m?/g,
lower than commercial Pt/C. Although not much work has been conducted with it,
it has shown some initial potential and requires further research and improvement.

Other non-metal ceramics such as carbo-nitrides were also studied as combined
catalyst-support arrays with noble and non-noble metals [98,99]. Xu et al. [100]
reported the synthesis of graphitic C3Ny support by the direct heating of
dicyandiamide for the deposition of Ag nanoparticles as the catalyst, forming
Ag/g-C3Ny. They came to the conclusion that this system showed fair ORR catalytic
activity that remained almost unchanged after 200 cycles in oxygen atmosphere.
C3N; was also examined for durability and showed inconclusive results.

5. Composites/Hybrides

Some ceramic supports possess good resistance to electrochemical oxidation
and stability in acidic environments, which leads to the consideration of them as
alternative catalyst supports. However, the low electrical conductivity of some of
them may prevent their extensive application in fuel cells.
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5.1. Carbon-Based Ceramic Composites

Carbon has high electrical conductivity and surface area, therefore it has been
introduced into ceramic supports physically and/or synthetically in order to improve
supports that are lacking some or both of these critical properties. However, adding
carbon may also lower the composite materials’ corrosion resistance and enhance
the supports” degradation in fuel cells. Therefore, ceramics that contain carbon
might possess both carbon-like and ceramic-like properties, improving the support’s
compatibility for fuel cells but causing it to be more susceptible to corrosion.

Pd catalyst on iron-molybdenum-carbon (Fe;MoC) composite was synthesized
and then compared electrochemically to conventional Pt/C, Pd/C, and Pd/MoC
catalysts [101]. The ORR onset potential of the Pd on the composite support was
much higher when compared to Pd/C and Pd/MoC, but it did not demonstrate
much improvement when compared to Pt/C. However, the calculated mass activity
did show detectable improvement for the Pd/Fe;MoC compared to the Pt/C (146.4
and 124.3 mA /mgcat, respectively), in spite of a smaller catalyst loading ratio (37.6%
and 47.6%, respectively). In addition, it showed better stability when compared
to Pt/C.

Some other carbon-based composite ceramics that were synthesized and
examined for ORR performance are Co3W3C [102] and CogMogC, [103]. Loaded
with catalysts (Pd for the tungsten-based hybrid and Pt for the molybdenum-based),
they were electrochemically characterized, and while the tungsten-based support
exhibited only slightly better electrochemical characteristics such as onset potential,
mass activity, and stability under prolonged exposure to an oxidizing environment
compared with conventional Pt/C, the molybdenum-based support demonstrated
substantial improvement in mass activity (more than twice the value of Pt/C) and
showed a detectable improved stability with no detectable degradation during the
AST (1000 CV cycles between 0.6-1.2V and 0.05-1.1V vs. RHE, respectively, in
O,-saturated 0.1 M HCIOy solution).

Tungsten carbide and carbon nanotubes (CNTs) have exhibited ORR catalytic
activity with a noble metal catalyst separately [9,10,12,104]. Considering that a hybrid
tungsten carbideCNTs was synthesized and tested by Liang et al. [105], even with
half the Pt loading, the Pt/WC-CNT electro-catalyst had a higher onset potential
compared to the Pt/CNT, indicating a synergistic effect between Pt, WC, and the
CNTs. Different composites of WC/C were reported. Garcia & Ticianelli [106] mixed
tungsten hexacarbonyl with Vulcan XC-72. They tested different samples of the
support for ORR activity. The supports were distinguished by the WC to C ratio
in the presence of W,C. They found that all samples had better catalytic activity
(denoted by onset potentials and specific activity) compared to Pt/C due to an
increase of the Pt 5d-band occupancy, which led to a weaker Pt-OH interaction,
resulting in a lower Pt-oxide coverage and thus increasing the kinetics of ORR.
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The electrochemical properties and application of tungstate salts such as STWOy
and CaWQO, mixed with graphite were investigated as well [107,108]. Both catalysts
exhibited better electrochemical activity for oxygen reduction reaction in HySO4
solution compared to Pt/graphite, denoted by the onset potential for STtWOy (0.65V
vs. 0.55V for Pt/graphite) and the half-wave potential for CaWO, (0.51 V v5.0.45 V
for Pt/graphite).

5.2. Other Ceramic Composites

Other composites that do not contain carbon and are usually based on more
than one metal were reported as well. An interesting cesium- and tungsten-based
composite that has formerly been reported as an electrolyte for fuel cells [109] due
to their good proton conductivity and stability was examined in PEMFC [110]. The
Csy5Ho5PW12049 was shown to have a relatively high surface area (136 m?2/ g)
diminished to 35-50 m? /¢ after the addition of Pt, suggesting Pt saturation of the low
dimension pores. The composite also showed better catalytic activity and stability
in acidic media than conventional Pt/XC-72, which was attributed to the pores
preventing Pt agglomeration.

The widely use dindium tin oxide (ITO) is an n-type semiconductor with a wide
band gap, which is produced by replacing In** by Sn** in the cubic structure of
indium oxide. This replacement produces free electrons enhancing its conductivity
and, thus, influences the optical and electrical properties of the ITO film [111]. ITO is
a commercially available material often used as a transparent conducting oxide (TCO)
for smart windows. Chhina et al. [112] fabricated a Pt/ITO catalyst as a potential
non-carbon catalyst support and investigated the thermal and electrochemical
stability. The Pt on ITO had an average crystallite size of 13 nm. Electrochemical
measurements indicated that this catalyst was much more stable than those of both
commercially available Hispec 4000 and Pt/XC-72R. In a different study [113], Pt
clusters were deposited on the ITO NPs through the galvanic displacement of Cu
by Pt. The specific ECSA of Pt/ITO (83.1 m?/ g) was found to be three times that of
Pt/C (27.3 m?/g) and, after 1000 cycles, changes in the Pt ECSA and electrocatalytic
activity proved the stability of the Pt/ITO catalyst was far superior to that of Pt/C
when Pt/ITO showed no recordable loss of Pt ECSA. However, for Pt/C, only ~65%
of the original ECSA remained after potential cycling. However, TEM pictures taken
after the stability tests detected several small holes on the ITO surface due to the
corrosion and dissolution of the surface Sn.

6. Titanium Diboride

TiB; is a relatively novel titanium-based support that has been considered
as a base material for a range of different applications. It exhibits good electrical
(~10° S/cm) and high thermal conductivity (~65 W/mK), excellent thermal stability
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and corrosion resistance in acidic medium [114], and might be considered a promising
candidate for PEMFC catalyst ceramic support.

TiB; was first reported in the context of fuel cells by Yin et al. [115,116], who
deposited Pt particles on TiB, support by colloidal route. Before then, it was reported
that smaller particle size leads to the agglomeration of particles and the loss of
ECSA due to a higher specific surface energy. Using their synthesis route, the highly
dispersed Pt nanoparticles on the ceramic support were dispersed and stabilized by
Nafion in order to prevent agglomeration and particle growth. Indeed, the ceramic
boride showed similar catalytic activity (similar onset potential) in addition to better
durability when compared to conventional Pt/C after 6000 cycles of CVs in 0.5 M
sulfuric acid. About 60% loss of ECSA was exhibited while about 80% loss was
detected for Pt/C after 5000 cycles.

The electrochemical stability of the Pt/TiB, catalyst was approximately four
times higher than that of the commercial Pt/C catalyst after cycling between 0 and
1.2 Vin 0.5 M H,SO4, due to the support characteristics and also possibly from the
Nafion stabilization effects, which enhanced both the metal support interaction and
the steric hindrance effect of the surface Pt nanoparticles. In several other studies,
Pt/TiB, was obtained not only by colloidal route [115-117] but also by carbo-thermal
reduction [118,119].

Huang et al. [117] investigated the effect of several kinds of pretreatments
applied to the support (mostly exposing it to acidic or alkaline media), in an attempt
to reduce the influence of TiB, particle size on the electrochemical performance
of the system. The study showed that among the investigated pretreatments, the
hydrogen peroxide pretreatment demonstrated the best results, producing a catalyst
with about twice the ECSA compared to other pretreated samples, possibly due
to the presence of TiO,. However, Roth et al. [118] deposited Pt particles on TiB,
prepared via the carbo-thermal reduction method [116], and showed that although
TiB, exhibited good stability under normal cycling, its performance, denoted by
power density, reduced much more rapidly (it showed less than half the power
density after only 100 cycles) under actual fuel cell conditions (oxygen presence
and an elevated temperature of 80 °C), claimed to be due to oxide formation which
probably led to reduced conductivity.

7. Conclusions

Corrosion is a serious issue in fuel cell technology as it can dramatically reduce
the electrode life time, and thus the overall performance of the cell. In order to try to
increase the lifetime of the electrodes, various materials have been proposed, the most
promising of which are the ceramic materials. In most cases, carbides, oxides, nitrides,
borides, and composite materials have shown better stability and durability when
compared to the commercially available standard, Pt/ XC-72. Unfortunately, due to

153



the lack of standard protocols for the assessment of these parameters, it is impossible
to compare between supports and tell which is best under certain conditions.

One very interesting outcome, which most of the researchers in the field seem
to agree upon, is that the move from carbon to other supports opens up a wide array
of possibilities when it comes to catalyst activity. In fact, in many of the studies
surveyed in this review, enhancement of the catalytic properties was shown and was
attributed to the favorable interaction of the catalysts, in most cases -Pt, with the
support. When choosing ceramic supports for fuel cells, one must consider their
conductivity, which in some cases is very low when compared to carbon supports,
and the surface area of the support. The latter is an issue that most studies do not
tackle yet, but may impact the overall performance significantly.
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Recent Development of Pd-Based
Electrocatalysts for Proton Exchange
Membrane Fuel Cells

Hui Meng, Dongrong Zeng and Fangyan Xie

Abstract: This review selectively summarizes the latest developments in the
Pd-based cataysts for low temperature proton exchange membrane fuel cells,
especially in the application of formic acid oxidation, alcohol oxidation and oxygen
reduction reaction. The advantages and shortcomings of the Pd-based catalysts for
electrocatalysis are analyzed. The influence of the structure and morphology of the
Pd materials on the performance of the Pd-based catalysts were described. Finally,
the perspectives of future trends on Pd-based catalysts for different applications
were considered.

Reprinted from Catalysts. Cite as: Meng, H.; Zeng, D.; Xie, F. Recent Development of
Pd-Based Electrocatalysts for Proton Exchange Membrane Fuel Cells. Catalysts 2015,
5,1221-1274.

1. Introduction

Fuel cells convert chemical energy directly into electrical current without
combustion. The first article illustrating such a device was published at the end of the
1830s [1], and the interest in this field has been growing since the 1950s [2]. Among
various types of the low-temperature fuel cells, proton exchange membrane fuel
cells (PEMFCs) are attractive power sources for portable, automotive and stationary
applications due to their high energy density, high efficiency and low operating
temperature. Comparing with Hj as fuel, the liquid fuels such as formic acid and
ethanol have special advantage in storage and transport, which can find better
applications in portable devices and make use of current gasoline system. The direct
formic acid fuel cells (DFAFCs) have an open circuit potential of 1.190 V and energy
density of 2086 Wh L1, The formic acid is non-toxic and has small crossover flux.
The shortcoming of DFAFCs is their relatively low energy density. Compared with
formic acid, ethanol has much higher energy density of 8030 Wh kg~!. However,
ethanol suffers from the sluggish reaction kinetics.

The electrochemical oxidation of fuels requires the use of a catalyst to achieve
the high current densities for practical applications. Platinum (Pt) is the mostly
used catalyst in the PEMFCs. However, the vast commercialization of fuel cell is
hindered by the high cost and low reserve of Pt. The kinetics of the oxygen reduction
reaction (ORR), which is the cathode reaction of a fuel cell is slow on Pt. Moreover,
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Pt is easy to be poisoned without recovery by the intermediates of the reaction of
the impurities from the fuel or oxidant. Particularly in some types of PEMFCs, Pt
is not the best choice. For example, in direct formic acid fuel cells (DFAFCs), the
oxidation of formic acid is quite low due to the poisoning of the Pt by the CO-like
intermediates during the reaction. In direct ethanol fuel cells (DEEFCs), the poor
utilization and the poisoning of Pt catalyst particularly in alkaline solution also
limite its applications. The electrocatalytic activities of the ethanol oxidation reaction
could be significantly improved in alkaline media on Pd-based catalyst which have
comparable or even better electrocatalytic activity than that of Pt-based catalyst. The
ORR is one of the key reactions in fuel cells with the higher overpotential compared
with the anode reactions. Pt group metal based catalysts are currently used for
PEMEFCs to reduce the large ORR overpotential. Unfortunately, even on the active Pt
surface, the overpotential is over 200 mV at open circuit voltage (OCV). Pd is another
active metal for the ORR. Binary Pd-base metal systems have been identified as
promising PEMFC cathode catalyst with the enhanced activity for ORR and stability
compared with Pd alone [3].

Pd has an electronic configuration identical to Pt and forms a not very strong
bond to most absorbates. The key differences are that the d bands of Pd are closer to
the cores than that of Pt. There are less d electron densities available for bonding. This
leads to weaker interactions with d bonds, which allows unique chemistry to occur.
Pd has higher oxidation potential than Pt and the Pd oxides are more stable. Weak
inter-atomic bonds between Pd atoms compared with Pt lead to easier formation of
the subsurface species. Also, Pd has a very similar lattice constant to that of Pt. The
electrocatalysis of formic acid on a Pd single crystal surface could be significantly
enhanced as the d-band centre of Pd shifted down with an appropriate value due
to the modest lattice compressive strain. All these electronic properties make Pd a
promising alternative to Pt or even better than Pt in many situations.

From the recent 5-year price change of the Pd, its price has changed from one
forth to two fifth of the Pt [4]. However, Pd still has some advantages considering
the reservation and price. As one of the most studied materials, Pd has attracted
considerable interest for its applications in many fields. Similar to Pt, most of
the Pd is used in the automotive industry for catalytic converters to reduce the
toxicity of emissions from a combustion engine. Pd also has vast applications in
electronic, dental and jewelry. Only a small percentage of Pd is used in chemistry.
In electrochemistry, Pd nanoparticles are very important catalyst, especially for the
oxidation of formic acid, ehanol oxidation in alkaline solution, hydrogen oxidation
and the ORR. Pd-based catalyst for alcohol oxidation have been reviewed in 2009 [5].
Another review paper in 2009 reviewed the application of Pd in fuel cell anode and
cathode [6]. However, the Pd-based fuel cells are still very hot in recent years. We
have surveyed the 270 published papers on the Pd-based catalysts in recent four
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years from 2009 to 2014 and the distribution of the papers was as shown in Figure 1.
Seven review papers were published after 2009. Two review papers published in 2010
partly concerned the application of Pd in fuel cells [7,8]. Morozan et al., rediewed the
application of Pd in fuel cells [9]. Recently Shao reviewed Pd as catalyst for hydrogen
oxidation and oxygen reduction reaction [3]. Zhao et al., reviewed the catalysts
for direct methanol fuel cells including the application of Pd [10]. Adams and
Chen’s review paper focused on the application of Pd in hydrogen storage [11]. The
nano-structure of Pd for catalysis and hydrogen storage was also reviewed recently by
Zhou in Chem. Soc. Rev. [12]. Analyzing recent review papers on Pd-based catalysts, it
was found that there was no comprehensive review paper concerning the application
of Pd in fuel cells. This review analyzed the latest four years’ publications on Pd
catalyst for proton exchange membrane fuel cells and provides a comprehensive
review on the recent development of the Pd-based catalysts for formic acid oxidation,
alcohol oxidation and oxygen reduction reaction.

40 |- formic acid oxidation
alcohol oxidation

30 oxygen reduction
reaction

20|

A
others
i l
0

Figure 1. The distribution of Pd in recent four years in fuel cell technologies.

Percentage / %

Based on our survey, in all the published papers on Pd-based catalysts, 35.12%
is for the the formic acid oxidation, 30.99% for alcohol oxidation and 19.42% for ORR
as shown in Figure 1. Therefore, this review article mainly focuses on the recent
development of the Pd-based catalysts, particularly, on these three most important
reactions. This survey result also shows the possible areas where Pd can compete
with or replace Pt in PEMFCs. Besides above aspects, the control of the morphology
and crystallography of Pd and the corresponding effect on catalysis are also reviewed.

2. Pd Nanostructures

The development of nanotechnology makes it possible to control the
morphology and crystallography of Pd nanosturctures, which has been proven
to affect the catalytic activity. Crystalline surfaces with a high density of
low-coordinated atoms are generally superior in catalytic activity and stability
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to flat planes that are composed of closely packed surface atoms. This makes
nanoparticle possible to show high activity and stability at very small Pd loadings if
the nanoparticles are controllably synthesized as an open-structured surfaces with
high density of low-coordinated atoms. The availability of the open-structured
surfaces comes from the morphology of the material, so the shape control of the
nanocrystals has become one of the crucial challenges.

2.1. The 0-D Pd Strucutres

Zero-dimensional (0-D) Pd structures include nano-particles, quantum dots,
atomic cluster and nanoclusters and so on. The nano-particles are the most often
used structure for fuel cell applications, Pd can be prepared into nano-particles which
are usually called “Pd black” or Pd nano-particles loaded on support materials. Both
Pd black and the supported Pd nano-particles are widely used as fuel cell catalysts.
Other than the common ball-like particles, the particles with multifacets attracted
much attention since their unique crystallographic and morphologic structures,
which greatly improved the activity and stability when used as fuel cell catalysts.
With a square-wave potential method Tian et al. [13] electrodeposited tetrahexahedral
Pd nanocrystals with {730} high-index facets. With similar technique, Zhou et al. [14]
prepared the Pd NCs not limited to the tetrahexahedral crystals. Shen et al. [15] used
a sonoelectrochemical method to prepare Pd spherical nanoparticles, multitwinned
particles, and spherical spongelike particles. Ding et al. [16] prepared single
crystalline Pd nanocubes with the polyol method. Porous Pd nanoflowers were
prepared by a liquid phase approach [17]. The above Pd particles all show improved
mass activity or specific activity in fuel cell reactions, for example the tetrahexahedral
Pd shows 4-6 times enhancement of specific activity and 1.5-3 times enhancement
of mass activity in ethanol oxidation compared with commercial Pd particles on
carbon [13].

The morphology of the crystal is determined by the internal features of a crystal,
but the relationship between the crystalline structure and crystalline shape is still an
unresolved problem. It still needs a correlation between crystallographic structure,
morphological evolution and resultant shape of the nanocrystals. Zhou et al. [14]
proposed the correlation between crystalline planes and nanocrystalline shape. There
is a triangle relationship between the unit stereographic of fcc single-crystal and the
surface atomic arrangement. There is also an intrinsic triangle that coordinates the
crystalline surface index and the shape of the metal, which is shown in Figure 2.

2.2. The 1-D Pd Structures

Compared with nanoparticess, one-dimensional (1-D) materials such as the
nanowires, nanothorns and nanotubes offer unique benefits including (1) anisotropic
morphology; (2) thin metal catalyst layer which leads to higher mass transport of the
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reactants; (3) high aspect ratio which is immune to surface energy driven coalescence
via crystal migration; (4) less vulnerable to dissolution, Ostwald ripening and
aggregation during the electrocatalytic process due to their micrometer-sized length;
(5) high electrochemical active areas. Therefore, the 1-D structures are also intensively
studied. Meng et al. [18,19] synthesized Pd single-crystal nanothorns along the <220>
direction with a square wave electrochemical reduction method as shown in Figure 3.
The nanothorn was made by a succession of epitaxic dodecahedrons of decreasing
sizes aligned in the direction of the (111) plane and the growth of the thorn occurs
along the (220) plane. Tian et al. [20] obtained five fold twinned Pd nanorods with
high-index facets of {hkk} or {hkO0}. Patra et al. [21] prepared Pd dendrite branches
growing along the <110> directions. According to the mechanism proposed by
different authors, the Pd thorns obtained from different methods might share similar
mechanism in the crystal growth [21]. It has been proposed that the breaking of
symmetry leads to the formation of one-dimensional nanostructure, which facilitates
the formation of one specific facet as the bounding side facet in the nanostructure.
The formation of a tapered structure implies that the specific facet has a high surface
step density to accommodate the change in diameter.

Rhombic Dodecahedron

(110)

(310)

Trisoctahedron Ietrahexahedron

Hexoctahedro
(311)

(111) [011] (100)@
Octahedron . Cube
Irapezohedron

Figure 2. Unit stereographic triangle of polyhedral nanocrystals bounded by
different crystal planes. Reproduced with permission from reference [14].

Besides the preparation of nanothorns without templates or sufactants, other
1-D structures such as the nanorods, nanotube and nanowires can be prepared
based on the templates such as anodic aluminum oxide (AAO) [22]. Du ef al. [23]
prepared porous Pd-based alloy nanowires with AAO. Lee et al. [24] prepared Pd
nanotubes with ZnO nanowires as sacrificial templates. The nanotube structures
have large surface areas and it is expected to show enhanced catalytic efficiencies.
Wen et al. [25] used Te NWs as sacrificial template to prepare ultrathin Pd nanowires.
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The Pd nanowire or nanotube forms nanoporous metallic structure with high surface
area, unique chemical properties and interconnected structures that do not require
any support to avoid the corrosion and detachment problems common for carbon
supported catalysts.

Figure 3. SEM micrographs of pure Pd thorn clusters (a,b) and the mixture of Pd
thorns and Pd particles (c,d). Reproduced with permission from reference [19].

2.3. The 3-D Pd Structures

Compared with two-dimensional (2-D) structure, the three-dimensional (3-D)
structure often has high porosity which will lead to higher surface area, especially
higher electrochemical active surface area. Usually, the 2-D structure is very few
used in the fuel cell application. Jena et al. [26] explored the synthesis of 3-D porous
Pd nanostructures with a various shapes and morphologies. These structures have
high surface roughness and surface steps which can contribute to the increased
accessibility of reactant species and are more attractive for enhancing catalytic
application. Zhou et al. [27] and Yu et al. [28] produced dendritic structures by
electrochemical deposition. The authors concluded that the morphology of the
electrochemically deposited nanostructured Pd could be solely controlled by tuning
the depositing potentials. Fang et al. [29] reported an electrochemical route to
synthesize Pd nanourchins. Li et al. [30] synthesized Pd/Au hollow cone-like
microstructures by electrodeposition. Ye et al. [31,32] fabricated a three-dimensional
mesoporous Pd networks by a simple reduction method in solution using a
face centered cubic silica super crystal as template. From above analysis, it is
concluded that the electrochemical synthesis is a useful tool in the preparation
of Pd nanostructures without templates or surfactants. Many structures such as the
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high index facets enclosed nanoparticles, nanothorns and dendritic structures were
prepared by the electrodeposition.

2.4. Hollow or Core-Shell Structures

The hollow nanomaterials have big potentials for further reducing the cost.
Moreover, they have distinguished chemical and physical properties resulting from
their special shape and composition [33,34]. Liu et al. [35] and Bai et al. [36] prepared
raspberry hollow Pd nanospheres by a galvanic replacement reaction involving
Co nanoparticles as sacrificial template. The raspberry surface might be helpful
in increasing the surface area for catalysis. The core-shell structure is effective to
reduce cost by reducing the amount of Pd used in the catalyst. Fang et al. [37]
prepared the Au@Pd@Pt structure with a gold core, a Pd shell and Pt clusters
on the shell as shown in Figure 4. The optimized structure had only two atomic
layers of Pd and a half-monolayer equivalent of Pt. The activity was critically
dependent upon the Pd-shell thickness and the Pt-cluster coverage. The high
activity originated from the synergistic effect existing between the three different
nanostructure components (sphere, shell and islands). Ksar et al. [38-40] synthesized
bimetallic Pd-Au nanostructures with a core rich in gold and a Pd porous shell. This
structure greatly reduced the loading of Pd. The addition of Au to Pd catalysts
was not only improved the catalytic activity and selectivity but also enhanced the
resistance to poisoning.

Sodium Ascorbic
Citrate Acid
l{:\u(‘l-‘ e —
Boiling H,PdCl -
AuCore = " Au@Pd

Ascorbic H,PtCl,
Acid i

Pt Cluster
Div Drop Coat e it
— ) < — . Au Core
.. - “PdS
Nanoparticles i

Glass Cﬂl'i:.l()ll Au@Pd@
Film Electrode i

Figure 4. The procedure used to prepare an Au@Pd@Pt NP film on a glass carbon
(GC) electrode. Reproduced with permission from reference [37].

2.5. Conclusions and Perspective Discussions

With the development of nanotechnology, researchers are able to control the
morphology of Pd in nanoscale. Different morphologies such as particles with
multi-facets, cubes, twinned particles, assembled particles, nanorods, nanothorns,
nanowires, nanotubes, dendritic structure, networks and hollow/core-shell
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structures and so on have been successfully prepared. Most of the Pd nanomaterials
have high performance in fuel cell half cell characterization, which is caused by
the unique crystallography and morphology of the material. Both the activity and
stability of the electrochemical reaction could be improved when catalyzed by the
Pd nanomaterials to significantly reduce the usage of Pt in fuel cells. However, the
research on Pd nanostructures is still in the fundermental stage and great effortsl
need to be done to apply these nanomaterials into the real fuel cell applications. With
the development of nano-synthesis technology there will be more mophologies with
unique advantages prepared, emphasis should be put on the controlled synthesis
and application in fuel cell membrane electrode assembly application.

3. Pd-Based Catalysts for the Direct Formic Acid Fuel Cells (DFAFCs)

The direct formic acid fuel cells (DFAFCs) have a high theoretical open circuit
potential of 1.450 V compared with 1.229 V for H; proton exchange membrane
fuel cells (PEMFCs) and 1.190 V for direct methanol fuel cells (DMFCs) at room
temperature. The formic acid is a non-toxic liquid fuel and lower crossover fiux than
methanol and ethanol. Although the net energy density of formic acid (2086 Wh L~1)
is lower than that of methanol (4690 Wh L™1), high concentrated formic acid can be
used as fuel, e.g., 20 M (70 wt. %), compared with lower methanol concentration, e.g.,
1-2 M. Therefore, formic acid carries more energy per volume than methanol. The
formic acid itself is an electrolyte and can facilitate proton transport within anode
compartment [41].

It was reported that Pd/C exhibited much better activity compared with Pt/C,
however, the activity was not satisfactory and more importantly the durability of
Pd/C catalyst was in urgent needed for further improvement. Generally, formic
acid oxidation on Pd or Pt surface follows a dual pathway mechanism, namely, a
dehydration pathway [42-44]:

HCOOH—CO,4s + HyO (1)
CO,4s + HLO—CO;, + 2H" + 2e~ ()

and a dehydrogenation one:
HCOOH—CO; + 2H' + 2e~ 3)

On Pt catalyst, formic acid oxidation also took place via the third pathway with
bridge bonded adsorbed formate intermediate being in equilibrium with the solution
formats [36-38].

HCOOH—HCOO 45 + H" + e~ (4)

HCOO,4,—CO, + H* + e~ )
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Pd has a propensity to break only the O-H bonds of the HCOOH molecule in
the entire potential region, while, Pt has a propensity to break the C-O and/or
C-H bond (at low overpotential) and the O-H bond (at high overpotential).
Consequently, formic acid oxidation on Pd surfaces proceeds exclusively through
the dehydrogenation reaction step, whereas, on Pt surfaces the dehydration pathway
is predominant at low potentials. It should be noted that one of the major problems
in formic acid oxidation is that the intermediary species formed during the oxidation
of HCOOH cause catalyst poisoning. These intermediate species could be mostly
CO, which strongly interacts with the active sites on the electrode surface and
requires a higher overpotential for oxidation to CO,. On a Pt catalyst, formic acid
decomposition proceeds mainly via a dehydration pathway where the strongly
adsorbed CO greatly hinders the catalytic activity. On pure Pt surfaces, CO poisoning
due to the dehydration of formic acid on at least two or more contiguous Pt atoms
hinders the direct dehydrogenation oxidation of formic acid at lower overpotentials.
In contrast, formic acid decomposition on a Pd catalyst mainly proceeds in a
dehydrogenation pathway. The generation of minor CO on the surfaces of Pd
nanoparticles leads to the rapid decay of the catalytic activity. Hence, it is of
great importance to design a Pd catalyst with excellent CO tolerance. For HCOOH
oxidation, Pd shows superior initial performance compared with Pt. However, the
high performance cannot be sustained, as Pd dissolves in acidic solutions and is
vulnerable towards intermediate species. Modification of Pd with foreign metal has
been considered as an effective method to enhance the activity and durability towards
HCOOH oxidation. Studies have shown that the Pd oxidation activity for formic
acid is also strongly influenced by the morphology and size of the Pd nanoparticles.

Table 1 listed the available data of the formic acid oxidation on Pd-based catalyst
described in the literature. Three factors were compared: the electrochemical active
surface area (EASA), the peak potential of formic acid oxidation and the peak current
density of formic acid oxidation. According to the results provided by different
authors, the EASA varied from the minimum of 15.7 m? g~! to the maximum of
208.2 m? g~!. The peak current density varied from 3900 to 56.5 mA mg~!pq, or
from 159 to 12.4 mA cm~2. The peak potential analysis showed that the alloying of
the Pd with other metals could reduce the overpotential for formic acid oxidation as
evidenced by the negative shift of the peak potential on the alloys. Alloying with
other metals can modify the electronic structure and induce tensile strain of the Pd
clusters, and finally influence their catalytic activities. The highest peak current
density observed on PdggPtp1/C is nearly twice as high as that on Pd/C and six
times as that on the commercial Pt/C [45]. The anodic peak current density obtained
by using PdCo/MWCNTs as catalyst is 3 and 4.3 times higher than Pd/MWCNTs
and Pd/XC-72 [46]. PdNi, alloy had almost three times the activity of Pd, even if the
molar Pd content in PdNi, alloy was only one third of pure Pd [47].
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Table 1. Details of the half cell performance of the Pd-based catalysts.

Peak . .
Catalysts EASA/m? g1 Potential/V D P?ak CurrenEI Condlhqns H;S04/Formic References
RHE ensity/mA mg~'pq Acid/Scan Rate
Pt@Pd/C 156.5 0.277 3900 05M/2M/10 mV s~! [48]
Pt/C 198 0.687 / 05M/2M/10 mV s~! [48]
Pd/C 208.2 0.417 1200 05M/2M/10mV st [48]
butylphenyl-stabilized 122 0.38 3390 0.1 M/0.1 M/100 mV s [49]
Pd black 33.6 0.46 750 0.1M/0.1M/100 mV s~ ! [49]
butylphenystabilized 122 0.3 3390 0.1 M/0.1 M/100 mV s [49]
PdPt/C 49 / 2500 0.5M/0.5M/50 mV s—! [50]
Pd/C / / 2400 0.1M/0.5M/20 mV s—! [51]
Pd/C 1072 / 14265 0.5M/0.5M/50 mV s~ [52]
PdSn/C / / 1420 0.5M/0.5M/20 mV s~! [53]
Pd/C / / 610 0.5M/0.5M/20 mV s—! [53]
Pd/CMRT 67.27 / 1140 at 0.44 V * 0.5M/0.5M/50 mV s~! [54]
Pd/RT 4147 / 670 at0.44 V * 0.5M/0.5M/50 mV s—! [54]
Pd/C 63.72 / 440at0.44 VvV * 0.5M/0.5M/50 mV s—! [54]
Pd/HPMo-PDDA-MWCNT / / 945 0.5M/0.5M/20 mV s~! [55]
Pd/AO-MWCNTs / / 554 0.5M/0.5M/20 mV s~! [55]
Pd/C / / 373 0.5M/0.5M/20 mV s~! [55]
Pds;Nigs / / 830 0.5M/0.5M/50 mV s~! [23]
Pd/C / / 700 0.5M/0.5M/50 mV s~! [23]
Pd-PANI / / 822 0.5M/02M/100 mV s~1 [56]
PdAu 90 / 800 0.5M/0.5M/20 mV s~! [57]
Pd/C 43 / 250 0.5M/0.5M/20 mV s—! [57]
Pd/graphene 72.72 / 446.3 0.5M/0.5M/50 mV s—! [58]
Pd/C 31.85 / 191.9 0.5M/0.5M/50 mV s~! [58]
Pd/graphene / 0.39 300 0.5M/0.5M/50 mV s—! [59]
Pd/C / / 193 0.5M/0.5M/50 mV s~! [59]
Pd networks / / 2754 0.5M/0.5M/50 mV s~ [31]
Nanoporous Pd 23 / 262 0.5M/05M/10 mV s—! [60]
Pd/CNT / 0.44 200at0.27 V * 0.5M/0.5M/50 mV s~ [61]
Pt/CNT / 0.92 30at0.27 V* 0.5M/0.5M/50 mV s~! [61]
PtPd/CNT / 0.64 50at0.27 V* 0.5M/0.5M/50 mV s—! [61]
Pt Pd3 /CNT / 0.64 125at0.27 V* 0.5M/0.5M/50 mV s~ [61]
PdSn/C 64.7 / 170.2 0.5M/1M/10 mV s~ [62]
Pd/C 39.8 / 102.3 05M/1M/10mV s—! [62]
Pd black / / 56.5 0.5M/0.5M/50 mV s~* [31]
Pd/untreated-MWCNT 462 0517 159 mA cm—2 05M/0.5M/50 Vs~ [63]
with glutamate
Pd/acid-oxidized 357 / 108 mA cm—2 0.5M/0.5M/50 mV s~ 63]
Pd/untreated-MWCNT 214 / 72 mA cm—2 05 M/0.5M/50 mV s~ 63]
without glutamate

PdNi/C / 0.247 105.1 mA cm 2 0.5M/1M/10 mV s~ [64]
Pd/C / 0.287 729 mA cm—2 0.5M/1M/10 mV s~ [64]
PdCo/MWCNTs / 0.28 107 mA cm—2 0.5M/0.1M/20mV s—! [46]
Pd/MWCNTs / 0.32 35.6 mA cm 2 0.5M/0.1M/20mV s~! [46]
Pd/XC-72 / 0.38 248 mA cm—2 0.5M/0.1 M/20 mV s~! [46]
PdoyPty1/C 83 0.35 87.5 mA cm—2 0.5M/0.5M/50 mV s—! [45]
Pt/C 85.6 0.52 15.1 mA cm—2 0.5M/0.5M/50 mV s~! [45]
pd/C 89.7 0.48 425mA cm—2 0.5M/0.5M/50 mV s~! [45]
Pd-B/C 87.6 / 65.4 mA cm—2 0.5M/0.5M/50 mV s—! [65]
Pd/C 90 / 36.0mA cm—2 0.5M/0.5M/50 mV s~! [65]
Pd-Au/C / 0.37 18.6 mA cm—2 0.5M/0.5M [66]
Pd/C / 048 12.4 mA ecm—2 0.5M/05M [66]
Pd/phen-MWCNTs 37.6 / / 0.5M/1M/50 mV s~! [67]
Pd/AO-MWCNTs 15.7 / / 0.5M/1M/50 mV s~ [67]
Pd/graphene 44 0.367 / 1M/1M/10 mV s—! [68]
Pd/Vulcan C 35 0.377 / 1M/1M/10mV s~—! [68]

* The potentials were vs. RHE.
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3.1. Pd Supported on Carbon Materials

3.1.1. Pd on Carbon Powders

An active catalyst should be dispersed on a convenient support to stabilize
the catalytic nanoparticles, to obtain optimum catalyst utilization and to reduce
the amount of precious metal used, reducing the catalyst cost. In DFAFCs, highly
conductive carbon materials such as Vulcan XC-72 carbon (Cabot, Boston, MA,
USA) provide a high dispersion of metal nanoparticles to facilitate electron transfer,
resulting in better catalytic activity. The supported electrocatalyst is a practical means
to achieve high utilization of expensive noble metals and to maintain good life-time.
Other carbon materials such as the carbon fiber are also studied as support material
for palladium [69-71].

There are still aspects to improve in the Pd/C as catalyst in fuel cell applications.
The works usually focus on the Pd particle size control via novel synthesis techniques
to achieve high electrochemical active surface area and improve the utilization
efficiency of the Pd catalyst. Cheng et al. [72] prepared highly dispersed Pd/C
catalyst through an ambient aqueous way instead of the traditional high temperature
polyol process in ethylene glycol. The Pd/C catalyst without stabilizer had a
higher oxidation activity toward formic acid compared with that of a traditionally
prepared Pd/C catalyst. Liang et al. [52] synthesized a highly dispersed and
ultrafine carbon-supported Pd nanoparticle catalyst which exhibited significantly
high electrochemical active surface area and high electrocatalytic performance for
formic acid oxidation with four times larger formic acid oxidation current compared
with that prepared by general NaBH, reduction method. The large electrochemical
specific surface may be due to the high dispersion and small particle size of Pd/C
catalyst. Suo et al. [73] used a simple and stabilizer-free ethylene glycol reduction
method to prepare Pd/C catalyst. Size-dependent electrochemical property was
observed and electrochemical evaluation showed that Pd/C with a particle size of
6.1 nm performed the highest activity for formic acid oxidation. The performance
of the Pd/C catalyst for the oxidation of formic acid could be greatly promoted
with 3.19 times enhancement in catalytic stability and 1.57 times improvement in the
catalytic activity by simply introducing vanadium ions in very low concentration to
the electrolyte [51]. The improvement in the catalytic performance may be attributed
to the facilitating of formic acid oxidation due to the existence of VO?** /V3* redox
pair and the ensemble effect induced by the adsorption of vanadium ions onto the
surface of Pd.

3.1.2. Pd alloys on Carbon Powders

Pd displays an initial high activity for the oxidation of HCOOH. However, its
long term performance is poor. Deactivation of Pd activity has been assigned to
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catalyst poisoning by CO, although, other poisoning species such as anions from
the electrolyte can also effective. Alloying Pd with the second metal to change the
surface electronic state, an ensemble effect could occur, which could possibly reduce
the catalyst poisoning and increase the activity and lifetime of the catalyst.

(1) PdPt alloys

It was found Pdg 9Pty 1/C was the optimum catalyst for the desired formic acid
oxidation reaction [45]. The highest peak current density observed on Pdg¢Ptg;/C
was nearly twice as high as that on Pd/C and six times as that on the commercial
Pt/C, which is superior to any reported carbon black-supported Pt/C, Pd/C, and
Pt,Pd;_,/C catalysts. There is also a large negative shift (up to 0.21 V) in peak
potential for a Pd,Pt;_,/C versus that for Pd/C. The high performance of the
Pdy 9Pty 1 nanoalloy can be ascribed to the effectively inhibited CO poisoning at
largely separated Pt sites and appropriately lowered d-band centre of Pd sites. The
addition of Pt to Pd considerably improved the steady-state activity of Pd [74-76].
Chronoamperometric measurements showed that the most active catalyst was
Pdy 5Pty 5 with the particle size of 4 nm. Wu et al. [48] prepared a Pd decorated
Pt/C catalyst, Pt@Pd/C, with a small amount of Pt as core. It was found that the
catalyst showed excellent activity toward anodic oxidation of formic acid at room
temperature and its activity was 60% higher than that of Pd/C. It is speculated that
the high performance of Pt@Pd/C may result from the unique core-shell structure
and synergistic effect of Pt and Pd at the interface. Wang et al. [50] decorated Pd/C
with Pt nanoparticles where the amount of three neighbouring Pt or Pd atoms
markedly decreased. As a result, discontinuous Pd and Pt atoms suppressed CO
formation and exhibited unprecedented catalytic activity and stability toward formic
acid oxidation.

(2) PdSn alloys

Liu et al. [77] prepared Pd and PdSn nanoparticles supported on Vulcan XC-72
carbon by a microwave-assisted polyol process. It was found that the addition of Sn
to Pd could increase the lattice parameter of the Pd (fcc) crystal. The PdSn/C catalysts
have higher electrocatalytic activity for formic acid oxidation than a comparative
Pd/C catalyst. The Pd;Sn; /C catalyst exhibited higher current density and enhanced
electrocatalytic stability compared with Pd/C. There was also a negative shift of the
peak potential on PdySn; /C than that of Pd/C. Zhang et al. [53] synthesised PdSn/C
catalysts with different atomic ratios of Pd to Sn. The alloy catalysts exhibited
significantly higher catalytic activity and stability for formic acid oxidation than that
of Pd/C catalyst. Pd was modified by Sn through an electronic effect which could
decrease the adsorption strength of the poisonous intermediates on Pd and thus
promote the formic acid oxidation. Tu et al. [62] prepared a carbon-supported PdSn
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(PdSn/C) catalyst with greatly improved performance for formic acid oxidation
compared with that of Pd/C. Adding Sn as a small ratio into the carbon-supported
Pd catalyst could largely increase the current density of the formic acid oxidation and
shift the onset potential toward the negative compared with that of Pd/C. The reason
for the improvement of the catalyst was likely attributed to the high dispersion of
the Pd and due to the change in the electronic properties of the Pd.

(3) Other alloys

Zhang et al. [66] prepared carbon-supported PdAu catalysts with different
alloying degree. The electrocatalytic activity of PdAu/C catalyst for the formic acid
oxidation was strongly dependent on the alloying degree of Pd-Au nanoparticles.
The PdAu/C catalyst with higher alloying degree showed a higher electrocatalytic
activity and stability for the formic acid oxidation compared with the PdAu/C
catalyst at lower alloying degree, which can be ascribed to the enhancement of CO
tolerance and possible suppression of the dehydration pathway in the course of
formic acid oxidation. The catalytic activity of the PdAu/C catalyst was also found
to be affected by the nature of the supporting materials [78-81]. Gao et al. [64,82,83]
synthesized carbon-supported PdNi catalyst by sodium borohydride reduction
reaction. The performance of the PANi/C catalyst for formic acid oxidation was
significantly improved compared with that of Pd/C. The potential of the main
anodic peak of formic acid at PdNi/C catalyst electrode was about 40 mV more
negative than that at Pd/C catalyst electrode. The onset potential of formic acid
oxidation at PdNi/C catalyst electrode was 30 mV more negative than that at
Pd/C catalyst electrode. The reason for the promotion effect may be due to
that Ni can contribute to the adsorption of oxygen-containing species, which is
conducive to the oxidation of formic acid and a change in electronic properties
of Pd. Yu et al. [84] prepared carbon supported bimetallic PdPb catalysts which
were found to be more resistant to deactivation in the DFAFC than Pd/C and
to consistently show better long-term performance. The addition of Pb to Pd
stabilized it significantly to deactivation during formic acid oxidation. Wang et al. [65]
synthesized highly dispersed boron-doped Pd nanoparticles supported on carbon
black with high Pd loadings (ca. 40 wt. % Pd) by using NaBH4 as the reductant. The
as-prepared Pd-B/C catalyst showed extraordinary high activity toward formic acid
oxidation compared with that of a commercially available Pd/C catalyst. Thermal
treatment further enhanced the durability of the oxidation current on Pd-B/C. The
superior performance of the Pd-B/C catalyst may arise from uniformly dispersed
nanoparticles within optimal size ranges, the increase in surface-active sites, and
the electronic modification effect of boron species. The Pd—Co, PdCeO,/C [85] and
PtRu/C [86-88] catalyst also exhibited excellent catalytic activity and stability in the
oxidation of formic acid.
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3.1.3. Pd Supported on Carbon Nanotubes

It remains a chanllege to load Pd nanoparticels on the surface of carbon
nanotubes because of the graphitization of carbon nanotubes. However, due to
the advantages of carbon nanotubes especially in the contribution to stability of the
catalyst, many works are devoted to the deposition of Pd on carbon nanotubes [89,90].
Hu et al. [63] synthesized Pd nanoparticles supported on untreated multiwalled
carbon nanotubes (MWCNTs). The Pd/MWCNT catalyst displayed superior
electrocatalytic activity and stability in formic acid oxidation. Chakraborty et al. [91]
synthesized nanosized Pd particles supported on MWCNTs. Bai et al. [67,92]
functionalized MWCNTs with 1,10-phenanthroline (phen-MWCNTs) as a catalyst
support for Pd nanoparticles. It was found that Pd nanoparticles were evenly
deposited without obvious agglomeration, and the average particle size of the Pd
nanoparticles was only as small as 2.3 nm. The as-prepared Pd/phen-MWCNTs
catalyst had a better electrocatalytic activity and stability for the oxidation of formic
acid than Pd catalyst on acid treated MWCNTs. Phen made a strong impact on
the electrocatalytic activity of the catalyst through the functionalization of the
MWCNTs and the formation of the active Pd-N sites. Therefore, the dispersivity
and the ESA of the Pd nanoparticles were obviously enhanced in the presence of
phen, resulting in better electrocatalytic activity and utilization efficiency of the
catalyst. Cui et al. [55] loaded Pd nanopartilces on phosphomolybdic (HPMo) acid
functionalized multiwalled carbon nanotubes supports. The catalysts exhibited a
much higher electrocatalytic activity and stability for formic acid oxidation reaction
as compared with that on traditional Pd/C. The high electrocatalytic activities were
most likely related to highly dispersed and fine Pd nanoparticles as well as synergistic
effect between Pd and HPMo immobilized on functionalized MWCNTs.

3.1.4. Pd Alloys Supported on Carbon Nanotubes
(1) PdPt alloys

Selvaraj et al. [93,94] prepared PtPd nanoparticles supported on purified
singlewalled carbon nanotubes. The modified electrode exhibited significantly
high electrocatalytic activity toward formic acid oxidation due to the uniform
dispersion of nanoparticles on SWCNTs and the efficacy of Pd species in Pt-Pd
system. Winjobi ef al. [61] prepared Pt, Pd and Pt,Pd, alloy nanoparticles supported
on carbon nanotubes with high and uniform dispersion. With increasing Pd amount
of the catalysts, the mass activity of formic acid oxidation reaction on the CNT
supported catalysts increased. A direct oxidation pathway of formic acid oxidation
occurred on the Pd surface, while, the formic acid oxidation was through CO,4
intermediate pathway on the Pt surface. The Pd/CNT demonstrated 7 times better
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mass activity than that of Pt/CNT at an applied potential of 0.27 V (vs. RHE) in the
chronoamperometry test.

(2) PdAu alloys

Chen et al. [95] prepared PdAu/multiwalled carbon nanotubes
(Pd—Au/MWCNTs) to increase the stability and performance of the Pd-based
catalysts in DFAFCs. The catalyst was highly active in formic acid oxidation, due
to the hydrogen treated catalysts have smaller metal particles and better contact
with MWCNTs support. When Pd was alloyed with Au the leaching of Pd was
considerably slower, which may be caused by much slower Pd leaching from
Pd-Au alloy than from Pd. The Pd-Au/MWCNTs had higher current and lower
onset potential for formic acid oxidation than Pd/MWCNTs. Chen ef al. [96]
prepared multiwalled carbon nanotubes (MWCNTs) supported Pd—Au catalyst for
oxidation of formic acid and compared with a similarly prepared Pd/MWCNTs and
a commercial Pt-Ru/C catalyst. Both the Pd-Au/MWCNTs and the Pd/MWCNTs
catalysts used were more active than that of a commercial Pt-Ru/C catalyst. The
specific activity of Pd in the novel Au-Pd/MWCNTs catalyst was over two times
higher than that on the Pd/MWCNTs catalyst. Mikolajczuk et al. [97] found that the
Pd-Au/MWCNTs catalyst exhibited higher activity and more stable in oxidation
reaction of formic acid. The higher initial catalytic activity of Pd-Au/MWCNTs
catalyst than Pd/MWCNTs catalyst in formic acid oxidation reaction was attributed
to the electronic effect of gold in Pd-Au alloy [98,99].

(3) Other alloys

Morales-Acosta et al. [46,100] compared the Pd-Co and Pd catalysts prepared
by the impregnation synthesis method on MWCNTs. The current density achieved
with the PdCo/MWCNTs catalyst was 3 times higher than that of the Pd/MWCNTs
catalyst. The onset potential for formic acid oxidation on PdCo/MWCNTs catalyst
showed a negative shift ca. 50 mV compared with Pd/MWCNTs. The anodic peak
current density obtained by using PdCo/MWCNTs was 3 and 4.3 times higher than
Pd/MWCNTs and Pd/C, respectively. The PdCo/MWCNTs exhibited good stability
in acidic media, higher current density and more negative anodic potential associated
to this reaction than that of Pd/MWCNTs and Pd/C catalysts. The difference could
be attributed to a better dispersion of the metallic nanoparticles with a lower particle
size achieved with the MWCNTs-supported materials. Specific surface area obtained
from PdCo and Pd supported on MWCNTs was higher than that obtained on Pd
supported on Vulcan XC-72 carbon.
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3.1.5. Pd Supported on Graphene

Graphene is a rapidly rising star on the horizon of the materials science and
technology which has attracted tremendous attention and holds great promise for
advanced fields. Especially in fuel cells, the emergence of graphene has opened
a new avenue for utilizing two-dimensional planer carbon material as a catalytic
support owing to its high conductivity, unique graphitized basal plane structure.
This is propitious to not only maximize the availability of nanosized electrocatalyst
surface area for electron transfer but also provide better mass transport of reactants to
the electro-catalyst [101]. Fu et al. [59] developed an effective surfactant-free strategy
for the small-sized Pd particles deposited on graphen. The Pd/GN catalyst exhibited
excellent catalytic activity and stability toward formic acid oxidation compared with
the Pd/C catalysts [102]. The enhanced performance of the Pd/GN catalyst was
contributed to the small size and high dispersion of Pd NPs and the stabilizing effect
of the graphene support. While the group has also fabricated the Pd /graphene hybrid
via sacrifice template route [58]. Bong ef al. [68] synthesized high loadings of 80 wt%
Pd on graphene catalysts which showed significantly enhanced electrocatalytic
activity and stability for formic acid oxidation compared with Pd/C catalysts.

3.2. Pd Supported on Oxides

As alternatives to improve the catalytic activity and stability of the Pd-based
catalysts, the carbon support materials were modified with semiconducting oxides,
such as TiO,, MoOy and SnO; [103-105]. The influence of TiO, support on the
electronic effect and the bifunctional mechanism can be summarized as follows.
(1) TiO; support imposes an electronic effect in which the hypo-d-electronic titanium
ions promote the electrocatalytic properties of hyper-d-electronic noble metal surface
atoms, thus lowering the adsorption energy of CO intermediates and increasing the
mobility of the CO group on Pd nanostructures; (2) Adsorption of OH species (OH,q)
on TiO; can facilitate the conversion of the catalytically poisonous CO intermediates
into CO,, thereby improving the durability of Pd catalysts. Additionally, TiO, can
facilitate the dispersion of noble metal nanoparticles to anchor them. Based on the
theory that TiO, nanoparticles in the catalyst can adsorb OH,44 species and promote
the oxidation reaction on the electrode, Xu et al. [44] prepared highly dispersed
carbon supported Pd-TiO, catalyst with intermittent microwave irradiation. The
activity of Pd-TiO, /C catalyst for the oxidation of formic acid was higher than that
of the Pd/C catalyst [106]. Wang et al. [54] investigated Pd nanoparticles supported
on carbon-modified rutile TiO, (CMRT) as catalyst for formic acid oxidation. The
Pd/CMRT showed three times the catalytic activity of Pd/C, as well as better catalytic
stability toward formic acid oxidation. The enhanced catalytic property of Pd/CMRT
mainly arised from the improved electronic conductivity of the carbon-modified
rutile TiO,, the dilated lattice constant of Pd nanoparticles, an increasing of surface
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steps and kinks in the microstructure of Pd nanoparticles and slightly better tolerance
to the adsorption of poisonous intermediates [107]. Wang et al. [108] investigated the
influence of the crystal structure of TiO, supporting material on formic acid oxidation.
TiO, with the rutile structure improved the catalytic activity of Pd nanoparticles
toward formic acid oxidation. The enhancement of Pd/TiO; (rutile) catalytic activity
arose from uniform dispersion of Pd nanoparticles, an increase in surface-active sites,
and good tolerance to the adsorption of poisonous intermediates (such as CO,q,
COOH,q4 and so on). This study proved that rutile TiO, was a better supporting
material than anatase TiO; or composites.

3.3. Pd Supported on other Supporting Materials

At present, carbon nanotubes (CNTs) and Vulcan XC-72 carbon are the most
often used supporting materials to load Pd nanoparticles. However, the rate of
formic acid oxidation is lower partly due to lower Pd utilization on such conventional
carbon supports, which is related to the lower electrochemically accessible surface
area for the deposition of Pd particles. Tremendous efforts have been devoted to
search for new catalyst supports to achieve good dispersion, utilization, activity and
stability [109]. Bai et al. [110] supported Pd nanoparticles on polypyrrole-modified
fullerene and the Pd/ppy-Cg catalyst showed a good electrocatalytic activity and
stability for the oxidation of formic acid. Pd on polyaniline (Pd-PANI) nanofiber
film [56], on polypyrrole (PPy) film [111] and PMoq; [112] showed excellent catalytic
activity in the oxidation reaction of formic acid in acidic media. Qin et al. [113]
synthesized highly dispersed and active Pd/carbon nanofiber (Pd/CNF) catalyst
which exhibited good catalytic activity and stability for the oxidation of formic
acid. Cheng et al. [114] loaded Pd nanoparticles on the carbon nanoparticle-chitosan
host, the chitosan matrix was shown to be beneficial in making nanosized catalyst
convenient, effective, and reproducible. The Pd on carbon nanoparticle-chitosan host
catalysts was highly active for the oxidation of formic acid.

3.4. Unsupported Pd

Based on the pratical application of Pd based catalysts in fuel cells, Pd is usually
supported on other materials. However, since the nanotechnology provides the
possibility to control the morphology of Pd material, and the intrinsic properties of
the nanostructured material can be dramatically enhanced by shape and structural
variations, there are also some research on the preparation of unsupported Pd
materials for fuel cell application [115-117]. The one-dimensional Pd nanostructures
like nanowires, nanobelts and nanotubes have attracted significant interest due to
their exotic technological applications. Wang et al. [60] and Ye et al. [31] fabricated
unsupported nanoporous Pd networks which exhibited high electrochemical active
specific surface area, and high catalytic activity for oxidation of formic acid. Pd
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hollow nanostructures is an effeicient way to reduce the cost of catalsyt, for example
Pd/Au hollow cone-like microstructures [30] and Pd clusters on highly dispersed
Au nanoparticles [57] are found to show superior performance at much lower
cost. Alloyed nanowires such as PdNi;, [47] and PdsyNiys [23] alloy nanowires
also shows improved performance. The size and nature of surface structures, such
as crystalline planes and surface ligands is one key issue to improve the mass
activity. Zhou et al. [49] synthesized monodispersed butylphenyl-functionalized
Pd (Pd-BP) nanoparticles with unique surface functionalization and a high specific
electrochemical surface area (122 m? gfl), the Pd-BP nanoparticles exhibited a mass
activity of 4.5 times as that of commercial Pd black for HCOOH oxidation as shown
in Figure 5. The Pd-BP catalyst shows obvious improvement in both activity and
stability compared with commercial Pd-black.
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Figure 5. Cyclic voltammograms of butylphenyl-functionalized Pd (Pd-BP)
nanoparticles and commer-cial Pd black in 0.1 M HySO,4, with the currents
normalized (a) by the mass loadings of Pd and (b) by the effective electrochemical
surface areas at a potential scan rate of 100 mV s~!; Panels (c) and (d) depict the
cyclic voltammograms and current-time curves acquired at 0.0 V for HCOOH
oxidation, respectively, at the Pd-BP nanoparticles and Pd black-modified electrode
in 0.1 M HCOOH + 0.1 M H,50; at room temperature. Reproduced with permission
from reference [49].
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3.5. Single Fuel Cell Characterization

3.5.1. Single Fuel Cell Performance

The aim of the study on the Pd based catalyst is to realize its pratical application
in fuel cells. However, because of the difference in the preparation technique of
the membrane electrode assembly (MEA) it is relatively difficult to compare the
performance of a catalyst. The single fuel cell performance of the different catalysts
was selectively summarized in Figure 6. Meng et al. [118] designed a novel MEA
structure for DFAFCs where Pd nanothorns were directly electrodeposited onto the
carbon paper to form the anode catalyst layer. The novel MEA provided 2.4 times
higher peak power density than that of the conventional MEA. The increase in the
performance was due to the improved mass transport of the formic acid in the catalyst
and diffusion layers, better Pd utilization and higher electroactivity of the Pd single
crystal nanothorns. Cheng et al. [119] electrodeposited Pd on graphite felt (GF) and
the resulting catalyst was compared with Pt-Ru/GF for the oxidation of formic acid.
The Pd/GF anode reached 852 W m~2 compared to 392 W m~2 with a commercial
Pd catalyst-coated membrane (CCM). Mikolajczuk et al. [42] prepared a new carbon
black supported Pd catalyst for DFAFC applications. The maximum power density
of the novel 10 wt. % Pd catalyst was only 23% lower than that of the commercial
20 wt. % Pd/C. Pd-Au on multiwalled carbon nanotubes (MWCNTs) exhibited higher
power density and better stability in DFAFC than that of the similar Pd/MWCNTs
catalyst [79]. The 17.8 wt. % Pd/MWCNTs catalyst reached three times of the peak
power density compared with that of a 20 wt. % Pt-Ru/C catalyst [120]. A MEA of
the Pd/MWCNTs catalyst showed a power density of 3.3 mW cm~2 with 50% less Pd
loadings than that of commercial Pd/C [121]. The addition of Pb and Sb into the Pd
black catalyst caused a strong promotion for the formic acid oxidation in a cell [43].
Yu et al. [122] systematically evaluated and compared a number of carbon-supported
Pt-based and Pd-based catalysts with commercial Pd/C, PtRu/C, and Pt/C catalysts
in a multi-anode DFAFC. It is found that the PdBi/C provided higher stability than
that of the commercial Pd/C catalyst, while both of the PdMo/C and PdV/C catalysts
provided poor cell performances. The results provided strong evidence that both Mo
and V poison Pd through electronic and/or chemical effects. Based on above analysis
and Figure 6 it can be concluded that alloying with another metal is an efficient way
to improve the performance of Pd based catalyst in direct formic acid fuel cell full
cell performance, as is evidenced by the PdSn or Pd Sb alloy [98,123]. Next to the
alloy is the Pd black with lower performance than the alloy. Pd nanothorns prepared
by a novel electrodeposition technique shows higher performance than most Pd
black, showing the effect of morphology control on catalytic activity. However
the unexpected conclusion is Pd or Pd alloy supported on novel carbon supports
such as graphene and carbon nanotube does not show much improvement in the
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performance. The conclusion points out futher aspects to be explored in this field:
try to realize the morphology or crystallography control of Pd nanostructure aiming
at high activity and stability, try to load the novel nanostructure on carbon support
material aiming at reduce the loading amount of Pd, finally reducing the cost.
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Figure 6. Comparison of the power density of the single fuel cell performance with
selected catalysts.

3.5.2. Deactivation Mechanism and Reactivation

The limited durability of Pd-based anode for DFAFCs has seriously restricted
their practical application. The mechanistic clarification on how to remove the
poisoning species and to reactivate the Pd-based anode still remains a big challenge.
The major factors causing performance degradation in the DFAFCs are an increment
in the anode charge-transfer resistance and a growth in the particle size of the
Pd anode catalyst [124]. The anode charge-transfer resistance, confirmed by EIS,
increases with the operation time due to poisoning of the catalyst surface. The
performance loss caused by surface poisoning could be completely recovered by the
reactivation process. However, the increase in the catalyst size induces a reduction
in active surface area and the performance loss caused by the growth in catalyst
size cannot be recovered by the reactivation process. The deactivation of Pd/C
increases sharply with increasing the formic acid concentration but only depends on
the potential at high cell voltages. Reactivation can be achieved by driving the cell
voltage to a reverse polarity of —0.2 V or higher. Although the reason for the activity
loss is still unclear, it has been found that almost full activity can be recovered by
applying an anodic potential of ca. 1.0 V vs. RHE or more. Ren et al. [125] found
that the Pd oxides/hydrous oxides (POHOs) play a crucial role in promoting better
performance and minimizing performance degradation of the Pd-based DFAFCs.
The intrinsic presence or introduction of Pd oxides/hydrous oxides during catalysis
of formic acid oxidation was found to promote elimination of poisoning species,
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thereby leading to a better performance of DFAFCs. Zhou et al. [126] found that
Pd catalyst poisoned at the anode of a DFAFC under constant current discharging
could be fully regenerated by a non-electrochemical method, i.e., just switching pure
water to DFAFC for 1 h. The voltage variation during the regeneration showed
that one platform of 0.35 V was formed by the intermediate species of formic acid
oxidation, which is proven to be critical for cell performance regeneration. The results
indicated that the absorption of poisoning species on Pd was the main reason for the
decaying of cell performance. Yu et al. [127] systematically studied the deactivation
and electrochemical reactivation of a carbon supported Pd catalyst. The reactivation
can be accomplished within a matter of seconds at >1.0 V vs. DHE (cell voltage <
—0.3 V). However, reactivation at a cell voltage of 0 V or higher is required from
a practical perspective. Analyzing above results it is concluded that the decaying
of the cell performance is mainly caused by two factors: one is the growth of Pd
particle size and the other is the absorption of poisoning species on Pd surface. The
performance loss caused by surface poisoning could be recovered by the reactivation
process, while the loss caused by particle growth can not be recovered. So how to
limit the growth of particle size becomes one crucial problem in the stability study of
the Pd based catalyst.

4. Pd-Based Catalysts for the Direct Ethanol Fuel Cells (DEFCs)

Among the alcohols, methanol and ethanol are the two most commonly
used fuels for direct alcohol fuel cells (DAFCs). Direct ethanol fuel cell (DEFC)
has attracted significant attention since ethanol is non-toxic, naturally available,
renewable, and higher power density comparing to methanol (8030 Wh kg~! for
ethanol and 6100 Wh kg~! for methanol). However, the sluggish reaction kinetics
of ethanol oxidation is still a challenge to the commercialization of DEFC. There are
many difficulties associated with ethanol oxidation and consequently in its use in
fuel cell. Complete oxidation of ethanol to CO, involves 12 electrons and the process
involves the scission of a C-C bond thus demanding high activation energies to be
overcome. Many of the intermediates (mainly CO and -CHO) produced during
the oxidation reaction poison the anode catalyst and in turn reduce the catalytic
efficiency. Pt-based catalysts are recognized as the best catalysts for low temperature
fuel cells. However, the high cost and limited resource of Pt limited its use as
catalysts. At the same time, the poor utilization and the poisoning of Pt catalyst
particularly in alkaline solution also limited its applications. A great deal of interest
has recently been focused on the cheaper materials than platinum and the use of
non-noble transition metals in alkaline media, in particular, the performance of alloys
of Pd with non-noble metals for the oxidation of ethanol. In acidic environment, the
complete oxidation of ethanol is difficult and the catalytic activities of the catalysts for
ethanol oxidation reaction (EOR) could be significantly improved in alkaline media,
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where Pd-based catalyst has comparable or even better catalytic activity compared
with Pt-based catalysts for ethanol oxidation [128,129]. This is why that the Pd-based
materials are intensively studied for the oxidation of ethanol.

Table 2 summerized the key factors of the EOR including the specific activity,
the mass activity, the onset potential and the peak potential. It was found that the
mass activity of Pd for ethanol oxidation could reach as high as 2200 A g~!pq [130].
Such high activity originated from the higher utilization of Pd and at the same time
the reduced metal content. The mass activity could be even higher for the alloys if the
current was only account by the mass of Pd. Alloying with other metals, especially,
Ni could improve the kinetics of the ethanol oxidation as revealed by the negatively
shifted onset potential and peak potential [131-133].
core-shell structure was found to be an effective way to reduce the overpoential [38].
It is found that the Ru@PtPd/C [134] and Pd-Ni-Zn/C [135] show highest mass
activity in the EOR, implying the advantages of multi-alloy and core-shell structure.
Two components alloying of Pd with other metals have been intensively studied,
while the multi-alloying still needs to be put more attention, and the muli-alloying
also provides vast variations in the choice and combination of different metals. Novel
nanostructure of Pd is still a popular topic in this field [136-141].

The construction of the

Table 2. Details of the ethanol oxidation on Pd catalysts. (SA: Specific Activity; MA:
Mass Activity; OP: Onset Potential and PP: Peak Potential).

Conditions

Catalysts SA/mA cm—2 MAZ?/A g 1pq OP3/V RHE PP*/V RHE Ethanol/KOH/Scan Rate References
Dendritic Pd 17 / —0.353 —0.003 1M/1M/20mV s—! [28]
Pd/CNTs / 800 —0.353 0.007 0.5M/0.5M/50 mV s~! [35]
Pd shell/ Au core 0.890 / —0.582 —0.15 1M/1M/50mV s—! [38]
Pd/HCHs 42 2200 —0.352 —0.072 2M/1M/50 mV s—! [130]
PdANPs/CFCNT 16 / —0.24 0.14 1M/1M/60mV s—! [136]
Pd-In, O3 /CNTs 61 / —0.347 —0.022 1M/0.5M/50 mV s~} [137]
Pd/CNFs 74.5 / —0.541 —0.021 1M/1M/50 mV s~! [138]
Pd/CNFs 66.1 1187 —0.511 —0.057 1M/1M/50mV s~} [139]
Pd/CNFs 80 1400 —0.46 —0.04 1M/1M/50 mV s—! [140]
Pd-Ni/CNFs 200 / —0.602 —0.072 1M/1M/10mV s—! [141]
Pd/SnO,-GNS 46.1 / —0.403 0.227 0.25M/0.25M/50 mV s—! [142]
Pd-PANI / 1300 —0.46 0.07 1M/05M/100 mV s~ ! [56]
Pd/polyamide 6 70 / / —0.072 05M/1.5M/50 mV s~ 1 [143]
Pd/Nickel foam 107.7 / —0.442 0.078 1M/1M/50 mV s—! [144]
Pd-TiN 2.87 59.2 —0.474 0.022 0.5M/1M/20mV s—! [145]
Pd-NiO/MgO@C 69.3 / —0.602 —0.052 1M/1M/10mV s—! [146]
Ru@PtPd/C / 3600 —0.402 —0.052 1M/1M/30mV s—! [134]
Pd particles 151 / —0.548 / 1M/1M/50mV s—! [147]
Nanoporous Pd 90.64 227.7 —0.403 0 0.5M/1M/10mV s—! [148]
Pd NWs / 7.96 * / —0.01 0.5M/1M/50 mV s—! [149]
Pd NWs / 2.16* —0.566 —0.068 1M/1M/50 mV s—! [150]
Pd/AuNWA 199 / —0.402 0.138 1M/1M/50 mV s—! [151]
PdPt 34 478 —0.523 0.077 1M/1M/50 mV s—! [152]
Pd-Sn/C 121.59 —0.46 0.135 3M/0.5M/50 mV s~! [153]
Pd-Ru-Sn/C 65 / —0.536 0.097 3M/0.5M/50 mV s~ [153]
Pdo;Sng/C 130 / —0.205 0.347 1M/1M/50mV s~} [154]
Pd; Ir/C 103 / —0.584 0.008 1M/1M/50 mV s—! [155]
Pd-Ni 6 / / —0.03 0.5M/1M/50mV s—! [156]
Pdyp Nigy 180 / —0.712 0.098 1M/1M/50mV s—! [157]
Pd-Ni/CNF 199.8 / —0.602 —0.0.072 1M/1M/10mV s—! [131]
Pd-Ni-Zn/C 78.5 3600 —0.423 0.057 10 wt%/2 M/50mV s~ [135]




Table 2. Cont.

Catalysts SAY/mAcm—2  MA*Agl;y OP)VRHE  PP¥V RHE Ethano?,‘;é‘g‘};‘/‘;‘ézn Rate  References

Pd-Ni-Zn-P/C 108.7 3030 —0.373 0.097 10wt%/2 M/50 mV s—! [135]
Pd- Ag/C 374 / —0.602 0.018 1M/1M/50mV s—! [158]
Pd-Ag film 5% / 0.02 1M/1M/20mV s—! [159]
Pd-Pb/C 425 / —0452 —0.0.012 1M/1M/20mV s—! [160]
PdAu/C 165 / —0.402 0.0273 1M/1M/50 mV s—! [132]
Pd;Au/C / / 05 0.88 1M/0.25M/10 mV s~ [161]
Pdy55n/C / / 055 0.86 1M/0.25M/10 mV s~ [161]
PdAu nanowire 83.7 / —0.472 —0.001 1M/1M/50 mV s~} [133]
Pd@Au/C / 800 —041 0.04 1M/1M/50 mV s~ [162]

* Unit: A-cm™2- mg_1 ; ** This value was divided by the EASA.

4.1. Pd Supported on Carbon Materials

To improve the utilization efficiency of Pd, the commonly used catalysts are
Pd nanoparticles loaded on supports. Various carbon materials such as carbon
nanotubes, carbon nanospheres, carbon nanowires, carbon nanofibers, porous carbon,
fullerene and graphene have been used as the support. The supporting materials are
required to have high surface area, low density, high chemical stability and excellent
electrical conductivity.

4.1.1. Pd Supported on Carbon Spheres

In a series of work, Yan et al. [163-165] synthesized hollow carbon
spheres/hemispheres and used them as catalyst support. The hollow carbon
hemispheres (HCHSs) provided high surface area (up to 1095.59 m? g~ 1) at reduced
volume to improve the dispersion of the nanoparticles of the noble metal. At the same
time, the hemispherical structure with hollow shell resulted in the improvement
in the mass transfer, which leads to greatly improved stability. The peak current
density of the ethanol oxidation on the Pd/carbon spheres catalyst reached almost
four times higher than that of Pd/C catalyst. Figure 7 shows the typical results of the
materials for the alcohol oxidation in alkaline solution. The catalyst showed the best
performance for ethanol oxidation. It was revealed that on the same carbon support,
the morphology of Pd greatly influenced the activity of ethanol oxidation, the Pd
nanobars on carbon have much negative oxidation peak of ethanol than Pd particle
on carbon [166].
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Figure 7. SEM microgram (a) and TEM image (b) of the HCHs with the mass
ratio of PSs to glucose of 1:2 and the cyclic voltammograms of (c) different alcohol
oxidation on Pd/HCH electrodes in 1.0 mol dm—3 KOH/1.0 mol dm—2 alcohol
solution at 303 K, scan rate: 50 mV s~! and (d) ethanol oxidation on Pd/HCH
and Pd/C electrodes in 1.0 mol dm—3 KOH/1.0 mol dm—3 ethanol solution at
303 K, scan rate: 50 mV s~ 1. The inset in Figure 7d is the cyclic voltammograms of
Pd/HCH and Pd/C in 1.0 mol dm—3 KOH solution at 303 K, scan rate: 50 mV s~ 1.
Reproduced with permission from reference [130].

4.1.2. Pd Supported on Carbon Nanotubes

Carbon nanotubes (CNTs) can work as ideal substrate to modify the electrode
surface used in electrochemistry. Immobilizing metal nanoparticles on CNTs has
turned into an interesting field mainly due to the key role of CNTs and metal
nanoparticles in the field of electrocatalysis. There are three typical methods for
generating Pd nanoparticles on a CNTs surface: chemical reduction reaction, thermal
decomposition and electrochemical reduction reaction. Chen et al. [136] synthesized
Pd nanoparticles-carboxylic functional carbon nanotubes without surfactant. The
material revealed high electrochemical activity and excellent catalytic characteristic
for alcohol oxidation. Ding et al. [167,168] prepared Pd nanoparticles supported on
multiwalled carbon nanotubes. Chu et al. [169] prepared Pd-In,O3/CNTs composite
catalysts. The results showed that the addition of nanoparticles of In,O3 into Pd
catalysts could significantly promote the catalytic activity for ethanol oxidation.
Carbon nanotubes have higher graphitization degree than amorphous carbon which

186



leads to higher stability in electrical environment, but higher graphitization also
brings a drawback: it is not easy to load Pd nanoparticles on the surface of carbon
nanotube evenly. The resolve of the dilemma will greatly accelerate the application
of carbon naotube as catalyst support material in fuel cell.

4.1.3. Pd Supported on Carbon Nanofibers

Carbon nanofibers (CNFs) as a novel carbon material offered an ideal
opportunity as catalyst support due to their superior electronic conductivity,
anti-corrosion ability, and high surface area. Qin et al. [170-172] prepared Pd catalyst
supported on carbon nanofibers (CNFs). The structure of the CNFs significantly
affected the catalytic activity of the catalyst because the CNFs had high ratio of edge
atoms to basal atoms and correspondingly faster electrode kinetics and stronger
Pd-CNFs interaction. Maiyalagan et al. [131] prepared carbon nanofibers (CNF)
supported Pd-Ni nanoparticles. The onset potential was 200 mV lower and the peak
current density four times higher for ethanol oxidation for Pd-Ni/CNF compared
to that for Pd/C. Cabon fibers prepared with novel nanotechnology can take the
advantage of carbon nanotubes such as high graphitization and high surface area,
at the same time it is also possible to construct functional groups on the surface of
carbon fibers which is beneficial of the deposition of Pd nanoparticles, so carbon
fiber will be a potential candidate as support material of Pd.

4.1.4. Pd Supported on Graphene

The combination of the high specific surface area (theoretical value of
2600 m? g—!), excellent electronic conductivity, high chemical stability, unique
graphitized basal plane structure and potentially low manufacturing cost, graphene
nanosheets (GNS) can thus be exploited as an alternative material for catalyst
support in fuel cells. Recently, graphene has received great attention as the catalyst
support for fuel cell application. Wen et al. [173] prepared Tin oxide (SnO,)/GNS
composite as the catalyst support for direct ethanol fuel cells. Compared with
Pd/GNS, the Pd/SnO,-GNS catalyst showed superior electrocatalytic activity for
ethanol oxidation. Chen et al. [174] prepared ultrafine Pd nanoparticles on graphene
oxide (GO) surfaces. The as-made catalyst expressed high electrocatalytic ability
in ethanol oxidation relative to a commercial Pd/C catalyst. Singh et al. [142] used
graphene nanosheets (GNS) as a catalyst support of palladium nanoparticles for
the electrooxidation of ethanol. The Pd nanoparticles dispersed on GNS were more
active compared to those dispersed on nanocarbon particles (NC) or multiwall carbon
nanotubes (MWCNTSs) for electrooxidation under similar experimental conditions.
The enhanced electrochemical activity of Pd/GNS toward alcohol oxidation can
be ascribed to the greatly enhanced electrochemical active surface area of Pd
nanoparticles on the GNS support.
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4.2. Pd Supported on Non-Carbon Supports

Conventional carbon supports are prone to undergo corrosion in aggressive
electrolytes that are very often encountered in fuel cells. The corroded carbon
support cannot hold the catalyst on its surface, leading to aggregation or sintering
of noble metal particles (reduces electrochemical active surface area) and often
resulting in oxidation and subsequent leaching of the catalyst. Corrosion of the
support/catalyst happens mainly because they are exposed to aggressive electrolytes,
high temperature and pressure, and high humidity. Carbon is known to undergo
corrosion even at open circuit voltages of the fuel cell. So there are some attempts on
the application of other materials other than carbon to use as support material of Pd.

4.2.1. Pd Supported on Conducting Polymers

Polyaniline (PANI) is one of the most important conducting polymers
remarkable for its high stability, solution processability and tunable electrical
conductivity, which can be controlled by simple doping of the polymer.
Pandey et al. [56] deposited a porous Pd-polyaniline (Pd-PANI) nanofiber film on
conducting surfaces and the Pd-PANI showed excellent electrocatalytic activity
towards the oxidation of ethanol. Su et al. [143] prepared Pd/polyamide 6 (Pd/PA6)
nanofibers with high surface area using a simple electroless plating method. The
Pd/PA6 showed excellent mechanical property, good conductivity, and high porosity.
The large surface area and reduced diffusion resistance of the free-standing Pd/PA6
nanofibers led to a superior catalytic property.

4.2.2. Pd Supported on Zeolite

Zeolite has a large specific area with strongly organized microporous channel
systems in which both a regular and high dispersion of metal nanoparticles can
be obtained. El-Shafei et al. [175] prepared Pd-zeolite graphite (Pd-ZG) electrodes
for ethanol oxidation. The Pd-ZG electrodes showed a better activity as well as
poisoning tolerance during ethanol oxidation in alkaline medium in comparison
with Pd electrode.

4.2.3. Pd Supported on Metal Supports

Nickel foam has the advantages of extinguished electronic conductivity, low
weight, and 3-D cross-linked grid structure which provids high porosity and surface
area. It can be used as an ideal support of catalyst. The nickel foam would
not only reduce the diffusion resistance of the electrolyte but also enhance the
facility of ion transportation and maintain the very smooth electron pathways in
the rapid electrochemical reactions. Wang et al. [144] fabricated a three-dimensional,
hierarchically structured Pd electrode by direct electrodepositing. The improved
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electrocatalytic activity and excellent stability of the Pd/Nickel foam electrode make
it a favorable platform for direct ethanol fuel cell applications.

Metal nanowire or nanotube array architecture can be a potential substrate to
improve noble metal utilization efficiency [176]. Besides it can act as a template,
which means that no stabilizer is required, it also serves as an excellent current
collector. Cherevko et al. [151] prepared highly ordered Pd decorated Au nanowire
arrays (Pd/Au NWA). The maximum current densities were several times higher
on the modified electrodes than on the unmodified Pd NWA. The highly active
electrode showed almost 4-fold increase in the peak current for ethanol oxidation. The
synergistic effect between substrate and deposited materials was a most important
factor infecting such unusually high activity.

4.2.4. Pd Supported on Nitrides

Titanium nitride (TiN) is a very hard, conducting ceramic material used as
an abrasive coating for engineering components. It possesses metal-like electronic
conductivity with a very reproducible surface for electron transfer. Thotiyl et al. [145]
studied the excellent metal-support interaction between Pd and TiN and found the
efficient ethanol oxidation coupled with excellent stability of the Pd-TiN catalyst.

4.3. Performance of Pd Novel Nano Structures

4.3.1. Core-Shell Structure

Hybrid nanomaterials, particularly, the core-shell structured hybrid
nanomaterials are promising due to their multi-functional and designable properties.
The core/shell structured nanomaterials has the ability to improve the stability and
surface chemistry of the core materials. It is possible to obtain unique structures
and properties for applications via a combination of the different characteristics of
the components that are not available with their single-component counterparts.
The carbon-coated nanomaterials are of great interest due to their stability toward
oxidation and degradation [177]. The creation of the core/shell nanostructures
containing bi-metal oxides greatly enhanced the catalytic efficiency of these structures
over pure single metal oxide particles [178]. Mahendiran et al. [146] synthesized
carbon coated NiO/MgO in a core/shell nanostructure. The results indicated that
the Pd-NiO/MgO®@C catalyst has excellent electrocatalytic activity and stability.
Gao et al. [134] synthesized a core-shell structured Ru@PtPd/C catalyst, with PtPd
on the surface and a Ru as core. The ethanol oxidation activities of the Ru@PtPd/C
catalysts were 1.3, 3, 1.4 and 2.0 times as high as that of PtPd/C, PtRu/C, Pd/C and
Pt/C with same PtPd loadings, respectively. The stability of the Ru@PtPd/C was
higher than that of Pt/C and PtPd/C. Ksar et al. [38] synthesized bimetallic Pd-Au
nanostructures with a core rich in gold and a Pd porous shell. The Pd shell-Au
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core nanostructures synthesized in mesophases were promising for application in
direct ethanol fuel cells as they exhibited a very good electrocatalytic activity and
a high stability. The core-shell structure has some essential advantages such as the
synergistic effect between the core material and the shell which can improve the
kinetics of the reaction, the porous structure which greatly improves the mass transfer
in the electrode and the reduced cost because of the less use of the noble metal. So
vast efforts have been devoted to this field, but the core-shell structure is limited by
the preparation technique and its application in the membrane electrode assembly of
fuel cell is still a chanllenge.

4.3.2. Other Structures

Yu et al. [28] prepared dendritic Pd nanostructures, which exhibited high
catalytic activity toward ethanol oxidation in alkaline media. Yin et al. [147] prepared
Pd nanoparticles and the ethanol oxidation on the Pd catalysts took place at a
more negative anodic potential, implying a reduced overpotential. Wang ef al. [148]
fabricated nanoporous Pd composites through chemical dealloying of the AlyyPd3
alloy. The nanoporous Pd composites had high electrochemical active surface areas
and exhibited remarkable catalytic activities toward ethanol oxidation in alkaline
media. Liu et al. [149] synthesized Pd nanowires with high catalytic activity and
long-term stability toward the oxidation of alcohols. Ksar et al. [150] synthesized Pd
nanowires with length of a few tens of nanometers. The Pd nanowires exhibited both
a very important catalytic activity for ethanol oxidation and a very high stability.
Liu et al. [31] prepared raspberry hollow Pd nanospheres (HPNs)-decorated carbon
nanotube (CNT) for the oxidation of ethanol in alkaline media. The catalyst was
fabricated by attaching HPNs onto the surface of the functionalized CNT. The
hybrid nanostructure exhibited higher mass activity toward ethanol oxidation which
increased the utilization of Pd. Pd dentric structure, Pd nanowires, hollow raspberry
spheres, hollow spheres [179], nanoparticles and nanomembrane [180] are prepared
and all showed superior catalytic activity in ehthanol oxidation, but they share the
same problem with the core-shell structure: how to a material with high half-cell
performance into a material with high full cell performance, which still needs great
efforts in the preparation technique.

4.4. Pd Alloys

Pd is well known to be very active for ethanol oxidation in alkaline. Alloying
Pd with another metal M (M = Au, Sn, Ru, Ag, Ni, Pb and Cu) is expected to increase
the activity and at the same time the stability of the catalyst for the EOR in alkaline
media [181].
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4.4.1. PdNi Alloys

Qiu et al. [156] prepared bimetallic Pd-Ni thin film on glass carbon electrodes
(GCEs). The high catalytic activity and the low cost of the Pd-Ni films enable
them to be promising catalyst for the oxidation of methanol and ethanol in alkaline
media. Qi et al. [157] fabricated Pd4oNigp alloy catalyst with an enhanced catalytic
performance toward ethanol oxidation in alkaline media comoared with nanoporous
Pd. Maiyalagan et al. [131] prepared carbon nanofibers (CNF) supported Pd-Ni
nanoparticles. The onset potential was 200 mV lower and the peak current density
was four times higher for ethanol oxidation on Pd-Ni/CNF compared with that
of Pd/C. Shen et al. [182] synthesized carbon-supported PdNi catalysts for the
ethanol oxidation reaction in alkaline direct ethanol fuel cells. The Pd;Ni3/C catalyst
exhibited higher activity and stability for the EOR in an alkaline medium than that on
Pd/C catalyst. Bambagioni et al. [135] prepared Pd—(Ni-Zn)/C and Pd—(Ni-Zn-P)/C
catalysts which provided excellent results in terms of the specific current and onset
potential at room temperature.

4.4.2. PdAu Alloys

Xu et al. [132] prepare Pd-Au alloy catalyst for the EOR in an alkaline medium.
The catalyst samples were in sequence of Pd/C > Pd3Au/C > Pd;Au/C > PdAu/C
in terms of the peak current density. However, the stability tests demonstrated
that the catalyst samples were in sequence of PdAu/C > Pd3Au/C > Pd;Au/C >
Pd/C. Cheng et al. [133] prepared highly ordered PdAu nanowire arrays (NWAs).
The onset potential of ethanol oxidation on the PAAuNWAs electrode was 123 mV
more negative compared with that on the Pd NWAs due to the synergistic effect
of Pd-Au bimetallic alloy. He et al. [161] prepared carbon-supported Pd4Au and
Pd; 55n-alloyed nanoparticles, the results suggested that the Pd-based alloy catalysts
represented promising candidates for the oxidation of ethanol. The PdjAu/C
displayed the best catalytic activity among the series for the ethanol oxidation in
alkaline media. Zhu et al. [162] decorated carbon-supported gold nanoparticles with
mono- or sub-monolayer Pd atoms, the PdA@Au/C had higher specific activities than
that of Pd/C for the oxidation of ethanol in alkaline media. This suggested that
the Pd utilization was improved with such a surface-alloyed nanostructure. Several
other alloys such as the PdPt alloy [152,183-185],

PdSn alloy [153,186], PdIr alloy [155,187], PdAg alloy [158,159,188], PdTi
alloy [189] and PdPb alloy [160] were also studied as the catalysts for the EOR.

4.5. Single Fuel Cell Characterizations

Although there were quite a lot reports about the Pd-based catalysts for ethanol
oxidation, especially, in alkaline media, the performance of a direct ethanol fuel

191



cell operating in alkaline membrane was rarely reported. The reason is that the
anion-exchange membrane is not commercially available. The Tokuyama company
in Japan is one of the pioneers in the anion-exchange membrane and most reported
work were using their membranes. In recent years, Zhao's group [132,182,190,191]
has done most of the work on the anion-exchange membrane direct ethanol fuel
cells (AEMDEEFCs). Other researchers such as Antolini [192] and Bambagioni [193]
also tested the performance of the AEMDEFC, the results of these groups were
compared in Figure 8. It is found that the PdNi alloy had the highest activity which
was in accordance with the half cell testing. Among all catalysts, the Pd/C had
the lowest activity. The change of carbon powders to carbon nanotubes improved
the performance. A promising way was to alloy Pd with other metals, especially,
with Ni. The highest activity of the PdNi alloy catalyst reached more than 3 times
higher than that of Pd/C catalyst. The conclusion is similar with the half-cell results:
alloying with other metals will improve the performance, attention should be put to
multi-alloys. Another conclusion reached is the advantage of carbon nanotube versus
carbon powder with enhanced performance.
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Figure 8. Peak powder density of single fuel cell performance of the Pd catalysts in
anion-exchange membrane direct ethanol fuel cells (AEMDEFCs).

5. Pd-Based Catalysts for the Oxygen Reduction Reaction (ORR)

Oxygen reduction reaction (ORR) is one of the important catalytic reactions
due to its role in metal corrosion and electrochemical energy converters and, in
particularly, fuel cells. Pt group metal based catalysts were currently used for
PEMEFCs to reduce the large ORR overpotential. Unfortunately, even on the most
active Pt surface, the overpotential was over 250 mV at open circuit voltage (OCV).
The thermodynamic efficiency droped from 83% (1.229 V) to 66% at an OCV value
of 0.98 V under standard conditions. Since the exchange current density of the
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ORR is several orders of magnitude slower than that of the hydrogen oxidation
reaction (HOR) (107° A cm™2 vs. 1073 A cm™2), the operating voltage must be
largely reduced to about 0.65 V at a reasonable current density, making the electronic
efficiency of the PEMFCs only at 44% [194]. Pt is widely used as the catalyst for ORR
due to its high activity and excellent chemical stability. However, Pt is expensive and
the limited supply of Pt poses serious problems to widespread commercialization
of the fuel cell technology. Thus, research efforts in the development of cathode
catalyst have been focused on decreasing the Pt content or replacing it with less
expensive materials while maintaining high ORR activity. An alternative approach
is to replace Pt with less expensive, catalytically active, and relatively stable noble
metals and to alloy the noble metals with base metals to enhance their stability
and activity via electronic modification. Pd is the second most active metal for the
ORR. Pd possesses a similar valence electronic configuration and lattice constant to
Pt and highly methanol-tolerant ability. However its mass activity for the ORR is
approximately five times lower than that of Pt. In an acidic electrolyte, the exchange
current density of Pd for ORR is 1079 A cm~2, which is one magnitude lower than
that of Pt (1072 A cm—2). Binary Pd-base metal (BM) (where BM = Co, Ni, Fe, Cu,
W and Mo) systems have been identified as promising PEFC cathode catalyst with
enhanced activity for ORR and stability compared to Pd alone. The origin of the
enhanced activity has been linked to the modification of the electronic structure
of Pd upon bonding with the alloying metal. In addition to enhancing activity,
the dissolution potentials of the noble metals may be shifted to higher potentials,
stabilizing the catalyst against dissolution in acidic medium.

With the rapid development of alkaline anion exchange membranes for
substituting the conventional aqueous alkaline electrolyte, attention has been drawn
to the study of ORR catalysts in alkaline media. More ORR catalysts are available for
operation in alkaline than in acidic media due to the excessive corrosion in acidic
solutions. In alkaline solution, Pd-based alloys are suitable alternative of Pt not only
due to its lower costs and more abundance but also to the lower activity for the
adsorption and oxidation of methanol in direct methanol fuel cells which tends to
crossover to the cathode compartment and inhibits ORR. Recent reports have shown
that ORR activity on the Pd alloys is comparable or slightly better than that on Pt/C.

Table 3 summarized the performance of Pd and Pd alloys as catalysts for ORR.
In acidic solution, the most positive onset potential on Pd catalyst was only 0.87 V
vs. RHE which was almost 0.2 V negative compared with Pt catalyst. In alkaline
solution, the onset potential on Pd catalyst was comparable to that of Pt catalyst. The
onset potential could be improved to 1.05 V when alloyed with Pt, the highest record
for alloying with non-noble metal was 0.96 V in half cell testing. Fuel cell testing
gave similar conclusions. The performance of Pd catalyst could not surpass that of
Pt catalyst in both PEMFC and direct alcohol fuel cells, but when Pd was alloyed
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the performance could be slightly better than or comparable to the commercial

Pt catalyst.

Table 3. Comparison of the onset potential and mass activity of Pd for oxygen

reduction reaction (ORR).

Conditions Solution

Catalysts Mass Actl:rlty/mA Onset Potential/V **/Scan Rate/Rotating References
mg~ pq vs. RHE Speed
pee

Pd/C / 0.87 A/5mV s~!/1600 rpm [195]
Pt/C (M) / 1.05 A/5mVs~1/1600 rpm [195]
Pd-PPy/C / 0.82 (NHE) A/5mV s~!/1600 rpm [196]
40% E-TEK Pt/C / 0.98 (NHE) A/5mV s~1/1600 pm [196]
Pd/Vulcan XC-72R 47 at0.7 vV * 0.82 A/5mV s~1/1600 rpm [197]
20% E-TEK Pt/C 0.92 A/5mV s~ /1600 rpm [197]
E-Tek 20% Pd/C 23at0.7V* 0.77 A/5mV s~1/1600 rpm [197]
PdFe-WC/C / 091 A/10 mV s—1/1600 rpm [198]
PtspAusg/Ce,C 41at0.7V* / A/5mV s~1/1600 rpm [180]
PdCoMo/CDX975 4.1at0.7Vv* 0.915 A/5mVs—1/1600 Tpm [199]
Pd/CDX975 16at0.7V* 0.84 A/5mV s~ /1600 rpm [199]
Pdigo—x Wy / 0.85 A/5mV s~1/1600 rpm [200]
Pd / 0.7 A/5mV s~!/1600 rpm [200]
PdPt/C / 0.98 A/5mV s~1/1600 rpm [201]
Pt rich-core Pd rich-shell 9at 0.85V * (catalyst) / A/5mV s~1/1600 rpm [202]
JM20 Pt/C 5.8 at 0.85 V * (catalyst) / A/5mV s~1/1600 rpm [202]
0.34at08V* / A/10mVs—! [203]
Pd/Au 11at08V* / B/10mV s—1 [203]
Pd/MWCNTs / 0.76 (SHE) B/10mVs~! [91]
PdCu/C 23at09V* 0.96 B/10 mV s~1/1600 rpm [204]
Pd—Cu film / 0.86 B/5mV s~!/1000 rpm [205]
Pd-Co/C 3.6at0.7V* / B/5mV s~1/1600 rpm [206]
Pt-Pd/C / 0.92 B/5mV s~!/1600 rpm [207]
Pt-Pd/C 114.87 at 0.9 V * (Pt) 1.05 B/5mV s~!/1600 rpm [208]
Pt/C 73.87 at 0.9 V * (Pt) 1.0 B/5mV s~1/1600 rpm [208]
1.92at 0.8V * (Pt) / B/20 mV s—! /1600 rpm [209]
PdFe@PdPt/C 12at0.8 V* (Pt) / B/20 mV s~1/1600 rﬁm [209]
PdCo@PdPt/C 65at0.9 V * (Pt) / B/20 mV s~!/1600 rpm [210]
Pt/C 14at 0.9 V * (Pt) / B/20 mV s~!/1600 rpm [210]
PdFe Nanorods 284 at0.85V * / B/10 mV s—1/1600 rpm [211]
Pt/C 265 at 0.85 V * (Pt) / B/10 mV s~'/1600 rpm [211]
Pt/Pd/Pd3Fe 1.8at09V* / B/20 mV s~!/1600 rpm [212]
Pt(111) 08at09V* / B/20 mV s~!/1600 rpm [212]
Pd/SnO2-KB 0.75at0.8 V * 0.88 B/5mV s~!/900 rpm [64]
Pd/KB 0.28at0.8V* 0.86 B/5mV s~1/900 rpm [213]
Tanaka Pt/C / 0.95 B/5mV s—1/900 rpm [213]
Pd/GNS 280at09V* 1.06 C/10 mV s~1/1600 rpm [188]
Pt/GNS 110 at0.9 V * 1.0 C/10mV s~1/1600 rpm [188]
Pd@MnO,/C 450at09 Vv * 1.02 D/10 mV s~1/2500 rpm [214]
Pd black 180at09V* 1.07 D/10 mV s~!/2500 rpm [214]

* The potentials were vs. RHE; **solution A: 0.5 M H;SOy, solution B: 0.1 M HClOy,
solution C: 0.1 M NaOH and solution D: 0.1 M KOH.

5.1. Pd Supported on Carbon Materials

5.1.1. Pd on Carbon Powder

Although Pd is the second most active metal for the ORR, its mass activity
is approximately five times lower than that of Pt since the ORR exchange current
density is one magnitude lower than that of Pt. Tang et al. [195] synthesized a carbon
supported Pd/C catalyst which showed high activity for the ORR. However, the
performance of the Pd/C was still much poorer than that of the commercial Pt/C.
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There was a big difference in onset potential for the ORR in acidic solution. Single
cell with Pd/C as the cathode displayed a maximum power density of 508 mW cm™~2,
which was almost half of that of the commercial Pt/C catalyst. Different supporting
materials such as highly ordered pyrolytic graphite and modified carbon was
studied [215]. Jeyabharathi et al. [196] synthesized carbon-supported Pd-polypyrrole
(Pd-PPy/C) nanocomposite. The introduction of Pd in the conducting PPy/C matrix
gave higher catalytic activity toward ORR with resistance to methanol oxidation.
The performance of the Pd-PPy/C catalyst was still inferior to the Pt/C catalyst.
Kumar et al. [197] studied the influence of the chemical pretreatment of carbon
support for ORR on Pd nanoparticles in acidic electrolyte. They found that the
chemical treatment significantly changed the surface chemical properties and surface
area of the carbon support. The kinetics of ORR on these catalysts predominantly
involved a four-electron step. The performance of the Pd on pretreated carbon
support was found to be much higher than the commercial E-Tek 20% Pd/C catalyst
with the mass activity of 47 mA mg~!pgq at 0.7 V RHE compared to 23 mA mg~'pg of
E-Tek catalyst. It is concluded that limited by the intrinsic kinetic of ORR on different
metals, the performance of the most popular Pd/C catalyst is much less than the
Pt/C catalyst. However, considering the difference in the cost, it is still meaningful to
study the Pd/C catalyst, but new material or structure should be put more attention.

5.1.2. Pd Supported on Carbon Nanotubes

Chakraborty et al. [91] synthesized nanosized Pd particles supported on
multiwalled carbon nanotubes (MWCNTs). The authors concluded that the catalytic
reduction of the oxygen followed a four electron pathway on Pd-based catalysts.
Jukk et al. [216] found enhanced electrocatalytic activity of PANP/MWCNT modified
GC electrodes and the oxygen electroreduction kinetics were higher compared with
those of bulk palladium electrodes. The number of electrons transferred per oxygen
molecule was calculated to be 4. Kim et al. [217] studied the influence of counter ions
on the oxygen reduction of Pd catalyst on functionalized carbon nanotube and found
that the electrocatalytic activity is affected by the nature of anion of imidazolium salt.
As is known the activity of Pd on carbon powder is less than Pt/C, not too much
work is done on the attempts of loading Pd on carbon nanotubes for ORR application.
However if carbon nanotubes can be helpful in the stability there will be new interest
in this field.

5.1.3. Pd Supported on Graphene

Graphene is found to have vast applications in many fields where carbon
powder or carbon nanotubes are used, for example as catalyst support in
electrocatalysis. There was no report to prove that the activity of Pd catalyst for the
ORR could surpass that of Pt catalyst in acidic solution. However, it is possible for
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the Pd catalyst to perform better than that of the Pt catalyst for the ORR in alkaline
solution when supported on graphene. Seo et al. [218] studied graphene supported Pd
catalyst in alkaline media. The graphene-supported Pd catalyst (Pd/GNS) showed
significantly high catalytic activity for the ORR with higher mass activity and surface
area for ORR in an alkaline solution. The catalyst was more favorable for ORR than
that of the Pt/GNS catalyst at high metal loadings. The mass activity at 0.85 V vs.
RHE of the Pd/GNS reached 0.84 mA ug_lpd, while, the value was 0.35 mA ug_lpd
for the Pt/GNS. Pd metal decorated graphene oxide was found to have high ORR
activity via the direct four electron pathway [219]. Gotoh et al. [220,221] also proved
that Pd supported on graphene oxide showed better performance in ORR than Pt.

5.2. Pd Supported on Oxides

Oxides such as manganese dioxide was used as support to form Pd@MnO,
catalyst [214]. The ORR onset potential on the PA@MnO, catalyst positively shifted
for more than 250 mV compared with the MnO, catalyst without Pd. Both the ORR
onset potential and the limit current density obtained by the rotating disk electrode
(RDE) measurements on the PdA@MnO; catalyst were close to those on the Pd black
catalyst. The mass activity of the PA@MnO, catalysts (normalized by Pd mass) was
2.5 times higher than that of the Pd black catalyst. The PtPd/TiO, electrocatalyst
with a proper ratio of Pt/Pd showed activity comparable to that of a commercial
Pt/C catalyst [222]. The interaction between Pd and highly dispersed TiO, is proven
to improve the catalytic activity of Pd supported on TiOp-modified carbons [223].

5.3. Pd Alloys

The intrinsic catalytic activity of Pd for the ORR is lower than that of Pt
and the long-term stability at high potentials is also not as good as that of Pt. It
has been proven that the ORR takes place on Pd in the same manner as that on
Pt. As like Pt, the oxygen intermediate species will be covered on Pd surface at
technically relevant potentials regioning from 0.7 to 0.9 V vs. NHE and hinders
oxygen reduction. So the development of the Pd alloy catalysts that inhibit the
adsorption of oxy/hydroxy species and enhance the ORR activity has been of interest.
Bimetallic catalysts often exhibit notably different catalytic and chemical properties
than their corresponding monometallic component. Bimetallic systems often provide
enhanced selectivity, stability, and/or activity [224,225]. Several mechanisms to
explain the catalytic properties of bimetallic catalysts have been proposed including
geometric or ensemble effects, formation of bifunctional surfaces and electronic
modification of the surface sites [226].
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5.3.1. PdFe Alloys

Yin et al. [198] synthesized a PdFe-WC/C cathodic catalyst for ORR. The ORR
activity of the PdFe-WC/C catalyst in acidic solution was found to be comparable
to that of Pt/C catalyst. It was believed that the high catalytic activity as a
Pt-free catalyst originated from the synergistic effect between PdFe and WC. The
alcohol-tolerance and selectivity of the PdFe-WC/C catalyst are favorable for the
ORR. Tungsten-based materials as novel supports have been intensively studied
due to their chemical and/or electrochemical activities for various reactions as they
exhibit a synergistic effect in many reactions. The use of WC as the catalyst support
for PEMFCs and DMFCs has also been reported [227-231] PdFe/C catalyst was also
found to have better performance in ORR than Pd/C catalyst [232,233].

5.3.2. PdCu Alloys

Gobal et al. [234,235] prepared CuPd alloys with different compositions on nickel.
The number of transferred electrons involved in the ORR on Pd-Cu alloys is four,
which is the same as Pt. A 60 mV /dec Tafel slope for the ORR was found for all the
PdCu alloys. The enhancement of the activity of the alloy toward ORR was attributed
to the change in geometric and electronic structures of Pd caused by the insertion of
Cu. Kariuki et al. [204] prepared monodispersed PdCu alloy nanoparticles, which
showed high ORR activity in acidic electrolyte. Fouda-Onana et al. [205] found
Pd5pCusg exhibited the high activity in ORR. The enhancement was attributed to an
optimal d-band property that made the OOH dissociative adsorption easier, which
was considered as chemical rate determining step (RDS) for the ORR [236,237].

5.3.3. PdAg Alloys

Ag catalysts have lower activity in ORR than those of Pt catalysts because of
their weak interaction for binding O,. However, the inexpensive Ag nanoparticles
have been shown to have higher stability than pure Pt cathodes during long-term
operation. Lee et al. [238] supported AgPd alloy on multiwalled carbon nanotubes
and found that the ORR proceeded through a two-electron pathway, while according
to other authors the ORR on AgPd alloy was a four-electron process [239,240]. In
alkaline medium the electrode reaction kinetics is higher than that in the acidic
medium, enabling the use of Pt-free catalysts. Oliveira et al. [159] evaluated PdAg
alloys toward the ORR in alkaline medium and found that alloying Pd with Ag
leaded to an increase in the ORR kinetics relative to Pd.

5.3.4. PdAu Alloys

Gold has been used as support material for studying the catalytic behaviour
of Pd. Sarapuu et al. [203] evaluated the influence of the Pd film thickness and
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Au substrate to the ORR activity of Pd. The ORR proceeded through 4-electron
pathway on all PdAu electrodes. The specific activity of ORR was lower in HySO4
solution and decreased slightly with decreasing the Pd film thickness. In HClOy,
the specific activity was higher and was not significantly dependent on the film
thickness. Xu et al. [241] found Au-modified Pd catalyst exhibited increased catalytic
activity for ORR in alkaline media, which was 1.4 times higher than that with the
mono-Pd catalyst.

5.3.5. PdCo Alloys

There was an in-depth understanding of the various factors that ifluence the
catalytic activity of the PdCo nanoalloys [242-244]. It was found that a mild annealing
of the alloys at moderate temperatures (350 °C) was desirable to clean the surface
and maximize the catalytic activity and durability [245-247]. Tominaka et al. [248]
synthesized a mesoporous PdCo sponge-like nanostructure with a most desirable
lattice contraction into a Pd catalyst for the ORR. The mesoporous PdCo catalyst had
a higher specific activity than that of the Pt catalyst. Wei et al. [206] obtained PdCo/C
alloy catalysts with an atomic ratio of 3:1. They found the well-formed PdCo alloy
showed excellent ORR activity. Serov et al. [249] investigated PdCo catalysts for ORR
in a direct methanol fuel cell. Such a non-Pt catalyst showed comparable power
density with a commercial MEA prepared using Pt cathode. Rao et al. [199] prepared
PdCoMo alloy nanoparticles with better catalytic activity compared with Pd.

5.3.6. PdPt Alloys

The nanosized Pd supported on carbon black will gradually grow larger during
long-term operation, thus reducing the electrochemical active surface area and
resulting in irreversible performance loss. Many works had been tried to improve the
performance and durability of the catalyst, alloying with other metal is one important
method. Lots of works had been done on the alloys of Pd with other noble metal,
for example Pt [250-252]. Pd and Pt had a face-centered cubic (fcc) phase with a unit
length of 3.92 A for Pt and 3.89 A for Pd. The small lattice mismatch meant that the
epitaxial growth should be favored. Figure 9 shows a typical result of PdPt alloy for
the ORR. The PdPt nanodendrites were two and a half times more active than the
state-of-the-art Pt/C catalyst [253-255].

The PtPd/C showed a comparable performance and better durability than that
of the Pt/C [201]. Thanasilp et al. [256] demonstrated that the different Pt:Pd atomic
ratios had a significant effect on the catalyst activity. Decreasing the Pt:Pd atomic
ratio led to an increase in the particle size and decrease in the electrochemical activity.
Figicilar et al. [257] found that when the particle size of Pd increased with the content
and a lower Pd content exhibited a considerable activity and increased stability
Chang et al. [202] found that the Pt3Pd; /C nanocatalyst has a 50% enhancement
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in ORR due to the synergistic effect. Ohashi et al. [207] prepared various PtPd/C
bimetallic catalysts with a higher tolerance to ripening induced by potential cycling.
Peng et al. [208] designed a Pt particle-on-Pd structure to address both the activity and
stability issues. Other alloys of Pd-W, [200] Pd-V, [258] Pd-Ni [259,260], Pd—Sn [261,262]
and Pt-Ir-Re [263] were also studied as catalysts for the ORR.
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Figure 9. Comparison of the catalytic properties of the Pd-Pt nanodendrites,
Pt/C catalyst (E-Tek), and Pt black (Aldrich). (A) The CV curves recorded at
room temperature in an Ar-purged 0.1 M HCIO, solution with a sweep rate of
50 mV s—1; (B) specific ECSAs (electrochemical active surface area) for the Pd-Pt
nanodendrites, Pt/C catalyst, and Pt black; (C) ORR polarization curves for the
Pd-Pt nanodendrites, Pt/C catalyst and Pt black recorded at room temperature and
60 °C in an Op-saturated 0.1 M HCIOy4 solution with a sweep rate of 10 mV s~land
a rotation rate of 1600 rpm and (D) mass activity at 0.9 V versus RHE (reversible
hydrogen electrode) for these three catalysts. Reproduced with permission from
reference [253].
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5.4. Novel Nanostructures

Recent attention has been drawn to the strong dependence of the catalytic
properties of Pd on their surface morphologies. For example, the specific activity
of the Pd nanorods prepared by electrodeposition was found to be close to that
of Pt in acidic solution and was 10 times higher than that of electrodeposited Pd
nanoparticles [264]. The higher activity was attributed to the exposure of Pd (110)
surface facet. The activity of the Pd with low index planes increased in the following
order: Pd(110) < Pd(111) < Pd(100) [265-267]. The Pd(100) single crystal plane was
even more active than Pt(110) in 0.1 M HCIOy,. The low indexed Pd became favorable
in the electrochemical reaction, controlling the morphology is one of the commonly
used methods to get low indexed metal.

5.4.1. Core-Shell Structures

The heterogeneous core shell structure has many advantages. First of all, the
core-shell structure can greatly reduce the cost of the catalyst. Second, the strain
caused by the lattice mismatch between the surface and core components may be
used to modify the electronic properties of the surface metal atoms, most notably
their d-band centres, which affect the rates of one or more elementary steps in the
overall catalytic reaction [268-270].

Lim et al. [253] synthesized PdPt bimetallic nanodendrites consisting of Pt
branches as shell and Pd as core, the nanodendrites were two and half times more
active for the ORR than the state-of-the-art Pt/C catalyst. Peng et al. [208] also
found improved stability for ORR with a Pt-on-Pd core-shell nanostructure. It was
calculated that the optimal coverage of Pt on Pd (111) surface was on the order of two
monolayers [271]. Yang et al. [209] prepared a core-shell structure with a PdFe core
and a PdPt shell, which showed four times ORR activity compared with a commercial
Pt/C catalyst. Yang et al. [210] constructed a PdPt shell on a PdCo core with six fold
increases in the activity and with much higher stability. Sasaki et al. [272] illustrated a
core/shell catalyst with Pd and PdgAu; alloy as core and Pt monolayer as shell with
high activity and very high stability. The origin of the improved activity and stability
of the core-shell catalyst was studied. The Pd core not only assured the long-term
stability of the monolayer Pt shell, but increased the activity of Pt by causing it to
contract slightly, lowering its d-band centre energy and reducing the bond strength
of the adsorbed oxygen intermediates. These effects decreased the bonding of OH
and O to Pt that inhibited the ORR kinetics and also stabilize Pt against oxidation
and dissolution.
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5.4.2. Unsupported Pd

Besides the most frequently used supported Pd catalysts, the application of
nano-structured Pd as catalyst for the ORR has also been studied. For example,
PdFe nanorods [211], PdCoyCN,, [273], Pt monolayer supported on Pd/PdsFe [212]
and Pd/SnO, [213] demonstrated significantly increased ORR activity. The catalytic
activity of Pd could become comparable to that of Pt upon appropriate modification of
its electronic structure. The surface specific activity of Pd nanorods (Pd-NRs) toward
the ORR was found to be not only 10-fold higher than that of Pd nanoparticles
(Pd-NPs), but also comparable to that of Pt at operating potentials of fuel cell
cathodes [264]. Zhang et al. [194] prepared PdFe-nanoleaves with Pd-rich nanowires
surrounded by Fe-rich sheets. The structure demonstrated three times increased
specific activity and 2.7 times increased mass activity compared witha commercial
Pt/C catalyst.5.5. Singal Fuel Cell Characterizations

Two kinds of fuel cells, the PEMFC feeding with H, /O, and direct alcohol
(ethanol of methanol) fuel cells, were studied by using above mentioned catalysts.
In PEMFC applications, Tang et al. [195] proved the performance of Pd/C was
much less than that of the commercial Pt/C. Single cell with Pd/C as the cathode
displayed a maximum power density of 508 mW cm~2 which was almost half of
that of commercial Pt/C catalyst. This result was the same with the half cell test, that
is, the performance of Pd/C catalyst was much inferior to that of the Pt/C catalyst
for the ORR. Thanasilp et al. [256] studied the influence of Pt:Pd atomic ratios on
a carbon supported upon its suitability as a cathode for a PEMFC. Although the
different Pt:Pd atomic ratios had a significant effect on the performance in a Hy /O,
fuel cell, the performance of the PdPt alloy was still much lower than that of Pt/C
catalyst. Rosa et al. [274] directly sprayed Pd ink on carbon paper to form a novel
oxygen diffusion electrode for the PEMFC, but the utilization efficiency of Pd was not
satisfactory. With the help of nanotechnology, the performance of Pd catalyst with
novel nano-structures as the PEMFC cathode was greatly improved. Li ef al. [211]
synthesized PdFe nanorods with tunable length which showed a better PEMFC
performance than that of the commercial Pt/C due to their high intrinsic activity to
ORR at reduced cell inner resistance and improved mass transport.

In direct alcohol fuel cells, Xu et al. [241] studied Au-modified Pd catalysts on
carbon nanotubes which yielded a peak power density of 1.4 times higher than that
with the mono-Pd cathode but was still less than Pt cathode. Pd alloys such as
PdCoMo alloy [199] and PdCo alloy [199] showed comparable performance with
that of commercial Pt/C, the PdNi alloy showed much higher performance than of
Pd/C but still inferior to that of Pt/C catalyst [260]. It turns out that alloying Pd with
other metals like Fe, Co and Ni is possible to improve the performance, reduce the
cost and improve the stability of fuel cell.
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6. Conclusions and Future Perspective

This article reviewed the latest advances in Pd-based catalysts for fuel cells. The
review focused on Pd nanostructure, Pd catalysts for formic acid oxidation, alcohol
oxidation and oxygen reduction reaction.

Different Pd morphologies were prepared. Due to the intrinsic advantages
in crystallography and morphology, most of the Pd nanomaterials have high
performance in fuel cell half cell characterization. Both the activity and stability
of the catalysts could be improved, which would significantly reduce the usage
of Pd in fuel cells. But the nano-structured Pd could not be vast applied in fuel
cell, because of the limited yield and the difficulty in the MEA preparation. Futhure
studies should be conducted to realize the mass production and find ways for efficient
MEA preparing techniques.

As fuel cell catalysts for formic acid oxidation, methanol oxidation and oxyren
reduction, Pd was loaded on carbon powders or other novel supports such as
graphene and carbon nanotubes to achieve high electrochemical active surface area
and improve the utilization efficiency of the Pd catalyst. The nature of the support
materials also had great influence on the activity of Pd catalyst. Supported Pd
nano-strucutures often had better performance than particles. Alloying with other
metals could modify the electronic structure and induce tensile strain of the Pd
clusters and finally infiuence their catalytic activities. There was great potential in
the development of Pd alloy catalysts especially with non-noble metals to perform
improved performance and stability and at the same time the reduced cost.

Considering the cost and comparable activity with Pt, the Pd-based catalysts
are potential candidates as main catalysts for fuel cells to reduce the use of Pt and
the cost for commercialization.
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Recent Advances on Electro-Oxidation of
Ethanol on Pt- and Pd-Based Catalysts: From
Reaction Mechanisms to Catalytic Materials

Ye Wang and Wen-Bin Cai

Abstract: The ethanol oxidation reaction (EOR) has drawn increasing interest in
electrocatalysis and fuel cells by considering that ethanol as a biomass fuel has
advantages of low toxicity, renewability, and a high theoretical energy density
compared to methanol. Since EOR is a complex multiple-electron process involving
various intermediates and products, the mechanistic investigation as well as the
rational design of electrocatalysts are challenging yet essential for the desired
complete oxidation to CO,. This mini review is aimed at presenting an overview
of the advances in the study of reaction mechanisms and electrocatalytic materials
for EOR over the past two decades with a focus on Pt- and Pd-based catalysts.
We start with discussion on the mechanistic understanding of EOR on Pt and Pd
surfaces using selected publications as examples. Consensuses from the mechanistic
studies are that sufficient active surface sites to facilitate the cleavage of the C-C
bond and the adsorption of water or its residue are critical for obtaining a higher
electro-oxidation activity. We then show how this understanding has been applied
to achieve improved performance on various Pt- and Pd-based catalysts through
optimizing electronic and bifunctional effects, as well as by tuning their surface
composition and structure. Finally we point out the remaining key problems in the
development of anode electrocatalysts for EOR.

Reprinted from Catalysts. Cite as: Wang, Y.; Zou, S.; Cai, W.-B. Recent Advances
on Electro-Oxidation of Ethanol on Pt- and Pd-Based Catalysts: From Reaction
Mechanisms to Catalytic Materials. Catalysts 2015, 5, 1507-1534.

1. Introduction

Rising demands for energy coupled with concerns over ecosystem damage
and growing consumption of non-regenerative fossil energy pose a great need
for clean and efficient power sources [1-4]. Fuel cells are widely considered as
sustainable energy conversion devices. Low-temperature fuel cells are undergoing
rapid development for mobile applications and in particular for the transport sector.
Among different fuels that have been used for fuel cells, hydrogen, methanol, and
ethanol have been the most explored and each has its advantages and disadvantages.
The choice of the fuel depends on the applications. Proton exchange membrane fuel
cells (PEMFCs) using hydrogen as the fuel have the advantages of low operating
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temperature, sustained operation at high current densities, low weight, compactness,
and suitability for discontinuous operation, but face challenges in the production,
storage and transport of hydrogen. As an alternative fuel, ethanol which can be
produced on a massive scale from biomass feed stocks originating from agriculture
(first-generation bioethanol), forestry, and urban residues (second-generation
bioethanol), is attracting increasing interest [5-8]. Compared to another common
fuel, methanol, ethanol complements the shortcomings of methanol owing to its
non-toxicity, higher boiling point, and most importantly, renewability. In addition,
ethanol has a high specific energy of 8.01 kWh-kg~!, which is comparable to that of
gasoline [9,10]. Nevertheless, the relatively sluggish kinetics for the ethanol oxidation
reaction (EOR) presents a major roadblock for the development of direct ethanol
fuel cells (DEFCs) [3,7]. Higher performance catalysts are needed to overcome this
bottleneck. A detailed understanding of the reaction mechanism and in particular of
the rate-limiting step(s) in EOR under continuous reaction conditions is of critical
importance for the design of highly active catalysts [11,12]. Although numerous
experimental studies using Fourier transform infrared spectroscopy (FTIR) [13-26] or
differential electrochemical mass spectrometry (DEMS) [27-37], as well as theoretical
studies [38-45] have been conducted to understand the EOR process, a detailed
mechanism of EOR remains unclear or even contradictory. Nevertheless, a so-called
dual-pathway (C1 and C2) mechanism has been largely agreed upon: the C1 pathway
proceeds via adsorbed carbon monoxide (CO,q4,) intermediate to form CO; (or
carbonate in alkaline solutions) by delivering 12 electrons, and the C2 pathway
mainly leads to the formation of acetic acid (or acetate in alkaline solutions) by
delivering four electrons and/or acetaldehyde by delivering two electrons. Though
a higher electro-efficiency can be achieved by the C1 pathway, the C2 pathway is
generally dominant in the overall EOR [46—49]. Therefore selectively enhancing the
C1 pathway by rational design of high performance catalysts is an effective way to
increase the DEFC efficiency.

Pt is the most commonly used catalytic metal in the anode of DEFCs because
of its excellent properties in the adsorption and dissociation of ethanol. However,
the cost of Pt is a major impediment in the commercialization of fuel cell technology,
because it alone accounts for approximately 54% of the total fuel cell stack cost [3].
On the other hand, Pd has similar catalytic properties to Pt (in the same group of
the periodic table, having the same face centered cubic (fcc) crystal structure and a
similar atomic size) [12], but is much lower in material cost. Moreover, the abundance
of Pd on the Earth’s crust is 200 times higher than that of Pt (0.6 part per billion (ppb)
vs. 0.003 ppb), making it very attractive for long-term industrial applications [3].
Though Pt and Pd show relatively good activity, a complete oxidation of ethanol
in both acidic and/or basic media remains virtually impossible. A large number of
studies have reported the enhancement of the electrocatalytic performance of Pt-M
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and Pd-M binary or ternary catalysts by adding additional elements such as metallic
elements Ru, Sn, Ir, Bi, Rh, Mo, Fe, Co, Cu, Ni, Au, Ag and nonmetallic elements,
oxides etc. Yet, there are many unanswered questions regarding the role of these
foreign materials in improving the electrocatalytic activities. To rationally design
Pt- or Pd-based materials as anode catalysts and to develop DEFC technology, a
better understanding of the structure-electrocatalytic activity relationships in the
EOR is a pre-requisite.

In this review, by discussing selected publications on mechanism studies and the
development of advanced catalysts, we present an overview of how the achievements
in mechanism studies have been used to guide the rational design of catalysts. Recent
advancements in fundamental studies as well as in developing promising new anode
EOR catalysts are briefly surveyed. Finally, we summarize the key problems in the
investigation on catalysts for EOR and provide outlooks for their future development.
Because EOR is under active research, it is impossible to cover every aspect of the
new developments. We therefore focus our discussion on Pt- and Pd-based catalysts.
Selected examples are only used to facilitate the discussion and inevitably we may
have omitted other significant contributions in the field.

2. Reaction Mechanism of EOR

Activity, selectivity, and stability are critical issues that need to be addressed
for any catalysts. Comprehensive fundamental studies of EOR form the basis of
design rules for high efficiency catalysts [2,21,26,47,50]. A great deal of work on the
mechanisms of Pt- or Pd-based catalysts have been devoted to solve the long-standing
puzzle concerning the intermediates and the products from EOR. The pioneering
work on the mechanism of EOR can be traced back to the 1950s [51] and now has been
evolved into a commonly accepted dual-pathway mechanism on Pt- or Pd-based
catalysts in either acidic or alkaline media as shown in Figure 1. [44,47,52-55].

CH;CHO CH;COOH  C2Pathway 4e)

CH,CH,0H

12 ¢
CH, + CO

CcO, C1 Pathway (12¢)

Figure 1. Schematic representation of the parallel pathways for ethanol oxidation
on Pt electrodes in acidic media.

The C1 pathway is the complete oxidation of ethanol to CO, or carbonates via
CO,gs intermediate by delivering 12 electrons and the C2 pathway is the partial
oxidation of ethanol to acetate by delivering four electrons or to acetaldehyde by
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delivering two electrons without the breaking of the C—-C bond as shown in the
following equations:

C1 pathway:
CH; — CH,0H + 3H,0—2CO, + 12H* + 12¢" 1)
CH; — CH,OH + 5H,0—2HCO; + 14H* + 12¢° )
CH; — CH,OH + 5H,0—-2C0O5% + 16H" + 12¢ (3)

C2 pathway:
CH; — CH,OH + H,0—CH; — COOH + 4H" + 4¢” (4)
CH; — CH,OH—CHj; — CHO + 2H* + 2¢ (5)

Adsorbed CO, C1 and C2 hydrocarbon residues have been identified as the
major adsorbed intermediates on Pt- or Pd-based catalysts, while acetaldehyde and
acetic acid have been detected as the main by-products using techniques such as
infrared spectroscopy [13-26], online DEMS [27-37], ion chromatography [56,57],
and liquid chromatography [14]. However, EOR has been shown to occur via a
series of complex reactions involving a number of sequential and parallel reaction
steps, thus resulting in more than 40 possible volatile and adsorbed intermediates or
oxidative derivatives [43]. Previous studies agree that CO is a dominant adsorbed
species formed during EOR, however, they disagree on details such as the adsorbed
state of other intermediates and on the question of the rate limiting steps: the
adsorption of intermediate or the cleavage of C-C bond or the formation of OH or
oxides [20,23,26,31,38,45,47,54]. In the following we summarize EOR mechanisms
developed in the last two decades from experimental as well as DFT calculation
studies and discuss the unsolved issues in understanding the EOR mechanism.

2.1. Experimental Detection and Quantification of Reaction Intermediates and Products

As mentioned above, the reaction mechanism is complex involving several
adsorbed intermediates and numerous products and by-products. Determining
product distribution and identifying reactive intermediates are the keys for solving
the EOR mechanism puzzle and therefore are always hot topics under active debate.
To address these two issues, many efforts have been made to combine traditional
electrochemical methods (cyclic voltammetry, chronoamperometry, rotating disc
electrodes, efc.) with other physicochemical methods, such as in sifu FTIR [9,13-24],
broadband sum-frequency generation (BB-SFG) spectroscopy [58], DEMS [16,27-36],
HPLC [56,57], GC [14], electrochemical quartz crystal microbalance (EQCM) [59] and
in situ NMR [60] to probe the adsorbed intermediates and/or quantify the reaction
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products and by-products [56]. We devote the following section to summarize and
discuss how these techniques were used for product quantification as well as the
clarification of intermediates, starting with FTIR studies and followed by mass
spectrometric results.

In the early days Weaver and co-workers [25,61,62] adopted real-time FTIR
spectroscopy to study EOR on Pt surfaces in acidic media, and found that the final
reaction products included acetic acid, acetaldehyde along with a smaller amount
of CO;. Their work was the first quantification of specific oxidation products, and
provides values of the effective absorption coefficient, e.¢ of CO,, acetic acid, and
acetaldehyde which are 3.5 x 104, 5.8 x 103, and 2.2 x 103 M~ 1. em™2, respectively.
The yields of oxidation products were calculated using respective integrated band
intensities (A;), and the amount of a given species Q (mol- cm™?) trapped inside
the thin layer between the electrode surface and the optical window followed

the relationship:
A
Q=— (6)

Eeff

To better compare the selectivity and activity of EOR on catalysts, Adzic’s [9]
group applied in situ infrared reflection-absorption spectroscopy (in situ IRRAS) to
quantify the ratio of C1 pathway to C2 pathway on the ternary Pd-Rh-5nO,/C
electrocatalysts using the following Equation (7):

Cco, _ 6 x Qco, )

CcHscooH + CcHycHo 4 X QcH,cooH + 2 X QcH;CHO

where Cco, and Ccn,coon + CchycHo represent the charges associated with the
total oxidation pathway (C1) and the partial oxidation pathway (C2), respectively.

As can be seen from reactions 1-5, water, or its adsorption residue (adsorbed
OH) is involved in EOR and therefore the product distribution strongly depends
on the nature of the electrolyte, such as the concentration of ethanol, pH, or the
anion [18,63,64]. Camara and Iwasita [55] systematically investigated the effects of
ethanol concentration on the product distribution on polycrystalline Pt by FTIR. They
found that the C1 pathway is more pronounced at low ethanol concentration (below
0.1 M) with negligible acetaldehyde. When the ethanol concentration was higher
than 0.2 M, the formation of CO; and acetic acid was inhibited and acetaldehyde
was the main product.

Recently the fast development of anion exchange membranes has renewed the
interest in the development of alkaline polymer electrolyte fuel cells. In alkaline
media, a facile EOR can be achieved less costly with relatively abundant non-Pt metal
catalysts. However, it is not clear whether or to what extent the mechanism proposed
for EOR on Pt in acidic media can be extended to basic media. By combining
electrochemical and spectroscopic techniques (SERS and in situ FTIR), Koper’s
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group [18,54,65] showed that the activity of the reaction on Pt electrodes increases
significantly when the pH of the electrolyte was higher than 10. Detailed mechanisms
were proposed for EOR at low electrolyte pH (<6) and at high electrolyte pH (>11) as
shown in Figure 2:

CH, ,4+CO,y "7 2C0 I 2 €O, or CO,> or HCOy

4 4

C1- pathway 'CHZFHO

C2- pathway

— = r.|43c1-|(0|-|)2_I
CH,CH,0H — . CH,CHO CH,COOH

r 3]

ad

e CH3CH 0% Lo CHyCHOHO' ... CH,COO"

Figure 2. Proposed reaction mechanism for electro-oxidation of ethanol on Pt
electrodes. Solid arrows denote the mechanism at low electrolyte pH, while dashed
arrows denote the mechanism at high electrolyte pH. Adapted from Reference [18].

On the other hand, based on their in situ FTIR spectroscopic results in studying
EOR on Pt in alkaline media, Christensen and his co-workers [20] proposed that in
contrast to the acidic solutions, under alkaline conditions, the intermediates interact
with the surface through O rather than C as shown in Figure 3. Pt;—CH,-C(=0)-O-Pt;
was speculated as a new intermediate, and the solution acetate species was the
predominant product.
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Figure 3. The mechanism of ethanol oxidation at polycrystalline Pt in
alkaline solutions proposed by Christensen. Reproduced with permission from
Reference [20] Copyright 2012, American Chemical Society.
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Pd exhibits a much higher electrocatalytic activity in alkaline media compared
to Pt due to its higher oxophilicity and relatively inert nature [17,47,66]. Ethanol
oxidation on Pd is dramatically affected by the pH of the solution: virtually no
reaction occurs in acidic solutions, while the reaction is fast in alkaline solutions.
Through IRRAS studies [19], it was demonstrated that the oxidation of ethanol
is incomplete on Pd electrodes and the main product is acetate. In addition, a
quantitative FTIR study showed the selectivity for ethanol oxidation to CO; is less
than 2.5% on Pd in the potential region of —0.60 to 0 V [67], but it is still slightly
higher than that of Pt in alkaline media.

Though the external infrared reflection absorption spectroscopy with a thin-layer
configuration enables the evaluation of the selectivity of the reaction products (i.e.,
CO,, acetate, and acetaldehyde) as a function of the applied potential, it is not
sufficiently sensitive to probe low-coverage or weakly adsorbed intermediates and
therefore may not provide complete information for understanding the reaction
mechanism [68]. In addition the limited mass transport to and from the thin
layer can skew or even alter the product distribution [20]. In contrast, attenuated
total reflection surface enhanced infrared absorption spectroscopy (ATR-SEIRAS)
provides high surface sensitivity and unobstructed mass transport and thus is
promising for the complete disclosure of the EOR mechanism [26,69]. Yang et al. [23]
recently investigated the surface reaction of ethanol on Pd in alkaline media using
ATR-SEIRAS and H-D isotope replacement on «-C to shed new light on the
self-dissociation and oxidation processes. As illustrated in Figure 4, ethanol may
undergo dehydrogenation at o-C to form adsorbed acetyl rather than acetaldehyde,
followed by successive decomposition to form C1 species, including CO,4 and CHj
at open circuit potential or lower potentials. Moreover, ATR-FTIR was also adopted
to clarify the rate limiting steps on Pd thin film electrodes. It was found that at higher
potential the subsequent dissociation (C—C bond breaking) of the adsorbed acetyl
species is the rate limiting step rather than the formation of adsorbed acetyl [70].
Thus, despite controversy over the details, the reaction pathways for EOR with Pd
electrodes in alkaline media are more or less similar to that with Pt electrodes in basic
and acidic media.
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Figure 4. Reaction pathways for interfacial CH3CH,OH at Pd electrodes in
alkaline media. Reproduced with permission from Reference [23]. Copyright
2014, American Chemical Society.

Despite the fact that external IRRAS has been frequently used in identifying
reaction intermediates and products, the thin-layer configuration limits its capability
for quantification. First, the thin layer structure is not reproducible from experiment
to experiment. Second, product accumulation and diffusion out of the thin layer
take place at the same time with species-dependent rates, i.e., the diffusion rate
varies with different species in the thin layer. CO, is the most volatile among
the three major products and diffuses out faster than CH3COOH and CH3CHO,
resulting in its lower estimation. Complimentary to IR spectroscopy, on-line DEMS
can provide accurate quantitative information on ethanol oxidation products. In
fact, mass spectrometry has often been used to study EOR in conjunction with IR
spectroscopy. Studies using DEMS [28-37], electrochemical thermal desorption mass
spectroscopy (ECTDMS) [71], and multipurpose electrochemical mass spectrometry
studies (MPEMS) [29] have drawn the conclusion that all mono- or bi-aliphatic
alcohols, except tertiary ones, yield minor amounts of CO; with the corresponding
aldehydes or keto-compounds as major products during their electro-oxidation.
Typically, on-line DEMS, especially under well-defined transport and diffusion
conditions, has the ability to quantitatively determine kinetic parameters (reaction
orders, activation energies, steady-state rates) for the overall EOR, and also for the
partial reactions leading to the individual reaction products such as CO;, acetic acid,
and acetaldehyde [16,30-33,35,72].

By combining cyclic voltammetry and potential step measurements of the
reaction transients with DEMS, Behm and co-workers performed a thorough
investigation on the EOR products on a carbon-supported Pt nanoparticle catalyst
at reaction temperature (23-60 °C) [30], and on PtRu and Pt3Sn catalysts [33].
Absolute rates for CO; and acetaldehyde formation were determined via the doubly
ionized carbon dioxide at m/z = 22 and the CHO™" fragment at m/z = 29 from the
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calibrated mass spectrometric currents, whereas acetic acid yields were determined
indirectly by calculating the difference between the measured Faradaic current and
the partial currents of ethanol oxidation to CO; and acetaldehyde. More importantly,
they convincingly showed that Pt-based catalysts exhibit selectivity towards CO,
ranging from 0.5%—7.5%, which is far below the selectivity needed for economic
implementation of the DEFC technology. They further explored the reaction in
a wider temperature range (up to 100 °C) and found that the current efficiency
for CO, formation increased significantly with the temperature while it decreased
with increasing potential [37]. The latter observation suggests that the rate limiting
step was changed from CO,4 oxidation at lower potential to C—C bond breaking at
higher potentials. This transition is reasonable because the cleavage of the C-C bond
becomes vital when the surface has the ability to easily remove poison species at
higher potentials.

2.2. Theoretical Studies

Over the past decade the theoretical description of surface reactions has
undergone a radical development [38,39]. Advances in density functional theory
make it now possible to describe catalytic reactions on surfaces with the detail and
accuracy required, so that computational results compare favorably with experiments.
Simulations and theoretical studies have helped to advance our understanding of
the EOR including predictions of vital intermediates, the preferable pathway, or
the underlying electron transport process [40—42]. Some of these theoretical works
corroborate with works that have been proposed by experimentalists, including the
confirmation of some adsorbed intermediates in the step-wise mechanism, which are
not detectable, probably due to the limited time resolution of the current experimental
techniques. Therefore, theoretical studies may help to reconcile controversies and to
understand variations in catalytic activity from one catalyst to another [73].

A higher percentage of C1 pathway is desirable for high efficiency DEFCs,
but the production of CO; can be as low as 0.5% as shown by DEMS [31]. DFT
was used to elucidate the reasons for the low efficiency of EOR on Pt [38] and the
study found that a higher percentage of Cl-pathway requires a careful control of
oxidant surface coverage to allow facile C-C bond cleavage. Ethanol oxidation shows
significant structure sensitivity in that the defect sites activate both the O-H and
the C-C bonds [74]. The presence of OH or O species will considerably increase the
energy barrier of the C—C bond cleavage as shown by DFT calculations, therefore the
C1 pathway will be largely reduced compared to the corresponding clean surface.
On a clean Pt surface with defects at low applied potentials, and thus low oxidant
coverages, the formation of acetic acid and CO/CQO, are energetically favorable
and, interestingly, comparable. This finding is consistent with the experimental
observations [18,20,23,66] that CO formation is indeed reasonably facile at low
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applied potentials on clean Pt surfaces. Increasing the applied potential, results
in increasing oxidant surface coverage and leads to a large reduction in the rate of
C—C bond cleavage. However, surface oxidants are required for conversion of CO to
CO,. These two competing processes explain the inability of pure platinum catalysts
to act as efficient DEFC catalysts.

There has been some debate over whether C—C bond breaking is the rate limiting
step in EOR. Very recently Anderson’s group calculated the reversible potentials
for the reaction intermediates of EOR on Pt (111) [45] using DFT. They found that
surface potentials for the path to CO, were low and close to the calculated 0.004 V
reversible potential for the 12 electron oxidation of ethanol. The main activation
energy in the total oxidation of ethanol to CO, comes from the formation of OH,4;
from H,O with a reversible potential of 0.49 V, the highest potential as shown in
Figure 5. The favorable path to CO; takes the right hand branch to OCCHj3 and then
to OCCH,qs [45]. OH,4s is essential for the oxidation of CO,qs and CH,4s, which
leaves OH,45 formation to be the rate limiting step. Accordingly, an ideal catalyst
would have the ability to adsorb most intermediates weakly but OH more strongly.
This conclusion agrees with the observation that the maximum rate of adsorbed
acetyl decomposition into CO,qs and CHy .45 appeared at 0.3-0.4 V vs. RHE [70],
which is significantly lower than the onset potential of OH,45 formation (~0.5 V) [75].

The role of water and hydroxyls during EOR on Pd electrodes in alkaline
media was further investigated by Lin’s group [39] by acquiring first principle
calculations. The possible pathways for the formation of acetate from acetaldehyde
were evaluated by comparing the reaction barriers (E,) as well as thermodynamic
(AE) and structural parameters. Their results suggested that acetaldehyde is first
hydrated in water to form germinal diol, and then the dehydrogenation of germinal
diol produces acetate. According to this study, the OH™ anion acts as the center in
the concerted-like dehydrogenation path as shown in Figure 6 confirming what has
been found in experiments.

The total oxidation current at lower potentials was found to be rather structure
sensitive where the presence of steps enhances the rupture of the C—-C bond and the
complete oxidation to CO; [74]. Theoretical studies have identified the platinum
monoatomic steps as the most likely sites for full ethanol oxidation and concluded
that the close-packed surfaces are unsuitable [76]. Liu’s group [43,44] clarified
the location of the transition state and saddle points for most surface reactions
during EOR on different Pt surfaces based on gradient-corrected DFT as shown
in Figure 7. Their results suggest the EOR is a structure-sensitive reaction that is
influenced by two key reaction steps: (i) the initial dehydrogenation of ethanol and
(if) the oxidation of acetyl (CH3CO). By simulating three typical Pt surfaces, namely
close-packed Pt (111), monatomic stepped Pt (211), and open Pt (100), these authors
demonstrated for the first time that the selectivity of ethanol oxidation on Pt is highly
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structure sensitive among which Pt (100) is the best surface to fully oxidize ethanol
to CO, at low coverages. It shows that CO, and acetic acid originate from the same
surface intermediate i.e., CH3CO as experimentally evidenced by our group [23], but
acetaldehyde is from ethanol directly. The cleavage of the C—-C bond occurs through
the strongly chemisorbed precursor CH,CO or CHCO only at low-coordinated
surface sites, not from CH3CO as proposed by FTIR study [13,14]. Acetaldehyde
is produced via the one-step concerted dehydrogenation of ethanol, which occurs
mainly on close-packed (111), and is enhanced by increased CHy coverage. Acetic
acid is the dominant oxidation product on Pt(111) at oxidative conditions, but its
formation is significantly inhibited by the monoatomic steps.
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Figure 5. Reaction network calculated for ethanol electro-oxidation to CO,,

methane, and acetate. Reproduced with permission from Reference [45]. Copyright
2015, the Electrochemical Society.
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Figure 6. General scheme describing the ethanol oxidation reaction on Pd electrodes
in the presence of an electrical double layer proposed by first principle calculations.
Reproduced with permission from Reference [39]. Copyright 2014, American
Chemical Society.

In summary, EOR is a very complex reaction that can proceed via different
pathways. The product distribution and the dominant reaction pathway depend
on many factors including temperature, catalyst material and structure, applied
potential, ethanol concentration, reaction media, efc. [20,30-32,37,45-47]. The
interplay of these factors affects EOR greatly. Typically, the adsorption of hydroxyl
is vital in both acidic and alkaline media [18,39,40,45-47]. In acidic media, at
low potentials C—C bond cleavage occurs readily to form CO [30,43]. Owing to
the unavailability of oxidants to remove CO,q, the surface is poisoned and CO,
production is limited. At higher potentials, there are abundant oxidants, but C-C
bond cleavage is inhibited by the high coverage of oxidants, thus leading again
to small CO/CO; production [45]. Similarly in alkaline media, the dissociative
adsorption of ethanol proceeds rather quickly and the rate-determining step
is the removal of the adsorbed species, which varies among literature, by the
adsorbed hydroxyl. At higher potentials the kinetics is not only affected by the
electro-adsorption of OH™ ions, but also by the formation of the inactive surface oxide
layer [20,23,39]. Therefore EOR on Pt- or Pd-based catalysts proceeds predominantly
with the C2 pathway and acetic acid or acetate is the main product. Carbon dioxide
or carbonate is relatively low in the product distribution [3,30,37,57]. In general
EOR proceeds through similar reaction pathways but some differences have been
discussed. In acidic media, the initial bond breaking step is dehydrogenation at
a-carbon, while in strong alkaline media it is the O-H bond cleavage [18,20,43,45].
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oxidation (A) on Pt (111) and acetyl oxidation (B) on Pt (211) (data on the left) and
Pt (100) (data on the right). Reprinted and adapted with permission from Ref. [43].
Copyright 2008, American Chemical Society.

Despite the diverse reaction mechanisms for EOR presented in the literature,
some characteristics of a highly efficient catalyst for complete oxidation of ethanol
to CO; have emerged. The rationally designed catalysts would have: (i) suitable
surface sites for C—C bond breaking; (ii) a suitable surface composition to increase
selectivity for CO, formation; (iii) a bifunctional effect to facilitate the adsorption and
activation of water to form OH,4s for the removal of CO and -CH, species [45,76].
Utilizing these design guidelines, researchers have developed many new catalysts
with higher selectivity and activity, and longer durability as demonstrated in the
following studies.

3. Catalytic Role of the Electrode Materials

As discussed above, both experimental and theoretical studies suggest that the
lower electro-efficiency C2 pathway is the dominant for EOR on Pt and Pd surfaces.
Therefore a good tactic to obtain a better electrocatalytic performance is to increase
the ratio of C1 to C2 pathway to achieve a more complete ethanol oxidation, which
as shown above requires active surface sites for C—C bond breaking, CO and —CH,
species removal together with a suitable surface structure to increase selectivity for
CO; formation [77]. Moreover, C1 pathway always involves the participation of
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water or its adsorption residue, a good electrocatalyst must be able to activate both
ethanol and water adsorption, which can be achieved by varying the composition
and structure of the rationally designed catalysts. In the following we first summarize
some design principles and then use selected examples to elucidate the applications
of these principles to obtain high performance catalysts.

3.1. Principles in Rational Design

Electronic effect: when Pt or Pd is alloyed or modified with another metal, the
electronic interaction between Pt or Pd and the other metal results in the changes
in their valence electronic structure through ligand effect and strain effect which
can be described as the shift in the d-band center (e4) as proposed by Norskov
and co-workers [50,73,78,79] and reviewed by Demirci [10]. The d-band center
directly relates to the binding energy of surface poison or reactive intermediates.
A higher-lying ¢4 suggests a more reactive surface that tends to bind adsorbates
more strongly while a surface with a lower-lying ¢4 tends to bind adsorbates more
weakly and facilitates the formation of bonds among them. In the EOR mechanism
mentioned above, a suitable ¢4 with a moderate binding energy of CO, CH,, and
acetyl or acetaldehyde, but higher energy for OH binding is needed by adjusting the
electronic effect.

A bifunctional effect originates from Pt-Ru alloys and is extended to Pt/Sn and
Pt/SnOy [1]. In this mechanism, the presence of Ru, Sn, or SnOy aids in the activation
of water dissociation to form surface hydroxides, which can more readily oxidize CO
and CH, intermediates and therefore exhibit relatively higher EOR performance [80].
These alloys also tend to promote the partial oxidation of acetaldehyde to acetic acid.
However, catalysts with a bifunctional effect do not particularly enhance C—C bond
cleavage during EOR [81].

Surface-structure effect is another important parameter that significantly
changes the activity of catalysts. EOR is a surface sensitive reaction and its efficiency
largely depends on the crystal orientation of the catalyst surface [48]. In alkaline
media Pt(111) electrodes display the highest current and lowest onset oxidation
potential, however with little CO, production. On the other hand, Pt(100) electrodes
are considered to be more active in the breaking of C-C bond and the formation of
CO [43,48] no matter whether acidic or alkaline media. Construction of Pt or Pd
based catalysts with well-defined morphology and a tunable surface is therefore
another way to gain higher electrocatalytic performance catalysts.
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3.2. Pt and Pd Based Electrocatalysts

3.2.1. Pt Based Catalysts

Previous studies have shown a monometallic catalyst such as Pt exhibits a
selectivity of oxidation of ethanol to CO, of 0.5%—-7.5% in acidic media [30], which
falls short for the commercialization of DEFCs. Pure Pt can easily be poisoned by
intermediates (including CO) generated during EOR. Regardless of the media, Pt-based
materials represent the benchmark catalysts for ethanol oxidation. Elements such
as Ru [32,33,35,60,82,83], Sn [15,32,33,35,80,84-86], Pb [21,87-91], Bi [36,89,90,92,93],
Re [86], Sb [93], Ir [94], Au [95], Ce [96], Rh [81,97], Pd [81,98,99], Fe [100], Ni [95,101],
P [102], Mo [83,103] have been widely employed to enhance the activity and
selectivity. In addition, metal oxides, such as MgO, CeO;, ZrO,, SnOy [76,94,104]
RuO;, PbOy [88] have also been investigated for facilitating the removal of CO.
The enhancement has been attributed to the steric hindrance of the surface, or
electronic and/or bifunctional effects when the adatoms are directly involved in the
catalytic process.

Up to now, PtRu [32,33,35,60,82,83] and PtSn [15,32,33,35,80,84-86] have been
regarded as some of the most efficient catalysts for EOR according to the bifunctional
effects. The distribution of products is well-studied by FTIR [35] and DEMS [33,35,55].
The addition of Sn or Ru, though beneficial for the overall activity of EOR, and the
partial oxidation of acetaldehyde to acetic acid, does not enhance the activity for
C—C breaking [35]. The higher current is mainly contributed from the higher yields
of C2 products. These alloys aid in the oxidation of CO but actually lower the total
conversion to CO; because they slow down the breaking of the C-C bond. Because
Pt is the active metal for C-C bond activation, alloying decreases the amount of Pt
and its ability to activate the C-C bond.

To further promote selectivity and activity of EOR, Adzic’s group developed
Pt monolayer (Ptyp) electrocatalysts comprising a one atom thick layer of
Pt placed on selected extended or nanoparticle surfaces. They observed a
correlation between substrate-induced lateral strains in the Pt monolayer and its
activity /selectivity towards EOR. In agreement with previous theories [10,73], a
positive- or tensile-surface strain in the metal overlayer tends to upshift ¢4 and
therefore facilitates OH,4s formation resulting in an enhanced EOR as shown
in Figure 8. The IRRAS spectra showed that acetic acid is the predominant
product [105]. This work demonstrates nicely the importance of electronic effect in
tuning electrocatalytic activity.
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Figure 8. (A) Positive voltammetric scans for Pt(111) and Ptyy, supported on
five different substrates in 0.1 M HCIO, containing 0.5 M ethanol; (B) In situ
infrared reflection-absorption spectroscopy (IRRAS) spectra recorded during EOR
on the Pty /Au(111) electrode in 0.1 M HCIOy4 containing 0.5 M ethanol. Inserted
are models of pseudomorphic monolayers of Pt on two different substrates of
Au(111) and Pd(111). Reprinted and adapted with permission from Reference [105].
Copyright 2012, American Chemical Society.

Along this line, various Pt-Au alloys have been proposed and have shown
relatively high EOR performance [41,106]. Recently Pt-Au hetero-nanostructures
were synthesized by varying the reduction kinetics of a gold precursor to obtain
dimer Pt-Au or core-satellite (Pt@Au) structures. These catalysts show high
selectivity and improved efficiency in alkaline media compared to their monometallic
counterparts [107].

Ternary nanoalloys incorporating suitable metal and metalloid components are
expected to exhibit more flexibility in tuning the geometric and electronic properties
of Pt surfaces, thus are promising to achieve a higher electrocatalytic performance.
Adzic’s group found the ternary-electrocatalysts, Pt-Rh-SnO, /C [9,76] can effectively
split the C—C bond in ethanol at room temperature in acidic solutions and the highest
activity was obtained with a composition of Pt:Rh:5n = 3:1:4 [9]. As shown in Figure 9,
the integrated band intensities of CO, (2343 cm™ 1), CH3CHO (933 ecm™1), and
CH3COOH (1280 cm 1) for both Pt-Rh-SnO, /C and Pt-SnO, /C samples proved
the enhanced cleavage of the C—C bond in ethanol and all three constituents Pt, Rh,
and SnO, are needed to gain the synergistic effect in facilitating the total oxidation
of ethanol.
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Figure 9. Integrated band intensities of CO,, CH3CHO and CH3COOH in IRRAS
spectra from (a). Pt-SnO, /C with the atomic ratio Pt:Sn = 3:4; (b). Pt~-Rh-SnO, /C
with the atomic ratio Pt:Rh:Sn = 3:1:4; (c) The charge ratio of the total oxidation
pathway (Cco,) over the partial oxidation pathway (Cch,coon + CcH,cHO) as a
function of electrode potential for both electrocatalysts in 0.1 M HCIO4 and 0.1 M
ethanol. Reprinted and adapted with permission from Reference [9]. Copyright
2010, Elsevier.

Electrode arrays of 91 combinations of Pt-Sn-M (M = Fe, Ni, Pd, and Ru) were
prepared and screened by a fluorescence assay (Figure 10) to optimize the catalysts
with the highest electrocatalytic activity by Abrufia and co-workers [101]. They
found that Fe-containing catalysts exhibited the highest activity followed by Ni- and
Pd-containing materials with similar results. This work shows that the variation and
combination of different components can exert better electro-activity performance
with different electronic effects.

EOR strongly depends on the electronic and surface structures of the catalysts.
The different EOR activities observed on Pt surfaces with different crystallographic
orientations offer the possibility of optimizing activities of nanoscale practical
catalysts by controlling the particle shape [48,49,74]. By using cubic Pt nanoparticles,
on which (100) surface sites are predominant, the performance of DEFCs can
be increased from 14-24 mW per mg of Pt when compared with cuboctahedral
nanoparticles. Moreover, the open circuit potential shifts about 50 mV toward more
positive potentials [108]. Pt nanoparticles with 24 high-index facets such as (730),
(210), and/or (520) surfaces were synthesized and showed enhancement on EOR
compared with commercial Pt/C as well as a higher selectivity for the cleavage of
the C—C bond [109].
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Figure 10. Combinatorial array and screening results by fluorescence imaging of
PtSnM electrode arrays in 6.0 M ethanol and quinine fluorescent indicator. Active
compositions for ethanol electro-oxidation are shown as bright spots: fluorescence
image at (A) lower overpotential (~0.27V vs. RHE); (B) intermediate overpotential
(~0.46 V vs. RHE) and (C) high overpotential (~0.93 V vs. RHE); (D) Fluorescence
onset potential for ethanol electro-oxidation on PtM and PtSnM library. Reproduced
with permission from Reference [101]. Copyright 2015, Elsevier.

Bimetallic or ternary nanocrystals have also been studied to explore
the optimal combination of higher activity surface facets and electronic
effect. The composition-varied (100)-terminated Pt-Pd-Rh nanocubes (NCs) and
(111)-terminated Pt-Pd—-Rh nanotruncated-oxtahedrons (NTOs) were synthesized
with the help of halides [81]. Owing to the synergistic effects resulted from
appropriate surface composition and exposed facets, the Pt—-Pd-Rh NTOs exhibited
the highest selectivity to CO, and PtPdRh NCs possessed the best durability. With
the help of in situ FTIR and DFT calculations, the influence of the exposed facet and
surface composition on the capability of C—C bond cleavage was examined. It was
found that (100)-bounded surface is favorable to the cleavage of C-C bond while
(111)-bounded surface tends to oxidize CO more easily.

3.2.2. Pd Based Catalysts

There has been a surge of interest in developing Pd-based catalysts mainly
because facile EOR kinetics are expected in alkaline media on the less costly
and more abundant Pd [17,47,66]. However, Pd itself cannot meet the practical
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demand because of shortage of activity and durability. In particular, a great deal
of interest has been focused on the use of Pd-based alloy catalysts as an alternative
for EOR where the catalytic activity may be further increased by the addition of
a second metal or metal oxide promoters through the effects mentioned above.
Various Pd-based catalysts have been synthesized with the addition of one or
more elements including Ni [110,111], Ag [112,113], Au [114-116], P [117], Co [118],
Sn [80,110,119,120], Ru [53], Zn [121] as well as metal oxides like SnO,, CeO,, Co30y,
Mn304, NiO [102,122-125] or on various substrates like graphene [126], carbon
microspheres [127], nanowire [128], carbon fiber [118], etc.

Sn can promote the catalytic activity of Pd toward EOR by providing
oxygen-containing species at more negative potentials due to the bifunctional effect
and electronic effects, and has therefore been widely studied [80,119,120]. Teng’s
group synthesized carbon supported Pd—5n electrocatalysts with different amounts
of Sn, and determined that the optimum Sn content in Pd-Sn for EOR was 14%.
The promotional effect of Sn on EOR activity was confirmed by kinetic study and
DEFT calculations [80]. The reaction energies of the initial steps of EOR (H removal)
were studied with several catalysts using DFT (a Pd surface, a Pd-Sn;, and a Pd-5ns
surface) in this work. As shown in Figure 11, Pd-5n alloy structures resulted in lower
reaction energies for the dehydrogenation of ethanol compared to pure Pd. Despite
that the DFT calculations in reference [80] only involve the initial steps of EOR, their
experimental results support the premise that Pd-Sn may be a better catalyst than
Pd for EOR.
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Figure 11. Surface cluster models of (a) Pd-Sn; and (b) Pd—Sns used for modeling
ethanol dehydrogenation, and reaction energies for H removal from ethanol over
(c) Pd (111); (d) Pd-5n;, (e) Pd-Sns surfaces. Reproduced with permission from
Reference [80]. Copyright 2012, American Chemical Society.
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Au is another promising candidate for promoting EOR on Pd catalysts. Zhao's
group [114] synthesized a monolayer or a sub-monolayer of Pd adatoms decorated
on Au/C with different Pd:Au atomic ratios in the precursors via a chemical epitaxial
growth method and found Pd;Auy shows the highest specific activity due to the
electronic effect between the Au support and the Pd decoration, and the enhanced
poison resistance. To further tune the electronic and geometric effect of the catalysts,
ternary catalysts PANiAu [116] were synthesized which possessed a peak power
density about three times that of the monometallic Pd catalyst, and twice that of the
bimetallic PANi catalyst. A relatively preferable C2 pathway on the Pd—Au-Ni
catalyst compared to its single and binary counterparts in alkaline media was
estimated by ion chromatography.

Doping of various oxides to Pd catalysts is another strategy to enhance the
efficiency of EOR. Xu et al. [124] demonstrated that the addition of oxides such
as CeO,, NiO, Co304, and Mn30Oy significantly promoted catalytic activity and
stability. Most importantly these oxides have the ability to lower the onset potential
for EOR. A recent study showed a maximum energy efficiency of about 7% from
room temperature air breathing DEFCs with Pd on a mixed CeO,-C support as the
anode catalysts [125]. The use of a mixed carbon-CeO, support extends the stability
of the Pd catalyst under working conditions by promoting ethanol electro-oxidation
at lower anode potentials.

Nonmetal component can also play a role in the rational design of catalysts [129-132].
Recently, our group discovered that Pd-Ni-P/C ternary nanocatalysts showed
a remarkable enhancement towards EOR compared to Pd-Ni/C, Pd-P/C and
Pd/C [117]. After a careful analysis of the structure and oxidation state of the
catalysts, we found apparently opposite effects of alloying the elements P and Ni.
P expands the Pd lattice with the incorporation of P atoms in the interstice of Pd
lattice, while alloying with Ni partially replaced Pd sites with smaller Ni atoms,
resulting in a contraction of the Pd lattice. In addition, P accepts electrons from
the surrounding Pd atoms while Ni donates, resulting in a slight downshift of
the Pd d-band center. Alloying Pd with Ni and P creates appropriate electronic
and geometric modifications to Pd, leading to a modestly weakened adsorption of
intermediates on Pd sites. In addition, the oxophilic nature of Ni provides OH,q4s at
lower potentials which facilitates the removal of surface poisons. (Figure 12).
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Figure 12. (A) XRD patterns of the Pd-P/C (curve a), Pd-Ni-P/C (curve b),
Pd-Ni/C (curve c) and Pd/C (curve d). (B) Cyclic voltammograms for Pd-based
catalysts in 0.5 M NaOH and 1 M C,H50OH at 50 mV- s~L; (C) Scheme of Pd-Ni-P
atomic arrangement. The asterisks at 33.5° and 59.2° mark the peaks from Ni(OH);
(100) and (110) facets. Reprinted and adapted with permission from Reference [117].
Copyright 2013, Elsevier.

Furthermore, by de-alloying some of the Ni and P in an electrodeposited
Pd-Ni-P film, we investigated the de-alloying effect on EOR performance in alkaline
media. We found that the enhancement of electrocatalytic activity does not simply
originate from the increase of active surface area, but is due to the variation of relative
contributions of the two pathways as evidenced by in situ infrared spectroscopic
results shown in Figure 13 [24]. CO and acetate band intensities (Figure 13B,D) can be
used to approximate the relative contributions of the C1 and C2 pathways. Notably,
the more pronounced CO,4 and acetate bands observed on the de-alloyed Pd-Ni-P
film provide molecular spectral evidence supporting the assumption that suitable
de-alloying can enhance both C-C cleavage in the C1 pathway with CO formation
and production of acetate in the C2 pathway, correlating well with the observed
higher EOR current on the de-alloyed film. Furthermore, the relative intensities of
the CO bands versus the acetate bands appeared to be much higher on the de-alloyed
film as compared to those on the as-deposited film, indicating that the C1 pathway is
relatively more favorable after the de-alloying treatment.
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Figure 13. Potentiodynamic ATR-SEIRAS spectra on the as-deposited Pd—-Ni-P film
(A) and the de-alloyed film (C) in 0.1 M NaOH + 0.5 M ethanol; Potential-dependent
band intensities for v(CO,q) (blue) and v4oco) of adsorbed acetate (green) with
corresponding CVs recorded at 5 mV- s~1 on the as-deposited Pd-Ni-P film (B)
and the de-alloyed film (D) in 0.1 M NaOH + 0.5 M ethanol. Reproduced with
permission from Reference [24]. Copyright 2014, Elsevier.

4. Conclusions and Outlook

From the survey of experimental and theoretical studies, some basic principles
for rational design of high performance EOR catalysts can be obtained. The catalysts
should have (i) active surface sites for C—C bond breaking; (ii) a suitable surface
composition to increase selectivity for CO, formation; (iii) the ability to facilitate the
adsorption and activation of water for the removal of CO and —-CH, species. Utilizing
these design guidelines, researchers have developed many new catalysts with
higher selectivity, activity, and longer durability. These advances have significantly
propelled the development of DEFCs.

Despite this progress, several fundamental and practical issues of catalysts
remain to be addressed. From a fundamental point of view, the EOR mechanism is
far from solidified. Some key aspects need to be clarified. These include finding the
key factors in determining whether EOR goes through the C1 pathway or the C2
pathway; identifying intermediates during the C—C cleavage step in the C1 pathway;
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and understanding the nature of the intermediates, especially their adsorption mode
on Pt and Pd surfaces. Until these issues are satisfactorily addressed, the rational
design of high performance catalysts for DEFCs will remain in its infancy. From
a practical point of view, the reported methods for synthesizing high performance
catalysts are not suitable for large scale commercial production. We believe efforts
in these directions are essential for the further development and deployment of
commercially viable DEFCs.

Acknowledgments: This work is supported by the 973 Program (No. 2015CB932303) of MOST
and NSFC (Nos. 21473039 and 21273046) to W.-B.C and the US-NSF (CHE 1156425) to SZ.

Author Contributions: Wen-Bin Cai conceived the project. Ye Wang wrote the first draft of
the manuscript which was then revised by Shouzhong Zou and Wen-Bin Cai. All the authors
researched the literature.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Antolini, E.; Gonzalez, E.R. Alkaline direct alcohol fuel cells. ]. Power Sources 2010, 195,
3431-3450.

2. Kamarudin, M.Z.F.,; Kamarudin, S.K.; Masdar, M.S.; Daud, W.R.W. Review: Direct ethanol
fuel cells. Int. ]. Hydrogen Energy 2013, 38, 9438-9453.

3. Teng, X. Anodic Catalyst Design for the Ethanol Oxidation Fuel Cell. Available
online: http:/ /www.formatex.info/energymaterialsbook /book/473-484.pdf (accessed
on 17 August 2015).

4. Yao, LX,; Chang, Y.H. Shaping china’s energy security: The impact of domestic reforms.
Energy Policy 2015, 77, 131-139.

5. Xuan, J.; Leung, M.K.; Leung, D.Y.; Ni, M. A review of biomass-derived fuel processors
for fuel cell systems. Renew. Sustain. Energy Rev. 2009, 13, 1301-1313.

6.  Wee, J.-H. Applications of proton exchange membrane fuel cell systems. Renew. Sustain.
Energy Rev. 2007, 11, 1720-1738.

Antolini, E. Catalysts for direct ethanol fuel cells. ]. Power Sources 2007, 170, 1-12.

8.  Rao, L;Jiang, Y.; Zhang, B.; You, L.; Li, Z.; Sun, S. Electrocatalytic oxidation of ethanol.
Prog. Chem. 2014, 26, 727-736.

9. Li, M.; Kowal, A.; Sasaki, K.; Marinkovic, N.; Su, D.; Korach, E.; Liu, P.; Adzic, R.R.
Ethanol oxidation on the ternary Pt~-Rh-SnO, /C electrocatalysts with varied Pt:Rh:S5n
ratios. Electrochim. Acta 2010, 55, 4331-4338.

10. Demirci, U.B. Theoretical means for searching bimetallic alloys as anode electrocatalysts
for direct liquid-feed fuel cells. J. Power Sources 2007, 173, 11-18.

11.  Bianchini, C.; Shen, PK. Palladium-based electrocatalysts for alcohol oxidation in half
cells and in direct alcohol fuel cells. Chem. Rev. 2009, 109, 4183-4206.

12.  Antolini, E. Palladium in fuel cell catalysis. Energy Environ. Sci. 2009, 2, 915-931.

244


http://www.formatex.info/energymaterialsbook/book/473-484.pdf

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Chang, S.C.; Leung, L W.H.; Weaver, M.]. Metal crystallinity effects in electrocatalysis as
probed by real-time FTIR spectroscopy: Electrooxidation of formic acid, methanol, and
ethanol on ordered low-index platinum surfaces. J. Phys. Chem. 1990, 94, 6013-6021.
Hitmi, H.; Belgsir, E.; Léger, J.-M.; Lamy, C.; Lezna, R. A kinetic analysis of the
electro-oxidation of ethanol at a platinum electrode in acid medium. Electrochim. Acta
1994, 39, 407-415.

Vigier, F.; Coutanceau, C.; Hahn, F,; Belgsir, E.; Lamy, C. On the mechanism of ethanol
electro-oxidation on Pt and PtSn catalysts: Electrochemical and in situ IR reflectance
spectroscopy studies. J. Electroanal. Chem. 2004, 563, 81-89.

Rasko, J.; Domok, M.; Baan, K.; Erd6helyi, A. FTIR and mass spectrometric study of
the interaction of ethanol and ethanol-water with oxide-supported platinum catalysts.
Appl. Catal. A 2006, 299, 202-211.

Fang, X.; Wang, L.; Shen, PK.; Cui, G.; Bianchini, C. An in situ fourier transform infrared
spectroelectrochemical study on ethanol electrooxidation on Pd in alkaline solution.
J. Power Sources 2010, 195, 1375-1378.

Lai, S.C.S.; Kleijn, SE.F,; Ozturk, ET.Z,; Vellinga, V.C.V.; Koning, J.; Rodriguez, P.;
Koper, M.T.M. Effects of electrolyte pH and composition on the ethanol electro-oxidation
reaction. Catal. Today 2010, 154, 92-104.

Zhou, Z.Y.; Wang, Q.A.; Lin, J.L.; Tian, N.; Sun, S.G. In situ FTIR spectroscopic studies of
electrooxidation of ethanol on Pd electrode in alkaline media. Electrochim. Acta 2010, 55,
7995-7999.

Christensen, P.A.; Jones, S.W.M.; Hamnett, A. In situ FTIR studies of ethanol oxidation at
polycrystalline Pt in alkaline solution. J. Phys. Chem. C 2012, 116, 26109-26109.
Christensen, P.A.; Jones, S.W.; Hamnett, A. An in situ FTIR spectroscopic study of
the electrochemical oxidation of ethanol at a Pb-modified polycrystalline Pt electrode
immersed in aqueous KOH. Phys. Chem. Chem. Phys. 2013, 15, 17268-17276.

Anjos, D.M.; Hahn, F,; Leger, ]. M.; Kokoh, K.B.; Tremiliosi, G. In situ FTIRS studies of the
electrocatalytic oxidation of ethanol on Pt alloy electrodes. |. Solid State Electrochem. 2007,
11, 1567-1573.

Yang, Y.-Y.; Ren, J.; Li, Q.-X.; Zhou, Z.-Y.; Sun, S.-G.; Cai, W.-B. Electrocatalysis of
ethanol on a Pd electrode in alkaline media: An in situ attenuated total reflection
surface-enhanced infrared absorption spectroscopy study. ACS Catal. 2014, 4, 798-803.
Wang, Y.; Jiang, K.; Cai, W.-B. Enhanced electrocatalysis of ethanol on dealloyed Pd-Ni-P
film in alkaline media: An infrared spectroelectrochemical investigation. Electrochim. Acta
2015, 162, 100-107.

Leung, LW.H.; Chang, S.C.; Weaver, M.]. Real-time FTIR spectroscopy as an
electrochemical mechanistic probe—Electrooxidation of ethanol and related species
on well-defined Pt(111) surfaces. J. Electroanal. Chem. 1989, 266, 317-336.

Shao, M.H.; Adzic, R.R. Electrooxidation of ethanol on a Pt electrode in acid solutions:
In situ ATR-SEIRAS study. Electrochim. Acta 2005, 50, 2415-2422.

Willsau, J.; Heitbaum, J. Elementary steps of ethanol oxidation on Pt in sulfuric acid as
evidenced by isotope labelling. J. Electroanal. Chem. Interface 1985, 194, 27-35.

245



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Iwasita, T.; Pastor, E. A DEMS and FTIR spectroscopic investigation of adsorbed ethanol
on polycrystalline platinum. Electrochim. Acta 1994, 39, 531-537.

Wang, J.; Wasmus, S.; Savinell, R. Evaluation of ethanol, 1-propanol, and 2-propanol
in a direct oxidation polymer-electrolyte fuel cell a real-time mass spectrometry study.
J. Electrochem. Soc. 1995, 142, 4218-4224.

Wang, H.; Jusys, Z.; Behm, R.J. Ethanol electrooxidation on a carbon-supported Pt
catalyst: Reaction kinetics and product yields. J. Phys. Chem. B 2004, 108, 19413-19424.
Wang, H.; Jusys, Z,; Behm, R]J. Ethanol and acetaldehyde adsorption on a
carbon-supported Pt catalyst: A comparative DEMS study. Fuel Cells 2004, 4, 113-125.
Colmenares, L.; Wang, H.; Jusys, Z.; Jiang, L.; Yan, S.; Sun, G.Q.; Behm, R.J. Ethanol
oxidation on novel, carbon supported Pt alloy catalysts-model studies under defined
diffusion conditions. Electrochim. Acta 2006, 52, 221-233.

Wang, H.; Jusys, Z.; Behm, R. Ethanol electro-oxidation on carbon-supported Pt, PtRu
and Pt35n catalysts: A quantitative DEMS study. J. Power Sources 2006, 154, 351-359.
Rao, V.; Cremers, C.; Stimming, U. Investigation of the ethanol electro-oxidation in
alkaline membrane electrode assembly by differential electrochemical mass spectrometry.
Fuel Cells 2007, 7, 417-423.

Wang, Q.; Sun, G.Q,; Jiang, L.H.; Xin, Q.; Sun, S.G,; Jiang, Y.X.; Chen, S.P; Jusys, Z.;
Behm, R.J. Adsorption and oxidation of ethanol on colloid-based Pt/C, PtRu/C and
Pt3Sn/C catalysts: In situ FTIR spectroscopy and on-line DEMS studies. Phys. Chem.
Chem. Phys. 2007, 9, 2686—2696.

Figueiredo, M.C.; Aran-Ais, R.M.; Feliu, ] M.; Kontturi, K.; Kallio, T. Pt catalysts modified
with Bi: Enhancement of the catalytic activity for alcohol oxidation in alkaline media.
J. Catal. 2014, 312, 78-86.

Sun, S.; Halseid, M.C.; Heinen, M.; Jusys, Z.; Behm, R.J. Ethanol electrooxidation
on a carbon-supported Pt catalyst at elevated temperature and pressure: A
high-temperature /high-pressure DEMS study. J. Power Sources 2009, 190, 2-13.
Kavanagh, R.; Cao, X.M.; Lin, W.E,; Hardacre, C.; Hu, P. Origin of low CO; selectivity on
platinum in the direct ethanol fuel cell. Angew. Chem. Int. Ed. Engl. 2012, 51, 1572-1575.
Sheng, T.; Lin, W.F,; Hardacre, C.; Hu, P. Role of water and adsorbed hydroxyls on
ethanol electrochemistry on Pd: New mechanism, active centers, and energetics for direct
ethanol fuel cell running in alkaline medium. J. Phys. Chem. C 2014, 118, 5762-5772.
Sheng, T.; Lin, W.-F.; Hardacre, C.; Hu, P. Significance of 3-dehydrogenation in ethanol
electro-oxidation on platinum doped with Ru, Rh, Pd, Os and Ir. Phys. Chem. Chem. Phys.
2014, 16, 13248-13254.

Neurock, M. First-Principles Modeling for the Electro-Oxidation of Small Molecules. In
Handbook of Fuel Cells; Vielstich, W.G., Lamm, A., Yokokawa, H., Eds.; John Wiley & Sons,
Ltd.: Hoboken, NJ, USA, 2010.

Cui, G.F; Song, S.Q.; Shen, P.K,; Kowal, A.; Bianchini, C. First-principles considerations
on catalytic activity of Pd toward ethanol oxidation. J. Phys. Chem. C 2009, 113,
15639-15642.

246



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Wang, H.E,; Liu, Z.P. Comprehensive mechanism and structure-sensitivity of ethanol
oxidation on platinum: New transition-state searching method for resolving the complex
reaction network. J. Am. Chem. Soc. 2008, 130, 10996-11004.

Wang, H.F; Liu, Z.P. Selectivity of direct ethanol fuel cell dictated by a unique partial
oxidation channel. J. Phys. Chem. C 2007, 111, 12157-12160.

Asiri, H.A.; Anderson, A.B. Mechanisms for ethanol electrooxidation on Pt(111) and
adsorption bond strengths defining an ideal catalyst. ]. Electrochem. Soc. 2015, 162,
F115-F122.

Zhiani, M.; Majidi, S.; Rostami, H.; Taghiabadi, M.M. Comparative study of aliphatic
alcohols electrooxidation on zero-valent palladium complex for direct alcohol fuel cells.
Int. J. Hydrogen Energy 2015, 40, 568-576.

Liang, Z.X.; Zhao, T.S.; Xu, ].B.; Zhu, L.D. Mechanism study of the ethanol oxidation
reaction on palladium in alkaline media. Electrochim. Acta 2009, 54, 2203-2208.
Buso-Rogero, C.; Herrero, E.; Feliu, ]. M. Ethanol oxidation on Pt single-crystal electrodes:
Surface-structure effects in alkaline medium. Chemphyschem 2014, 15, 2019-2028.

Zhou, WJ.; Li, M.; Zhang, L.; Chan, S.H. Supported PtAu catalysts with different
nano-structures for ethanol electrooxidation. Electrochim. Acta 2014, 123, 233-239.
Hammer, B.; Nerskov, ].K. Theoretical Surface Science and Catalysis-Calculations and
Concepts. Adv. Catal. 2000, 45, 71-129.

Srinivasan, S.; Dave, B.B.; Murugesamoorthi, K.A.; Parthasarathy, A.; Appleby, A.].
Overview of Fuel Cell Technology. In Fuel cell Systems; Plenum Press: New York, NY,
USA, 1993.

Lamy, C.; Belgsir, E.; Leger, J. Electrocatalytic oxidation of aliphatic alcohols: Application
to the direct alcohol fuel cell (DAFC). J. Appl. Electrochem. 2001, 31, 799-809.

Zhou, W.; Zhou, Z.; Song, S.; Li, W.; Sun, G.; Tsiakaras, P; Xin, Q. Pt based anode catalysts
for direct ethanol fuel cells. Appl. Catal. B 2003, 46, 273-285.

Lai, S.C.S.; Koper, M.T.M. Ethanol electro-oxidation on platinum in alkaline media.
Phys. Chem. Chem. Phys. 2009, 11, 10446-10456.

Camara, G.A; Iwasita, T. Parallel pathways of ethanol oxidation: The effect of ethanol
concentration. . Electroanal. Chem. 2005, 578, 315-321.

Belgsir, E.M.; Bouhier, E.; Yei, H.E.; Kokoh, K.B.; Beden, B.; Huser, H.; Leger, ]. M.; Lamy, C.
Electrosynthesis in aqueous medium: A kinetic study of the electrocatalytic oxidation of
oxygenated organic molecules. Electrochim. Acta 1991, 36, 1157-1164.

Tarnowski, D.J.; Korzeniewski, C. Effects of surface step density on the electrochemical
oxidation of ethanol to acetic acid. J. Phys. Chem. B 1997, 101, 253-258.

Kutz, R.B.; Braunschweig, B.; Mukherjee, P.; Dlott, D.D.; Wieckowski, A. Study of
ethanol electrooxidation in alkaline electrolytes with isotope labels and sum-frequency
generation. J. Phys. Chem. Lett. 2011, 2, 2236-2240.

Ke, X.; Deng, L.L.; Shen, PK.; Cu, G.F. Electrochemical quartz crystal microbalance
(EQCM) characterization of electrodeposition and catalytic activity of Pd-based
electrocatalysts for ethanol oxidation. Chem. Res. Chin. Univ. 2010, 26, 443-448.

247



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Huang, L.; Sorte, E.; Sun, S.-G.; Tong, Y.Y.J. A straightforward implementation of in situ
solution electrochemical 13C NMR spectroscopy for studying reactions on commercial
electrocatalysts: Ethanol oxidation. Chem. Commun. 2015, 51, 8086-8088.

Leung, L.W.H.; Weaver, M.]. Real-time FTIR spectroscopy as a quantitative kinetic probe
of competing electrooxidation pathways of small organic molecules. . Phys. Chem. 1988,
92, 4019-4022.

Gao, P; Chang, S.C.; Zhou, Z.H.; Weaver, M.]. Electrooxidation pathways of simple
alcohols at platinum in pure nonaqueous and concentrated aqueous environments as
studied by real-time FTIR spectroscopy. J. Electroanal. Chem. 1989, 272, 161-178.
Buso-Rogero, C.; Grozovski, V.; Vidal-Iglesias, EJ.; Solla-Gullon, J.; Herrero, E.; Feliu, ].M.
Surface structure and anion effects in the oxidation of ethanol on platinum nanoparticles.
J. Mater. Chem. A 2013, 1, 7068-7076.

Paulino, ML.E.; Nunes, L.M.; Gonzalez, E.R.; Tremiliosi-Filho, G. In situ FTIR
spectroscopic study of ethanol oxidation on Pt (111)/Rh/Sn surface: The anion effect.
Electrochem. Commun. 2015, 52, 85-88.

Lai, S.C.; Koper, M.T. Electro-oxidation of ethanol and acetaldehyde on platinum
single-crystal electrodes. Faraday Discuss. 2009, 140, 399-416.

Ma, L.; Chu, D.; Chen, R. Comparison of ethanol electro-oxidation on Pt/C and Pd/C
catalysts in alkaline media. Int. ]. Hydrogen Energy 2012, 37, 11185-11194.

Zhou, Z.-Y,; Chen, D.-J; Li, H; Wang, Q. Sun, S.-G. Electrooxidation of
dimethoxymethane on a platinum electrode in acidic solutions studied by in situ FTIR
spectroscopy. J. Phys. Chem. C 2008, 112, 19012-19017.

Osawa, M. Surface-Enhanced Infrared Absorption Spectroscopy. In Handbook of
Vibrational Spectroscopy; Osawa, M.C., Griffiths, P.R., Eds.; Wiley: New York, NY, USA;
Chichester, UK, 2002; Volume 1, pp. 785-799.

Yang, Y.Y.; Zhang, H.X.; Cai, W.B. Recent experimental progresses on electrochemical
ATR-SEIRAS. ]. Electrochem. 2013, 19, 6-16.

Heinen, M.; Jusys, Z.; Behm, RJ. Ethanol, acetaldehyde and acetic acid
adsorption/electrooxidation on a Pt thin film electrode under continuous electrolyte
flow: An in situ ATR-FTIRs flow cell study. J. Phys. Chem. C 2010, 114, 9850-9864.
Bittins-Cattaneo, B.; Wilhelm, S.; Cattaneo, E.; Buschmann, H.W.; Vielstich, W.
Intermediates and products of ethanol oxidation on platinum in acid solution.
Ber. Bunsenges. Phys. Chem. 1988, 92, 1210-1218.

Lai, S.C.; Koper, M.T. The influence of surface structure on selectivity in the ethanol
electro-oxidation reaction on platinum. J. Phys. Chem. Lett. 2010, 1, 1122-1125.
Norskov, ] K,; Bligaard, T.; Rossmeis], J.; Christensen, C.H. Towards the computational
design of solid catalysts. Nat. Chem. 2009, 1, 37-46.

Da Silva, S.G.; Silva, J.CM.; Buzzo, G.S.,; de Souza, REB.; Spinace, E.V;
Neto, A.O.; Assumpcao, M.H.M.T. Electrochemical and fuel cell evaluation of PtAu/C
electrocatalysts for ethanol electro-oxidation in alkaline media. Int. |. Hydrogen Energy
2014, 39, 10121-10127.

248



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Climent, V.; Gémez, R.; Orts, ].M,; Feliu, ]. M. Thermodynamic analysis of the temperature
dependence of oh adsorption on Pt(111) and Pt(100) electrodes in acidic media in the
absence of specific anion adsorption. J. Phys. Chem. B 2006, 110, 11344-11351.

Kowal, A.; Li, M.; Shao, M.; Sasaki, K.; Vukmirovic, M.; Zhang, J.; Marinkovic, N.; Liu, P;
Frenkel, A.; Adzic, R. Ternary Pt/Rh/SnO, electrocatalysts for oxidizing ethanol to CO5.
Nat. Mater. 2009, 8, 325-330.

Assumpgdo, M.; Nandenha, J.; Buzzo, G,; Silva, J.; Spinacé, E.; Neto, A.; de Souza, R.
The effect of ethanol concentration on the direct ethanol fuel cell performance and
products distribution: A study using a single fuel cell/attenuated total reflectance-fourier
transform infrared spectroscopy. J. Power Sources 2014, 253, 392-396.

Greeley, J.; Norskov, J.K.; Mavrikakis, M. Electronic structure and catalysis on metal
surfaces. Annu. Rev. Phys. Chem. 2002, 53, 319-348.

Rabis, A.; Rodriguez, P.; Schmidt, T.]J. Electrocatalysis for polymer electrolyte fuel cells:
Recent achievements and future challenges. ACS Catal. 2012, 2, 864-890.

Du, W.X,; Mackenzie, K.E.; Milano, D.E; Deskins, N.A.; Su, D.; Teng, X.W. Palladium-Tin
alloyed catalysts for the ethanol oxidation reaction in an alkaline medium. ACS Catal.
2012, 2, 287-297.

Zhu, W.; Ke, J.; Wang, S.-B.; Ren, J.; Wang, H.-H.; Zhou, Z.-Y,; Si, R.; Zhang, Y.-W.;
Yan, C.-H. Shaping single-crystalline trimetallic Pt-Pd-Rh nanocrystals toward
high-efficiency C-C splitting of ethanol in conversion to CO,. ACS Catal. 2015, 5,
1995-2008.

Camara, G.A ; de Lima, R.B.; Iwasita, T. Catalysis of ethanol electrooxidation by PtRu:
The influence of catalyst composition. Electrochem. Commun. 2004, 6, 812-815.

Neto, A.O.; Giz, M.].; Perez, J.; Ticianelli, E.A.; Gonzalez, E.R. The electro-oxidation
of ethanol on Pt-Ru and Pt-Mo particles supported on high-surface-area carbon.
J. Electrochem. Soc. 2002, 149, A272—-A279.

Lamy, C.; Rousseau, S.; Belgsir, EM.; Coutanceau, C.; Leger, ].M. Recent progress
in the direct ethanol fuel cell: Development of new platinum-tin electrocatalysts.
Electrochim. Acta 2004, 49, 3901-3908.

Zhou, WJ.; Song, S.Q.; Li, W.Z,; Zhou, Z.H.; Sun, G.Q.; Xin, Q.; Douvartzides, S.;
Tsiakaras, P. Direct ethanol fuel cells based on PtSn anodes: The effect of Sn content on
the fuel cell performance. J. Power Sources 2005, 140, 50-58.

Tayal, J.; Rawat, B.; Basu, S. Effect of addition of rhenium to Pt-based anode catalysts in
electro-oxidation of ethanol in direct ethanol PEM fuel cell. Int. |. Hydrogen Energy 2012,
37, 4597-4605.

He, Q.G.; Shyam, B.; Macounova, K,; Krtil, P.; Ramaker, D.; Mukerjee, S. Dramatically
enhanced cleavage of the C-C bond using an electrocatalytically coupled reaction. J. Am.
Chem. Soc. 2012, 134, 8655-8661.

Suffredini, H.B.; Salazar-Banda, G.R.; Avaca, L.A. Enhanced ethanol oxidation on
PbOy-containing electrode materials for fuel cell applications. ]. Power Sources 2007,
171, 355-362.

249



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Huang, Y.; Cai, J.; Liu, M.; Guo, Y. Fabrication of a novel PtPbBi/C catalyst for ethanol
electro-oxidation in alkaline medium. Electrochim. Acta 2012, 83, 1-6.

Matsumoto, F. Ethanol and methanol oxidation activity of PtPb, PtBi, and PtBij
intermetallic compounds in alkaline media. Electrochemistry 2012, 80, 132-138.

Gunji, T;; Tanabe, T.; Jeevagan, A.J.; Usui, S.; Tsuda, T.; Kaneko, S.; Saravanan, G.; Abe, H.;
Matsumoto, F. Facile route for the preparation of ordered intermetallic Pt;Pb—PtPb
core-shell nanoparticles and its enhanced activity for alkaline methanol and ethanol
oxidation. J. Power Sources 2015, 273, 990-998.

Tusi, M.M.; Polanco, N.S.; da Silva, S.G.; Spinacé, E.V.; Neto, A.O. The high
activity of PtBi/C electrocatalysts for ethanol electro-oxidation in alkaline medium.
Electrochem. Commun. 2011, 13, 143-146.

Figueiredo, M.C.; Santasalo-Aarnio, A.; Vidal-Iglesias, FJ.; Solla-Gullon, J.; Feliu, ].M.;
Kontturi, K.; Kallio, T. Tailoring properties of platinum supported catalysts by irreversible
adsorbed adatoms toward ethanol oxidation for direct ethanol fuel cells. Appl Catal. B
2013, 140, 378-385.

Li, M,; Cullen, D.A.; Sasaki, K.; Marinkovic, N.S.; More, K.; Adzic, R.R. Ternary
electrocatalysts for oxidizing ethanol to carbon dioxide: Making Ir capable of splitting
C—Cbond. J. Am. Chem. Soc. 2013, 135, 132-141.

Dutta, A.; Ouyang, J.Y. Ternary niaupt nanoparticles on reduced graphene oxide as
catalysts toward the electrochemical oxidation reaction of ethanol. ACS Catal. 2015, 5,
1371-1380.

Jacob, J.M.; Corradini, P.G.; Antolini, E.; Santos, N.A.; Perez, J. Electro-oxidation of
ethanol on ternary Pt-Sn—Ce/C catalysts. Appl. Catal. B 2015, 165, 176-184.

Zhao, YH.; Wang, R.Y,; Han, ZX; Li, C.Y,; Wang, Y.S.; Chi, B,; Li, ].Q.; Wang, X.J.
Electrooxidation of methanol and ethanol in acidic medium using a platinum electrode
modified with lanthanum-doped tantalum oxide film. Electrochim. Acta 2015, 151,
544-551.

Datta, J.; Dutta, A.; Mukherjee, S. The beneficial role of the cometals Pd and Au in
the carbon-supported PtPdAu catalyst toward promoting ethanol oxidation kinetics in
alkaline fuel cells: Temperature effect and reaction mechanism. J. Phys. Chem. C 2011,
115, 15324-15334.

Yang, X.; Yang, Q.; Xu, J.; Lee, C.-S. Bimetallic PtPd nanoparticles on nafion-graphene
film as catalyst for ethanol electro-oxidation. J. Mater. Chem. 2012, 22, 8057-8062.

Liao, EL.; Lo, TW.B.; Sexton, D.; Qu, J.; Wu, C.T,; Tsang, S.C.E. PdFe nanoparticles
as selective catalysts for C-C cleavage in hydrogenolysis of vicinal diol units in
biomass-derived chemicals. Catal. Sci. Technol. 2015, 5, 887-896.

Almeida, T.S.; van Wassen, A.R.; van Dover, R.B.; de Andrade, A.R.; Abrufia, H.D.
Combinatorial PtSnM (M = Fe, Ni, Ru and Pd) nanoparticle catalyst library toward
ethanol electrooxidation. . Power Sources 2015, 284, 623-630.

Carmo, M,; Sekol, R.C.; Ding, S.Y.; Kumar, G.; Schroers, ].; Taylor, A.D. Bulk metallic glass
nanowire architecture for electrochemical applications. ACS Nano 2011, 5, 2979-2983.

250



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Li, L.; Yuan, X.X.; Xia, X.Y;; Du, J.; Ma, Z.; Ma, Z.F. Effects of Mo doping on properties of
Pt/C as catalyst towards electro-oxidation of ethanol. J. Inorg. Mater. 2014, 29, 1044-1048.
Jiang, L.; Colmenares, L.; Jusys, Z.; Sun, G.Q.; Behm, R.J. Ethanol electrooxidation on
novel carbon supported Pt/SnO, /C catalysts with varied Pt:Sn ratio. Electrochim. Acta
2007, 53, 377-389.

Li, M,; Liu, P; Adzic, R.R. Platinum monolayer electrocatalysts for anodic oxidation of
alcohols. J. Phys. Chem. Lett. 2012, 3, 3480-3485.

Cheng, FL.; Dai, X.C.; Wang, H.; Jiang, S.P.; Zhang, M.; Xu, C.W. Synergistic effect of
Pd-Au bimetallic surfaces in Au-covered Pd nanowires studied for ethanol oxidation.
Electrochim. Acta 2010, 55, 2295-2298.

Mourdikoudis, S.; Chirea, M.; Zanaga, D.; Altantzis, T.; Mitrakas, M.; Bals, S,;
Liz-Marzan, L.M.; Perez-Juste, ].; Pastoriza-Santos, I. Governing the morphology of
Pt—Au heteronanocrystals with improved electrocatalytic performance. Nanoscale 2015, 7,
8739-8747.

Figueiredo, M.C.; Solla-Gullén, J.; Vidal-Iglesias, EJ.; Nisula, M.; Feliu, ].M.; Kallio, T.
Carbon-supported shape-controlled Pt nanoparticle electrocatalysts for direct alcohol
fuel cells. Electrochem. Commun. 2015, 55, 47-50.

Tian, N.; Zhou, Z.-Y,; Sun, S.-G.; Ding, Y.; Wang, Z.L. Synthesis of tetrahexahedral
platinum nanocrystals with high-index facets and high electro-oxidation activity. Science
2007, 316, 732-735.

Sheikh, A.; Silva, E.; Moares, L.; Antonini, L.; Abellah, M.Y.; Malfatti, C. Pd-based
catalysts for ethanol oxidation in alkaline electrolyte. Am. |. Min. Metal. 2014, 2, 64-69.
Kumar, K.S.; Haridoss, P; Seshadri, S.K. Synthesis and characterization of
electrodeposited Ni—Pd alloy electrodes for methanol oxidation. Surf. Coat. Technol.
2008, 202, 1764-1770.

Hosseini-Sarvari, M.; Khanivar, A.; Moeini, F. Magnetically recoverable nano
Pd/Fe304/Zn0O catalyst: Preparation, characterization, and application for the synthesis
of 2-oxazolines and benzoxazoles. |. Mater. Sci. 2015, 50, 3065-3074.

Li,G.; Jiang, L.; Jiang, Q.; Wang, S.; Sun, G. Preparation and characterization of PdyAg, /C
electrocatalysts for ethanol electrooxidation reaction in alkaline media. Electrochim. Acta
2011, 56, 7703-7711.

Zhu, L.D.; Zhao, TS.; Xu, ]J.B.; Liang, Z.X. Preparation and characterization of
carbon-supported sub-monolayer palladium decorated gold nanoparticles for the
electro-oxidation of ethanol in alkaline media. J. Power Sources 2009, 187, 80-84.

Wang, H.; Xu, CW.,; Cheng, FL,; Jiang, S.P. Pd nanowire arrays as electrocatalysts for
ethanol electrooxidation. Electrochem. Commun. 2007, 9, 1212-1216.

Dutta, A.; Datta, ]. Outstanding catalyst performance of pdauni nanoparticles for the
anodic reaction in an alkaline direct ethanol (with anion-exchange membrane) fuel cell.
J. Phys. Chem. C 2012, 116, 25677-25688.

Wang, Y.; Shi, FF; Yang, Y.Y.; Cai, W.B. Carbon supported Pd-Ni-P nanoalloy as an
efficient catalyst for ethanol electro-oxidation in alkaline media. J. Power Sources 2013,
243, 369-373.

251



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Bahemmat, S.; Ghassemzadeh, M.; Afsharpour, M.; Harms, K. Synthesis, characterization
and crystal structure of a Pd(ii) complex containing a new bis-1,2,4-triazole ligand: A
new precursor for the preparation of Pd(0) nanoparticles. Polyhedron 2015, 89, 196-202.

Da Silva, S.G.; Assumpcao, M.H.M.T.; Silva, J.C.M.; de Souza, R.EB.; Spinace, E.V,;
Neto, A.O.; Buzzo, G.S. PdSn/C electrocatalysts with different atomic ratios for ethanol
electro-oxidation in alkaline media. Int. J. Electrochem. Sci. 2014, 9, 5416-5424.

Mao, HM.; Wang, L.L.; Zhu, PP; Xu, QJ.; Li, Q.X. Carbon-supported PdSn SnO,
catalyst for ethanol electro-oxidation in alkaline media. Int. ]. Hydrogen Energy 2014, 39,
17583-17588.

Bambagioni, V.; Bianchini, C.; Filippi, J.; Oberhauser, W.; Marchionni, A.; Vizza, E;
Psaro, R.; Sordelli, L.; Foresti, M.L.; Innocenti, M. Ethanol oxidation on electrocatalysts
obtained by spontaneous deposition of palladium onto nickel-zinc materials.
ChemSusChem 2009, 2, 99-112.

Takeguchi, T.; Anzai, Y, Kikuchi, R.;; Eguchi, K; Ueda, W. Preparation and
characterization of CO-tolerant Pt and Pd anodes modified with SnO, nanoparticles for
PEFC. J. Electrochem. Soc. 2007, 154, B1132-B1137.

Mao, H.; Huang, T.; Yu, A.-S. Facile synthesis of trimetallic Cuj Aug 15Pd; 5/C catalyst
for ethanol oxidation with superior activity and stability. J. Mater. Chem. A 2014, 2,
16378-16380.

Shen, PK.,; Xu, C. Alcohol oxidation on nanocrystalline oxide Pd/C promoted
electrocatalysts. Electrochem. Commun. 2006, 8, 184-188.

Wang, L.; Lavacchi, A.; Bevilacqua, M.; Bellini, M.; Fornasiero, P,; Filippi, J.; Innocenti, M.;
Marchionni, A.; Miller, H.A.; Vizza, F. Energy efficiency of alkaline direct ethanol fuel cells
employing nanostructured palladium electrocatalysts. Chemcatchem 2015, 7, 2214-2221.
Wang, Y; Wang, XM.; Wang, Y.Z.; Li, ].P. Acid-treatment-assisted synthesis of
Pt-Sn/graphene catalysts and their enhanced ethanol electro-catalytic activity. Int. J.
Hydrogen Energy 2015, 40, 990-997.

Xu, C.; Cheng, L.; Shen, P; Liu, Y. Methanol and ethanol electrooxidation on Pt and Pd
supported on carbon microspheres in alkaline media. Electrochem. Commun. 2007, 9, 997-1001.
Wang, A.L; He, X].; Lu, X.F; Xu, H.; Tong, Y.X,; Li, G.R. Palladium-Cobalt nanotube
arrays supported on carbon fiber cloth as high-performance flexible electrocatalysts for
ethanol oxidation. Angew. Chem. Int. Ed. 2015, 54, 3669-3673.

Zhao, M.; Abe, K.; Yamaura, S.-I.; Yamamoto, Y.; Asao, N. Fabrication of Pd-Ni-P
metallic glass nanoparticles and their application as highly durable catalysts in methanol
electro-oxidation. Chem. Mater. 2014, 26, 1056-1061.

Jiang, R.Z.; Tran, D.T.; McClure, J.P.; Chu, D. A class of (Pd-Ni-P) electrocatalysts for the
ethanol oxidation reaction in alkaline media. ACS Catal. 2014, 4, 2577-2586.

Shao, A.F; Wang, Z.B.; Chu, Y.Y,; Jiang, Z.Z.; Yin, G.P; Liu, Y. Evaluation of
the performance of carbon supported Pt-Ru-Ni-P as anode catalyst for methanol
electrooxidation. Fuel Cells 2010, 10, 472-477.

Lo, Y.L.; Hwang, B.J. Kinetics of ethanol oxidation on electroless Ni-P/SnO,/Ti
electrodes in KOH solutions. |. Electrochem. Soc. 1995, 142, 445-450.

252



Highly Active Non-PGM Catalysts Prepared
from Metal Organic Frameworks

Heather M. Barkholtz, Lina Chong, Zachary B. Kaiser, Tao Xu and Di-Jia Liu

Abstract: Finding inexpensive alternatives to platinum group metals (PGMs) is
essential for reducing the cost of proton exchange membrane fuel cells (PEMFCs).
Numerous materials have been investigated as potential replacements of Pt, of which
the transition metal and nitrogen-doped carbon composites (TM/N,/C) prepared
from iron doped zeolitic imidazolate frameworks (ZIFs) are among the most active
ones in catalyzing the oxygen reduction reaction based on recent studies. In this
report, we demonstrate that the catalytic activity of ZIF-based TM /N, /C composites
can be substantially improved through optimization of synthesis and post-treatment
processing conditions. Ultimately, oxygen reduction reaction (ORR) electrocatalytic
activity must be demonstrated in membrane-electrode assemblies (MEAs) of fuel cells.
The process of preparing MEAs using ZIF-based non-PGM electrocatalysts involves
many additional factors which may influence the overall catalytic activity at the fuel
cell level. Evaluation of parameters such as catalyst loading and perfluorosulfonic
acid ionomer to catalyst ratio were optimized. Our overall efforts to optimize both
the catalyst and MEA construction process have yielded impressive ORR activity
when tested in a fuel cell system.

Reprinted from Catalysts. Cite as: Barkholtz, H.M.; Chong, L.; Kaiser, Z.B,;
Xu, T.; Liu, D.-J. Highly Active Non-PGM Catalysts Prepared from Metal Organic
Frameworks. Catalysts 2015, 5, 955-965.

1. Introduction

Polymer electrolyte membrane fuel cells are the future powertrain for
automotive applications due to their high power density, relatively quick start-up,
high efficiency, and emission of only water from the vehicle [1-5]. However, the
cathodic oxygen reduction reaction (ORR) kinetics are significantly slower than the
anodic hydrogen oxidation reaction [6] therefore requiring more catalyst. To date,
the preferred electrocatalysts are platinum or platinum group metals (PGMs), which
contribute a significant fraction to the overall fuel cell stack cost [5]. In order for
widespread commercialization to take place, technological advancements in cathode
catalysts are required, including decreased cost while increasing performance
and durability.

The discovery of ORR activity in cobalt phthalocyanine [7] nearly 50 years ago
inspired the search for non-PGM ORR electrocatalysts using nitrogen group chelated
transition metal complexes, such as metallated phthalocyanines, porphyrins and
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their analogues, as the precursors of preparing transition metal/nitrogen/carbon
(TM/N,/C) catalysts activated via pyrolysis. These precursors typically have
square-planar configuration and frequently require high surface area substrates
such as amorphous carbons onto which they are supported and dispersed. Using
an inert support dilutes the volumetric and gravimetric densities of the possible
active sites, limiting the potential of producing highly efficient catalyst. At Argonne
National Laboratory, we pioneered the use of zeolitic imidazolate frameworks (ZIFs),
a subclass of metal-organic frameworks (MOFs), as precursor templates to prepare
ORR electroactive catalysts [8]. MOFs are porous materials comprised organic
ligands coordinated to transition metal ions [9,10]. Recently, research surrounding
the chemistry and diverse applications of MOF-based materials has experienced
tremendous growth [11-14]. For instance, Proietti et al. demonstrated that the
addition of iron precursors with a Zn-ZIF can give superior fuel cell performance [15].
Since then, several binary ZIF or transition metal doped ZIF systems have
been explored as precursors for highly active ORR electrocatalysts [16-19]. For
example, we reported an all solid-state one-pot synthesis technique to prepare ZIF
based electrocatalysts that demonstrated impressive ORR activity measured by
both rotating disk electrode (RDE) and membrane electrode assembly (MEA) in
a fuel cell [17].

Our recent study suggests that the catalytic performance of ZIF-based catalysts
is very sensitive to the synthesis and processing conditions. In this report, we
describe the impact of electrocatalyst processing and MEA fabrication conditions on
the overall ORR activity when tested in a single cell fuel cell. We will also discuss
how different iron additives could change the fuel cell performance while keeping
all other processing parameters the same. Additionally, the influence to fuel cell
performance by the addition of small amount of carbon black at different steps of
the electrocatalyst synthesis process was investigated. Finally, the weight ratio of
Nafion® ionomer to catalyst was optimized in the MEA fabrication process. Overall,
an impressive current density of 221.9 mA cm~2 at 0.8 V was achieved.

2. Results and Discussion

2.1. Influence of Catalyst Activity by Fe Complex in Precursor

The general procedures for “one-pot” synthesis have been published previously
in detail [17]. As a continuation of this study, we investigated the influence
of iron precursor and its chelating chemistry to the solid state synthesis and
the resulting catalyst performance. In this report, three combinations of iron
complexes and organic ligand were applied. They were iron (II) acetate (Fe(Ac),),
tris-1,10-phenanthroline iron (II) perchlorate (TPI) and a combination of iron (II)
acetate and 1,10-phenanthroline (Phen) with molar ratio 1:6 (Fe(Ac),(Phen)g). For
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ZIF-8, we used its molecular formula as Zn(mIm),. The catalyst samples were
labeled based on their iron complex and ligand combinations in the Zn(mIm),
precursor synthesis before the thermal activation. For example, Zn(mIm),Fe(Ac),,
represents adding iron acetate directly into mixture for solid state synthesis for
Zn(mlm). Similarly, Zn(mIm),TPI and Zn(mIm);Fe(Ac)2(Phen)s represent adding
TPI and Fe(Ac), /Phen at 1/6 in the mixtures for solid state synthesis for Zn(mIm),,
respectively. All electrocatalysts underwent normal thermal activation and were
fabricated into the cathode of MEAs. The current-voltage polarization and power
density curves of the fuel cell tests are shown in Figure 1a,b, respectively. Several
key catalyst performance parameters in MEA /fuel cell tests are given by Table 1.
It is easily seen that the addition of TPI gave the best overall fuel cell performance.
Replacing TPI with Fe(Ac); resulted in a 2.5 fold decrease in power density as well
as a 3.4 fold decrease in the current density at 0.8 V. Adding in 1,10-phenanthroline
as well as iron (II) acetate improved the performance from Fe(Ac), but was not
equivalent to TPL

Table 1. Brunauer-Emmett-Teller (BET) Surface area and Activity with Different
Iron Additives. BET surface area reported on autoclaved samples before any further
processing was performed. Fuel cell data is reported for all three samples, including
current density at 0.8 ViR free, limiting current, and maximum power density. Fuel
cell conditions: Po, = Py, = 1 bar (back pressure = 7.3 psig) fully humidified;
T = 80 °C; N211 membrane; 5 cm? membrane-electrode assemblies (MEA); cathode
catalyst = 3.5-4 mg/cm?, anode catalyst = 0.4 mgp;/cm?.

Sample BET Surface Area  Current Density at Limiting Current Power Density
P (m2g™1) 0.8 V (mA cm™2) (A cm™2?) (mW cm™2)
Zn(mIm),Fe(Ac), 264.8 64.7 0.883 241.5
Zn(mIm),Fe(Ac),(Phen)s 702.2 136.9 157 4419
Zn(mIm), TPI 859.3 221.9 1.86 603.3

We speculate that the Fe-ligand coordination strength plays a very important
role in overall electrocatalytic performance. If the iron precursor is able to undergo
metal ion exchange with ZIF-8, previous studies have shown that there will be a
decrease in fuel cell performance [20]. During the one-pot synthesis, Fe(Ac), could be
readily dissolved into the liquefied imidazole and water (produced through reaction
with zinc oxide) into Fe?* and Ac™. The ionic iron(II) could be incorporated into
ZIF framework in the place of Zn?*. On the other hand, Fe?" is tightly chelated
by six nitrogens from three phenanthroline in an octahedral direction to form a
propeller-shaped configuration and will not readily undergo ion exchange with
Zn in Zn(mlIm), [20]. With significant amounts of Phen present in the iron acetate,
imidazole and zinc oxide mixture, it is possible that a certain fraction of Fe?* could
ligate with Phen through iron (II)-N bond, as suggested by the previous study [15]. It
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is difficult, however, to expect that Fe?* will react exclusively with Phen in the
presence of excessive amount of imidazole. The consumption of a fraction of
available iron (II) to form a Fe-Phen intermediate while the other Fe?* ions chelate
with imidazoles as part of ZIF framework may explain the trend seen in Figure 1.
Additionally, it is generally accepted that the surface area is an important factor
determining fuel cell performance [21]. The Brunauer-Emmett-Teller (BET) surface
areas of all three autoclaved catalyst precursors are also given in Table 1. As is shown
by the Table, there is a direct correlation between the surface area of the starting
material and the overall fuel cell performance. Iron additives in the form of Fe(Ac),
produced the lowest surface area electrocatalysts therefore the lowest activity, among
all three catalysts studied. When Phen was added in addition to Fe(Ac),, there was a
62.3% increase in precursor surface area, corresponding to a 52.7% increase in the
current density at 0.8 Vir_free-
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Figure 1. (a) Polarization curves from different iron additive electrocatalysts.
The current densities at 0.8 Vig.free for Zn(mIm),Fe(Ac), = 647 mA cm™?,
Zn(mIm),Fe(Ac),(Phen); = 136.9 mA cm 2, and Zn(mIm),TPI = 221.9 mA cm 2.
(b) Power density curves corresponding to polarization curves shown in
(@) Maximum power density for Zn(mIm),Fe(Ac); = 241.5 mW cm~2,
Zn(mIm),Fe(Ac),(Phen)g = 441.9 mW cm—2, and Zn(mIm), TPI = 603.3 mW cm 2.
Conditions: Po, = Py, = 1 bar (back pressure = 7.3 psig) fully humidified;
T =80 °C; N211 membrane; 5 cm? MEA; cathode catalyst = 3.5-4 mg/ cm?, anode
catalyst = 0.4 mgp;/cm?.

2.2. Influence of Adding Carbon Black to MEA Performance

High temperature activation of the ZIF-based precursor converts individual
imidazole molecules to graphitic carbon. Such a process often generates incomplete
conversion [22], resulting in low electro-conductance of the catalyst and subsequent
MEA formed [22]. Mixing a small quantity of carbon black into the heat-activated
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catalyst could potentially mitigate such an impedance issue. On the other hand,
addition of catalytically inert carbon will dilute the ZIF-based catalyst density
and therefore could cause a loss of volumetric and areal specific activities. In this
experiment, we selected Ketjen Black as the carbon additive, which is a frequently
used carbon support for fuel cell catalysts [23-26]. Two samples were prepared with
10 wt % Ketjen Black EC-300] added at different steps of the electrocatalyst synthesis
process. For the first sample, Ketjen Black was added during the ball milling step
before thermal activation had occurred. The sample was labeled Zn(mIm), TPI-10-BM.
The second sample was prepared wherein Ketjen Black was added after the thermal
activation and acid wash. The sample was labeled Zn(mIm), TPI-10-AW.
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Figure 2. (a) Impedance corrected polarization curves from Ketjen Black
additives and a control sample without any Ketjen Black. (b) Polarization
curved without impedance correction from Ketjen Black additives and a control
sample without any Ketjen Black. (c) Cell impedance curves corresponding to
polarization curves shown in (a) and (b). Conditions: Po, = Py, = 1 bar (back
pressure = 7.3 psig) fully humidified; T = 80 °C; N211 membrane; 5 cm? MEA;
cathode catalyst = 3.5-4 mg/cm?, anode catalyst = 0.4 mgp;/cm?.
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Figure 2a shows the iR-free current-voltage polarizations of MEAs with
Zn(mIm), TPI-10-BM and Zn(mIm), TPI-10-AW as the cathode catalysts, and a MEA
without Ketjen Black additive as a benchmark; measured values (without impedance
correction) are displayed in Figure 2b. As expected, the cell impedance was reduced
by about ~20% for both catalysts containing Ketjen Black additive compared to the
benchmark, as is shown in Figure 2¢, with Zn(mIm), TPI-10-AW having the lowest
overall impedance. However, the internal impedance corrected (iR-free) polarizations
(Figure 2a) show that Zn(mIm), TPI has the highest fuel cell specific current density
among all the samples, suggesting that addition of Ketjen Black causes the dilution of
the active sites thereby reducing the overall activity even at a mere 10 wt % loading.
Between Zn(mIm),TPI-10-BM and Zn(mIm),TPI-10-AW, the latter demonstrates
better specific current density at any given cell voltage. Even though both samples
contain same amount of Ketjen Black, the amorphous carbon in Zn(mlIm), TPI-10-BM
had been subjected to a heat treatment at >1000 °C. Under such temperature, the
carbon black would undergo the phase transformation from amorphous to graphitic
carbon, accompanied by loss of porosity, volume, and surface area. In contrast,
Ketjen Black in Zn(mIm),TPI-10-AW was added after the high temperature treatment
but before the ammonia treatment at 750 °C. The carbon black was still highly
porous and more reactive with NHj for additional active site formation compared
to that in Zn(mIm), TPI-10-BM. Higher catalytic activity is therefore expected. For
practical application, the current-voltage polarization without impedance correction
represents actual fuel cell performance. Such polarization embodies the balance
between the electrode catalyst activity and electron/proton conductivities. To this
point, the fuel cell with Zn(mIm),TPI-10-AW at the cathode offers slightly less
desirable performance than Zn(mIm),TPI at V > 0.6 V and slightly better current
density at V < 0.6 V, see Figure 2b. The cell with Zn(mIm),TPI-10-BM, however, was
inferior over the entire operating region.

2.3. MEA Fabrication Optimization

Although the rotating disk electrode (RDE) is the most commonly used method
for activity measurements, the electrode catalyst ultimately needs to be measured at
MEA /single fuel cell levels since they mostly resemble the operating conditions in a
commercial fuel cell stack. Some of the crucial catalyst performance attributes,
such as available catalyst area, mass/charge transport efficiencies, triple-phase
boundary exposure, etc., will not be properly measured by RDE even though they
play extremely important roles in controlling the fuel cell current and power densities.
One of the key process parameters for MEA fabrication is the weight ratio between the
Nafion® ionomer and the catalyst. Correct balance between the use and intermixing
of ionomer and catalyst could result in optimal exposure of the catalytic active sites
and effective proton/electron transfers as well as oxygen and water transports to and
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from the catalytic sites. This is, in fact, particularly important for our ZIF-derived
non-PGM catalysts since their active sites are believed to be uniformly decorated
throughout the catalyst surface. We have conducted a series of experiments in
MEA optimization by preparing the catalytic ink containing different amount of
ionomer and catalyst. The preparation of a cathode catalyst ink includes mixing 5
wt % Nafion®, isopropyl alcohol, water, and thermally activated catalyst. In this
experiment, three dry weight ratios between ionomer to the catalyst were applied,
from 0.5:1 to 0.9:1.

When optimizing ionomer to catalyst ratios for the ink, it was demonstrated
by Figure 3 that 0.7:1 was the optimal ratio to producing the best performing MEA
tested in fuel cell. Also noted is that when the ionomer to catalyst ratio was decreased
below 0.7:1 to 0.5:1, there was a more discernible drop of cell voltage in both ohmic
and limiting-current regions, presumably due to the lack of ion transport caused by
insufficient Nafion®. When the ionomer to catalyst ratio was increased to 0.9:1, there
was also an 18.4% decrease in single cell performance at 0.8 Vigr_free- This decrease
in fuel cell performance may be attributed to excess Nafion® present, clogging the
electrocatalyst pores and the electrochemically active surface area, preventing the
access of the gas phase oxygen.
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Figure 3. (a) Tafel plots from samples prepared with different ionomer to catalyst
ratios. (b) Polarization curved corresponding to the Tafel plots shown in (a).
The current density at 0.8 V for 0.9:1 = 158.4 mA cm™2, 0.7:1 = 194.0 mA cm™2,
and 05:1 = 1235 mA cm 2. Conditions: Po, = Py, = 1 bar (back
pressure = 7.3 psig) fully humidified; T = 80 °C; N211 membrane; 5 cm? MEA;
cathode catalyst = 3.5-4 mg/ cm?, anode catalyst = 0.4 mgp;/ cm?.
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3. Experimental Section

3.1. Materials and Methods

Commercially available reagents were used as received without further
purification. Ball milling was carried out with a Retsch PM 100 planetary ball mill
(Haan, Germany). Fuel cell test stand measurements were carried out on a Scribner
850e fuel cell test stand station (Southern Pines, NC, USA) using a Poco graphite
blocks single cell with serpentine flow channels and a geometric electrode surface
area of 5 cm? (Fuel Cell Technology, Albuquerque, NM, USA). The single cell test
conditions are given individually under each figure.

3.2. One-Pot Synthesis of ZIF-Based Electrocatalyst Precursor

The one-pot synthesis of the ZIF-based electrocatalyst precursor was carried out
according to previously reported procedures [17,27]. Preparation of Zn(mIm),TPI
was carried out by adding 2-methylimidazole (668.2 mg, 8 mmol, Aldrich, St. Louis,
MO, USA), ZnO (323.5 mg, 4 mmol, Aldrich), and 0.022 mol % iron in the form
of 1,10-phenanthroline iron (II) perchlorate (70.5 mg, 0.09 mmol, Aldrich) together,
grinding, and sealing in an autoclave under an Ar atmosphere. The autoclave was
heated to 180 °C and held for 18 h. A pink powder was obtained and used as
described below.

When performing the comparative study, the iron precursor was changed while
keeping all other reagents the same as well as the molar percentage of iron added.
Two other catalysts were prepared, Zn(mlIm);Fe(Ac),, and Zn(mlIm),Fe(Ac),(Phen)e.
Using Zn(mlIm),Fe(Ac),(Phen)g as an example, the catalyst was prepared by adding
2-methylimidazole (668.2 mg, 8 mmol, Aldrich), ZnO (323.5 mg, 4 mmol, Aldrich),
iron (II) acetate (15.6 mg, 0.09 mmol, Aldrich), and 1, 10-phenanthroline (97.3 mg,
0.05 mmol, Aldrich) together, grinding, and sealing in an autoclave under Ar
atmosphere. Heating profiles were not changed from what is described above.

3.3. Preparation of Electrocatalyst

Pyrolysis of ZIF-based electrocatalyst precursor was carried out by placing about
250 mg of ball milled Zn(mIm),TPI into a ceramic boat and inserting it into a quartz
tube (2 inch diameter). The tube was sealed and purged with Ar for one hour before
it was heated to 1050 °C and held for one hour under flowing Ar atmosphere. The
pyrolyzed sample was then acid washed in 0.5 M H,SO; via sonication for 30 min
then continuously agitated for 16 h at room temperature. The sample was then
washed with water until neutral and dried in a vacuum oven at 40 °C. The sample
was then pyrolyzed again at 750 °C for 30 min under flowing NH3 atmosphere to
give the final product.
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When electrocatalysts with Ketjen Black additive were prepared, 10 wt % Ketjen
Black was added during either at the ball mill step or after the acid wash and
before NHj thermal activation. As an example, the preparation is given below for
Zn(mIm), TPI-10-AW, where Ketjen Black (4 mg, EC-300], Azko Nobel, Willowbrook,
IL, USA) was added to the electrocatalyst (33.1 mg) after acid wash but before NH;3
thermal activation. The sample was dispersed in isopropyl alcohol via sonication for
30 min the dried in a vacuum oven. Once dry, the prepared Zn(mIm), TPI-10-AW
sample was thermally activated at 750 °C for 30 min under NH; flow per usual.

3.4. Single Fuel Cell Test

3.4.1. Preparation of Cathode

An ink solution was prepared for the molar ratio of 0.7:1 ionomer to catalyst by
combining Zn(mIm), TPI (25 mg) with Nafion® (350 mg, 5 wt. % solution, Aldrich),
isopropyl alcohol (890 uL), and water (350 uL). The ink solution was sonicated for
30 min and constantly agitated for 16 h at room temperature before it was painted
onto carbon paper (5 cm?, Fuel Cells Etc., Sigracet 25 BC, College Station, TX, USA)
to create the cathode, which was dried in a vacuum oven at 40 °C for two hours. The
catalyst loading for all the tests was approximately 3.5-4.0 mg cm 2.

3.4.2. Preparation of Anode

An ink solution was prepared by combining Pt/C (10 mg, 40 wt. % of Pt, E-TEK,
Somerset, NJ, USA), Nafion® (80 mg, 5 wt. % solution, Aldrich), isopropyl alcohol
(205 pL), and water (80 pL). This ink solution was solicited for 30 min and constantly
agitated for 16 h at room temperature before it was painted onto carbon paper (5 cm?,
Fuel Cells Etc., Sigracet 25 BC) to create the anode, which was dried in a vacuum
oven at 40 °C for 2 h. The Pt loading for all tests was approximately 0.4 mgp;/cm?.

3.4.3. Preparation of Membrane Electrode Assembly

The prepared cathode and anode were hot pressed on either side of a Nafion®
N211 membrane (DuPont, New Castle, DE, USA) at 120 °C for 30 s using a pressure
of 5.4 x 10° Pa, the pressure was then increased to 1.1 x 107 Pa and held for an
additional 30 s. Pressure values were calculated assuming that the load is evenly
applied to the 5 cm? electrode.

3.4.4. Fuel Cell Activity Test

Fuel cell activity tests were carried out by placing the prepared MEA into a
single cell. Data was gathered by a Scribner 850e fuel cell test stand. A polarization
curve was recorded by scanning from open circuit potential (OCV) to 750 mV at
10 mA s~! then from 750 mV to 200 mV at 50 mV s~!. The area current density,
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Ia, was recorded directly from the polarization measurement. Cell impedance was
measured by the current interrupt method installed in the fuel cell test stand.

4. Conclusions

Our study shows that significant improvements in cathodic electrocatalyst
performance can be achieved when synthesis, processing, and fabrication parameters
are optimized. We found that iron complex with six-N coordination such as
1,10-phenanthroline iron (II) perchlorate could provide excellent catalytic activity
and overall single cell performance. Amorphous carbon such as Ketjen Black was
also added at different steps of catalyst preparation to reduce the cell impedance.
However, such addition also dilutes the catalytically active sites and thereby reduced
the fuel cell performance. Finally, different Nafion® to catalyst ratios were used to
improve the cathode ink formulation before MEA fabrication was performed. These
improvements at both catalyst and MEA levels have yielded impressive ORR activity
when tested in a fuel cell system, moving towards the performance targets set by the
U.S. DOE for the automotive application.
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Effect of ZIF-8 Crystal Size on the O,
Electro-Reduction Performance of Pyrolyzed
Fe—-N-C Catalysts

Vanessa Armel, Julien Hannauer and Frédéric Jaouen

Abstract: The effect of ZIF-8 crystal size on the morphology and performance of
Fe-N-C catalysts synthesized via the pyrolysis of a ferrous salt, phenanthroline and
the metal-organic framework ZIF-8 is investigated in detail. Various ZIF-8 samples
with average crystal size ranging from 100 to 1600 nm were prepared. The process
parameters allowing a templating effect after argon pyrolysis were investigated.
It is shown that the milling speed, used to prepare catalyst precursors, and the
heating mode, used for pyrolysis, are critical factors for templating nano-ZIFs into
nano-sized Fe-N-C particles with open porosity. Templating could be achieved when
combining a reduced milling speed with a ramped heating mode. For templated
Fe-N-C materials, the performance and activity improved with decreased ZIF-8
crystal size. With the Fe-N-C catalyst templated from the smallest ZIF-8 crystals,
the current densities in Hy /O, polymer electrolyte fuel cell at 0.5 V reached ca.
900 mA cm 2, compared to only ca. 450 mA cm~2 with our previous approach. This
templating process opens the path to a morphological control of Fe-N-C catalysts
derived from metal-organic frameworks which, when combined with the versatility
of the coordination chemistry of such materials, offers a platform for the rational
design of optimized Metal-N—C catalysts.

Reprinted from Catalysts. Cite as: Armel, V.; Hannauer, J.; Jaouen, F. Effect of ZIF-8
Crystal Size on the O, Electro-Reduction Performance of Pyrolyzed Fe-N-C Catalysts.
Catalysts 2015, 5, 1333-1351.

1. Introduction

Fuel cells offer a combination of efficiency and power density that meets
the requests of the most demanding applications, and, in particular, those of
the transportation sector [1,2]. Among the fuel cells allowing fast start-up and
shut-down operation, an imperative criterion for the automotive industry, the
polymer electrolyte membrane fuel cell (PEMFC) is today the most advanced
technology due to the existence of proton conductive polymer membranes [3,4].
While PEMFCs have reached the commercialisation level for materials handling
vehicles and, since recently, for personal automobiles that are being released in Japan
and California, its long term success is bound to cost and sustainability. These two
aspects are intimately linked to the usage of platinum for catalyzing the anodic and
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cathodic reactions. Ultimately, the accessibility to enough platinum is questionable if
the PEMFC technology is to replace internal combustion engines. Since 80%-90% of
platinum in a PEMFC is needed to catalyze the sluggish oxygen reduction reaction
(ORR) [5], reducing the Pt content at the cathode or replacing Pt-based catalysts
by catalysts based on Earth-abundant elements is a topic of intense research since
2003 [6].

Catalysts based on iron, cobalt, nitrogen and carbon that feature Metal-N,C,
moieties covalently integrated in N-doped carbons have emerged as a promising
alternative to Pt-based catalysts [6-12]. Rational approaches for the selection of
metal, nitrogen and carbon precursors, for the synthetic conditions and for more
durable Metal-N-C catalysts, are, however, still needed. In 2011, the use of metal
organic frameworks (MOFs) as sacrificial N and C precursors for the synthesis
of Co- and Fe-N-C catalysts was first reported [8,13]. In the approach by Liu’s
group, the cobalt ions were engaged in the MOF structure and therefore ideally
dispersed and coordinated to nitrogen atoms [13]. The inherent disadvantage is
the high content of cobalt in Co-based MOFs, 3040 wt. %. This is well above the
optimum content for Me-N-C catalyst precursors before pyrolysis, typically below
2-3 wt. % [7,14-16]. Too large Fe or Co contents lead to the formation of highly
graphitized carbon structures during pyrolysis [13,17]. In such graphitized structures,
the number of MeN,Cy active sites is low, which leads to a low ORR activity [18,19].
In order to maximize the activity, it is necessary to reach a high specific area, and
especially a high microporous area [7,20-22]. In the approach by Dodelet’s group, a
Zn-based MOF was combined with Fe(II) and phenanthroline in order to prepare a
catalyst precursor which, after pyrolysis in Ar and then NHj3, resulted in a Fe-N-C
catalyst with unprecedented initial power performance in PEMFC [8]. The Zn-based
MOF used in 2011 by Dodelet’s group was ZIF-8, a well-known zeolitic imidazolate
framework (ZIF) [23,24], commercially available under the trade name Basolite®
71200 (produced by BASF, purchased from Sigma Aldrich, St. Louis, MO, USA),
referred to hereafter as Basolite®. ZIF-8 has a sodalite topology and is entirely
microporous with a BET area of ca. 1600 m? g~! [23]. Fe-N-C catalysts derived with
various approaches from Fe(1II) acetate, 1,10-phenanthroline and ZIF-8 but sharing
a common pyrolytic step in NH3, still represent the state-of-the-art in terms of
initial power performance in PEMFC [8,10,25-27]. They however suffer from a poor
durability, with ca. halved power performance after 50 h of operation, characteristic
for NHj3-pyrolyzed catalysts [8,10,28]. In contrast, Fe-N-C catalysts derived from
Fe(II), 1,10-phenanthroline and ZIF-8 but pyrolyzed in Argon are initially less active
but more stable [8,29,30]. Other Fe— and Fe-Co-N-C catalysts pyrolyzed in inert
atmosphere have resulted in a constant current density at 0.4-0.5 V over several
hundred hours of operation in PEMFC, a promising achievement toward more
durable Me-N—C catalysts [9,31].

266



Since the first reports on the synthesis of Metal-N-C materials via the sacrificial
pyrolysis of microporous ZIFs [8,13], modifications of the preparation of the catalyst
precursor from Fe(II) acetate, N-ligands and ZIF-8 have minimized the formation of
undesired iron particles during pyrolysis. Low energy milling of the dry precursor
powders has been shown to optimise the dispersion of ferrous ions and to favour the
formation of FeN,C, moieties during pyrolysis [25,32]. The replacement of Fe(II) and
1,10-phenanthroline (phen) by an iron porphyrin was also shown to preferentially
result in the formation of FeN,C, moieties after pyrolysis [33]. Alternative Zn-based
ZIFs have also started being investigated, using a one-pot synthesis approach [10,26].
The impregnation of ZIF-8 with furfuryl alcohol introduced mesoporosity in the
resulting Fe-N-C catalysts [34]. However, the increased mesoporous volume did not
increase the fuel cell performance.

To a large extent, the transport properties of Metal-N-C cathodes today limit
the fuel cell performance at high load [6]. Identifying rational approaches to optimize
transport properties without negatively affecting the ORR activity of the most active
or most stable Me-IN-C catalysts reported to date is therefore important. Hence,
controlling the size of ZIF crystals before pyrolysis and controlling all process
parameters in order to template nanosized ZIF crystals into nano-sized catalytic
Me-N-C particles is a promising approach. It could significantly reduce the average
diffusion length for O, molecules from the electrode macropores to the active FeNy
sites located in intra-particle pores. In the commercial ZIF-8, Basolite®, the crystal
size ranges from 200 to 500 nm, which is not optimum [8].

Hitherto, the size effect of ZIF crystals on the activity and accessibility of ORR
active sites in Me—-N-C catalysts derived from the pyrolysis of ZIFs has not been
investigated in depth. Recent attempts include Co-N-C catalysts derived from ZIF-67
and metal-free N-C catalysts derived from ZIF-8 [35,36]. ZIF-67, a ZIF comprising
Co(Il) ion ligated with 2-Melm organised in sodalite topology, was synthesized in
three average sizes of 300, 800 and 1700 nm. ZIF-67 powders were then pyrolyzed
in Ar at 600-900 °C to form Co-N—C catalysts. The Co-N-C catalyst derived from
ZIF-67 with the smallest crystal size of 300 nm showed a higher activity in rotating
disk electrode measurements in 0.1 M HCIO4 [35]. SEM and TEM images showed a
remarkable templating of the rhombic dodecahedron shape of ZIF-67 nanocrystals
into Co-N-C catalytic particles with similar size. The second study reported the
synthesis of ZIF-8 crystals with average size of 60 nm [36]. ZIF-8 was pyrolyzed in
N, at 700-1000 °C. A templating effect was similarly observed, even after pyrolysis
at 1000 °C. A high ORR activity of the resulting N-doped carbons was measured in
0.1 M KOH. The effect of smaller catalytic Fe(Co)-N—C particles has however not
yet been demonstrated in fuel cell measurements at high current density, where a
short diffusion path for O, is expected to be most beneficial. The restricted current
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densities of a few mA- cm~2 in rotating disk electrode measurements cannot inform

whether such templated catalysts perform better in a fuel cell.

The development of synthetic methods to control the size of MOF or ZIF crystals
is relatively recent by itself [37—43]. Of particular interest, the rapid crystallization at
room temperature of Zn(Il) and 2-Melm into ZIF-8 in either methanol or aqueous
solution is now well established [36,42,44,45]. Control of the size of ZIF-8 crystals has
been gained with the approaches of (i) modulating-ligand [38,44] (ii) surfactants [40]
and (iii) excess-ligands [37,42,45]. The first approach relies on the competition
for Zn(II) ions between 2-Melm and a second modulating ligand added in the
reagent solution. For example, large ZIF-8 crystals of ca. 1 um were obtained from
Zn(II) and 2-Melm in the presence of the modulating ligand 1-Melm [44]. In the
absence of 1-Melm, ZIF-8 crystals of 60-70 nm were obtained. In the presence of
another modulating ligand, n-butylamine, ultra small ZIF-8 crystals of 9-10 nm
could be obtained. The effects were rationalized on the basis of the ability of the
modulating ligand to deprotonate 2-Melm during the nucleation of ZIF-8. The second
approach relies on the use of surfactants that stabilize nanosized ZIF-8 crystals [40].
With surfactants, phase pure ZIF-8 crystals of sub-100 nm size could be obtained
at nearly stoichiometric ratio 2:1 for 2-Melm:Zn(II). The third approach relies on
overstoichiometric ratios of 2-Melm:Zn(Il) in the reagent solution. The excess of
2-Melm results in a high density of nucleation sites for the crystallization of ZIF-8,
and hence in smaller crystals [37,42,45]. Molar ratios of 2-Melm to Zn(II) from four
to 200 have been investigated resulting in ZIF-8 crystals with size ranging from 1900
to 250 nm, respectively [42].

In the present work, we synthesized ZIF-8 materials with a wide range of
crystal size through the ligand-excess approach. These materials were then milled
with Fe(Il) acetate and 1,10-phenanthroline to form catalyst precursors. The latter
were pyrolyzed in Ar at 1050 °C, with a heating either in ramp or flash mode, to
form Fe-N-C electrocatalysts. The structure and morphology of ZIF-8 powders,
catalyst precursors and catalysts were investigated with SEM, X-ray diffraction and
N, sorption while the Fe-N-C catalysts were electrochemically characterized in a
single cell PEMFC.

2. Results and Discussion

2.1. Morphology and Size of ZIF-8 Nanocrystals

Figure 1 shows the SEM images for the five synthetic conditions of ZIF-8
(labelled hereafter as Z8) with ratios of 2-Melm to Zn(Il) (denoted as X hereafter)
varying from 40 to 140 in the initial reagent solution. It is seen that the morphology
of these Z8-X samples did not change with the molar ratio X, but the crystal size
drastically decreased with increasing molar ratio. Crystals 1200-1800 nm in size are

268



seen for Z8-40, 250-700 nm for Z8-60, 160—400 nm for Z8-80, 100-280 nm for Z8-100,
and 80-200 nm for Z8-140. This agrees with the results reported by Kida et al. [42]. The
vast majority of the crystals show a well-defined truncated rhombic dodecahedron
morphology [42,44]. As a comparison, Figure 1 also shows a typical SEM image
for Basolite®. A large dispersion size from 280-640 nm is observed, but most of the
crystals are larger than 400 nm. The average size observed with Basolite® is similar
to that of Z8-60 (Figure 1). Hence, the set of Z8 materials synthesized here forms an
interesting basis to investigate the size effect of Z8 on the activity and performance
of Fe-N-C catalysts that will be derived from them. Figure S1 shows the powder
XRD patterns of the various Z8-X materials. All materials are well crystallized,
even at the highest ratio of 2-Melm to Zn(II) corresponding to the smallest crystals.
All diffraction lines can be assigned to the sodalite topology of ZIF-8. Kida et al.,
observed XRD peaks assigned to zinc hydroxides by-products at ratios of 2-Melm
to Zn(Il) < 20, peaks that were absent at molar ratios >40 [42]. In this work, we
restricted ourselves to ratios >40 and the materials are thus phase-pure Z8 crystals.
The accessibility of the cavities in these materials was then investigated with N,
sorption (Figure S2). No hysteresis is observed and the isotherms have a type I
shape, characteristic for microporous materials. The specific surface area slightly
decreases with decreasing Z8 crystal size (Table 1, 2nd column). For the smallest
crystals (Z8-100 and 140), the isotherms show a sharp rise at high P/ Py, assigned to
the filling of mesopores existing between ZIF crystals [42].

2.2. Characterization of Fe-N—C Catalysts Obtained from Various ZIF-8 Materials
without Templating

A first series of Fe-N—-C catalysts was synthesized via flash pyrolysis in Ar
of catalyst precursors prepared from Fe(Il) acetate, phen and Z8-X materials. All
catalyst precursors discussed in this sub-section were prepared by planetary milling
the dry precursor powders at 400 rpm (see Section 3.2). These process parameters are
those used by us previously [8,46]. An example of a catalyst label is Z8-40-400 rpm-F,
indicating that Z8-40 was used, the milling speed was 400 rpm and the pyrolysis was
carried out in flash mode. The SEM images of this first series of Fe-N-C catalysts
are shown in Figure 2. Clearly, the morphology and size of the Fe-N—-C catalytic
particles are totally different from those of the starting Z8-X crystals. Even when
starting from the largest Z8 crystals (Z8-40), most particles in Z8-40-400-F lost their
original size (Figures 1 and 2). The visual impression is that the pristine Z8 batches
with different average crystal size (100-1600 nm) resulted after milling at 400 rpm
and flash pyrolysis in Fe-N-C agglomerates with a common size of ca. 300-600
nm, independent of the initial Z8 crystal size. It therefore seems that the largest Z8
crystals (Z8-40) are transformed into catalytic particles of a smaller size, while the
smallest Z8 crystals (Z8-140) are transformed into larger catalytic particles.

269



i e

1.20um.

Figure 1. SEM micrographs of Z8-X crystals synthesized with the excess-ligand
approach in aqueous solution at different molar ratios X of 2-Melm to Zn(II), and
SEM of the commercial Z8, Basolite®. The scale bar is 1.20 um for all micrographs.

Table 1. BET specific areas of non-pyrolyzed and pyrolyzed materials.

BET Specific Area/m? g~

Z8 Material as-synthesized Z8-X  Z8-X-400 rpm-F  Z8-X-100 rpm-F  Z8-X-100 rpm-R
78-40 1798 412 - 726
78-60 1767 372 - 745
78-80 1654 439 - 738
78-100 1543 412 367 673
78-140 1524 292 - 722
Basolite® 1618 357 - 719
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Figure 2. SEM micrographs of Fe-N-C catalysts derived from Fe(II), phen and Z8-X
powders or Basolite®, ballmilled at 400 rpm and pyrolyzed at 1050 °C in Ar in flash
mode. The scale bar is 1.20 um for all SEM micrographs.

Figure S3 shows the N isotherms for this series of catalysts, and Table 1 (3rd
column) reports their BET areas. No clear trend is observed for the BET area. Figure 3
shows the PEMFC polarization curves recorded for a cathode loading of 4 mg cm—2
for this series of Fe-N—C catalysts. As seen in the inset of Figure 3, the ORR activity
at 0.9 V iR-free is similar for all Z8-X-400 rpm-F samples (0.4-0.8 mA cm~2) but
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lower than that of the Fe-N-C catalyst derived from Basolite® (1.5 mA cm~2). The
similar ORR activities and fuel cell performance obtained within this series agree
with their similar morphology and specific surface area. The higher ORR activity
obtained with Basolite® is possibly assigned to the presence of 100 ppm of iron
atomically-dispersed in Basolite®. We will report on this in the near future.

In view of this first set of morphological and electrochemical results, we then
investigated the effect of two process parameters that might explain the lack of
templating observed on this first series of Fe-N-C catalysts. Those parameters are (i)
the rotation rate applied during the ball milling of Fe(Il), phen and Z8-X, and (ii) the
heating mode. Previous works have recently reported on the templating of nano-ZIFs
after pyrolysis in inert gas, but the heating mode was a ramp at 5 °C min~! [35,36].
Our flash pyrolysis mode is unusual but was found to be crucial in order to precisely
control the pyrolysis duration, which is in turn important when pyrolyzing in reactive
NHj; atmosphere [7,20]. Precisely controlling the pyrolysis duration is however less
important when the pyrolysis is carried out in inert gas since no continuous chemical
reaction occurs between the formed carbonaceous material and inert gas.
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Figure 3. Non iR-corrected PEMFC polarization curves with cathodes comprising
4 mg cm~2 of Fe-N-C catalysts. Ballmilling was carried out at 400 rpm for forming
catalyst precursors from Fe(Il) acetate, phen and Z8-X powders. The catalyst
precursors were subsequently pyrolyzed in flash mode. Inset: Tafel plots at high
potential of the iR-corrected polarization curves.

2.3. Effects of Milling Speed and Heating Mode on the Morphology & Performance of
Fe-N-C Catalysts

In this section, we selected Z8-100 to investigate the effects of milling speed
(400 or 100 rpm) and heating mode (flash or ramp) on the morphology of Fe-N-C
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catalysts. Z8-100 was selected because its average crystal size is smaller than that
of Basolite® and smaller than that of the agglomerates in the first series of Fe-N-C
catalysts. The morphological changes of the materials were investigated with SEM at
different stages of the synthesis. Fixing the milling speed at 400 rpm, the SEM images
of (a) Z8-100, (b) the corresponding catalyst precursor ballmilled at 400 rpm and (c,d)
the corresponding Fe-N-C catalysts after pyrolysis in flash or ramp mode are shown
in Figure 4. Milling at 400 rpm leads to the formation of agglomerates that are larger
than the pristine Z8-100 crystals (Figure 4b) and also leads to an amorphization of
the catalyst precursor, as shown by XRD (Figure 54).

Following the milling step, the pyrolysis does not significantly modify the
macroscopic morphology of those materials, regardless of whether the pyrolysis is
carried out in flash or ramp mode (Figure 4c,d).

—

Figure 4. SEM micrographs of (a) Z8-100 crystals; (b) the catalyst precursor derived
from Fe(Il), phen and Z8-100 mixed via ballmilling at 400 rpm, and (c,d) Fe-N-C
catalysts obtained by pyrolyzing that catalyst precursor at 1050 °C in Argon, either
in flash (c) or ramp mode (d). The scale bar is 1.20 um for all SEM micrographs.

The same investigation of morphological changes at different stages of synthesis
was then carried out with a lowered milling speed of 100 rpm (Figure 5). The lowered
milling speed not only preserved the original shape of Z8-100 crystals in the catalyst
precursor but also prevented the formation of aggregates (Figure 5a,b). Moreover,
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powder X-ray diffraction confirmed that the lowered milling speed resulted in an
X-ray diffractogram now superimposed with that of Z8-100 (Figure S4). It therefore
seems that a correlation exists between crystallographic amorphization at high
milling speed (XRD pattern) and the agglomeration observed on the SEM images
of catalyst precursors. For various ZIFs and MOFs, it can thus be expected that the
milling speed should be minimized to avoid amorphization during the milling stage.
The threshold milling speed at which amorphization starts will likely depend on the
mechanical properties of each specific MOF structure. Following the milling stage
at 100 rpm, the macroscopic morphology of Z8-100 crystals is also maintained in
the Fe-N-C catalyst after pyrolysis in flash or ramp mode (Figure 5¢,d). With the
latter pyrolysis mode, a well dispersed structure with spherical entities is observed,
while in the case of the flash pyrolysis mode, the Fe-N-C catalytic particles seem
to be elongated and slightly more interconnected or fused together (Figure 5c).
Higher resolution SEM images better highlight such microscopic morphological and
surface-roughness differences between Z8-100-100 rpm-F and Z8-100-100 rpm-R
(Figure S5).

(a) Z8-100

Figure 5. SEM micrographs of (a) Z8-100 crystals; (b) the catalyst precursor derived
from Fe(Il), phen and Z8-100 mixed via ballmilling at 100 rpm, and (c,d) Fe-N-C
catalysts obtained by pyrolyzing that catalyst precursor at 1050 °C in Argon, either
in flash (c) or ramp mode (d). The scale bar is 1.20 pm for all SEM micrographs.
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A much more obvious difference is however observed in the BET areas of the
two materials, 367 and 673 m? g~! for Z8-100-100 rpm-F and Z8-100-100 rpm-R,
respectively (Table 1). The twice higher uptake of N; at the initial stage of the
isotherm (P/Py < 0.02) also indicates a much higher microporous surface area after
a ramp pyrolysis (Figure S6). This major difference is interpreted as an increased
accessibility of the intra-particular pores after a ramp pyrolysis, compared to the
case with flash pyrolysis. It is proposed that the flash mode, implying a high
gasification rate of Z8 (about 66% of the initial Z8 mass is gasified, probably during
the first minute of pyrolysis), not only leads to the deformation of the templating Z8
crystals but also to the formation of closed pores within carbonized crystals. If the
outer surface of Z8 crystals fuses or becomes less porous before the carbonization is
completed in the depth of the crystals, this will impede or slow down the outgassing
of volatile products formed within the crystals. Pressure increase within Z8 crystals
under carbonization at the initial stage of a flash pyrolysis may also ensue, distorting
the shape of the crystals and modifying the interconnections between the pores of
the final pyrolysis product.

Figure 6 shows the PEMFC polarization curves recorded with a cathode loading
of 4 mg cm~? for the four Fe-N-C catalysts derived from Z8-100, and ballmilled at
400 or 100 rpm and pyrolyzed either in flash or ramp mode. As observed previously,
the ORR activity at 0.9 V iR-free is low for the Fe-N—C catalyst prepared via milling at
400 rpm and pyrolyzed in flash mode, when compared to that of the catalyst derived
from Basolite® (insets of Figures 3 and 6).
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Figure 6. PEMFC polarization curves with cathodes comprising 4 mg cm~2 of
Fe-N-C catalysts. Ballmilling was carried out at 400 or 100 rpm for forming catalyst
precursors from Fe(II) acetate, phen and Z8-100, catalyst precursors that were
subsequently pyrolyzed in flash (F) or ramp mode (R). Inset: Tafel plots at high
potential of the iR-corrected polarization curves.
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The ORR activity at 0.9 V iR-free is however enhanced by a factor of seven when
the heating mode is switched to ramp (magenta solid to magenta dotted curve in the
inset of Figure 6). The corresponding enhancement of the current density at 0.5 V is
however minor (magenta curves in Figure 6), probably due to the formation of large
agglomerates during the milling at 400 rpm. Even higher ORR activities are observed
for the two Fe-N-C catalysts derived from Z8-100 and prepared via milling at 100
rpm, then pyrolyzed in flash or ramp mode (inset of Figure 6, brown curves). The
ORR activities at 0.9 V iR-free of those two catalysts are now significantly higher than
that observed with the Fe-N-C catalyst derived from Basolite® via 400 rpm milling
and flash pyrolysis (3.7 and 5.3 mA cm~2 vs. 1.5 mA cm™~2). Even more interesting,
the combined low milling speed of 100 rpm with the ramped pyrolysis mode results
in a much improved performance at lower cell voltage, reaching 910 mA cm 2 at
0.5V (Figure 6), instead of 374-515 mA cm 2 for the first series of Fe-N-C catalysts
synthesized with 400 rpm milling speed and flash pyrolysis (Figure 3). The beneficial
effect of a combined low milling speed (100 rpm) with a ramp pyrolysis mode is
obvious at 0.5 V, compared to the 100 rpm milling speed combined with a flash
pyrolysis (910 vs. 585 mA cm ™2, brown curves in Figure 6). The high ORR activity
at 0.9 V but medium performance at 0.5 V of Z8-100-100 rpm-F was reproducible.
Hence, the catalytic sites are more accessible by O, in Z8-100-100 rpm-R and this can
be correlated to its higher BET area. While Z8-100-100 rpm-F shows a particle size
similar to that in Z8-100-100 rpm-R (Figure 5c,d), the intra-particle pore network is
less developed (lower BET area, Table 1) and less microporous (Figure S6).

2.4. Characterization of Fe-N—C Catalysts Templated from Various ZIF-8 Materials

In view of the templating effect and positive electrochemical result obtained
with Z8-100-100 rpm-R, the synthesis parameters were then fixed (milling speed
100 rpm and ramp pyrolysis) and the investigation of the templating effect for the
different Z8 materials shown in Figure 1 is now possible. The BET areas for this
second series of Fe-N-C materials are reported in Table 1 (5th column). In this second
series of catalysts, all BET areas are significantly higher than those measured for the
first series of Fe-N-C catalysts (Table 1, 3rd column). High BET and microporous area
is required for reaching a high ORR activity at high potential. This is demonstrated by
the high ORR activity observed for all materials within this second series of Fe-N-C
catalysts (inset of Figure 7).
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Figure 7. Non-iR corrected PEMFC polarization curves with cathodes comprising
4 mg cm~2 of Fe-N-C catalysts. Ballmilling was carried out at 100 rpm for forming
catalyst precursors from Fe(Il) acetate, phen and Z8-X powders. The catalyst
precursors were heated in ramp mode. Inset: Tafel plots at high potential of
iR-free polarization curves (the green curve is superimposed below the blue and
magenta curves).

Beyond the fact that the average BET areas of these two series of catalysts differ,
the N; sorption isotherms also reveal the presence of a hysteresis for the materials
pyrolyzed with flash mode, but little or no hysteresis for the materials pyrolyzed
with ramp mode (Figures S7 and S8). This is interpreted as a less tortuous path and
the absence of bottlenecks in the intra-particle pore network of materials pyrolyzed
in ramp mode. The ORR activity at 0.9 V iR-free is high and quite homogeneous
within this second series of Fe-N-C catalysts (3.2-5.3 mA cm ™2, see inset of Figure 7),
in agreement with their similar BET areas and N; isotherms (Table 1, Figure S7).
Hence, the size of Z8 crystals before pyrolysis does not play a major role regarding
the ORR activity after pyrolysis. However, the effect of Z8 particle size (and thus
of Fe-N-C catalytic particle size after pyrolysis, due to the templating observed
earlier for Z8-100) is obviously demonstrated in the linear E vs. I plots, showing a
continuous increase of the current density at e.g., 0.5 V with decreased Z8 particle
size (Figure 7). The clear assignment of the increased performance at 0.5 V to the
reduced catalytic particle size is made possible due to the very similar ORR activities
observed at 0.9 V for this second series of catalysts. This synthesis approach therefore
allows a control of the particle size and quality of the intra-particle porous network
in Fe-N-C catalysts derived from the pyrolysis of metal-organic frameworks.
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Figure 8. (a) Current density at 0.9 V iR-free and 0.5 V against the ligand-to-Zn(II)
ratio used for the synthesis of Z8 samples. The catalysts were synthesized with
400 rpm milling and flash pyrolysis; (b) the same figure for catalysts synthesized
with 100 rpm milling and ramp pyrolysis. Basolite® is artificially positioned at a
ligand-to-Zn(II) ratio of 60.

Figure 8 summarizes the ORR activity at 0.9 V iR-free cell voltage (left handside
Y-axis) and current density at 0.5 V uncorrected voltage (right handside Y-axis) for the
two series of Fe-N-C catalysts. The X-axis reports the ligand to Zn(II) ratio used for
synthesizing Z8 materials, and is thus inversely correlated with the average crystal
size of Z8 materials. In this figure, the results obtained with Basolite® are also shown.
In order to do this, Basolite® was artificially attributed a ratio of ligand-to-Zn(II) of 60,
on the basis of similar Z8 crystals size observed for Z8-60 and Basolite® (Figure 1). For
Z8-100-100 rpm-R, the reproducibility of the results was verified on three different
MEAs (Figure 8B). The best MEA reached 910 mA cm~2 at 0.5 V cell voltage and
a peak power density of 500 mW cm~2 at 0.39 V (Figure 6, brown dotted curve).
This result surpasses by a factor of two the current density at 0.5 V previously
obtained with Basolite® and with our typical process parameters (400 rpm, flash
pyrolysis in Ar, Figure 8A) [46]. The initial peak power density of 500 mW cm—2
is among the highest reported for Fe-N-C catalysts, including those pyrolyzed in
NHj; [8-10,12,26,27,30,47]. This is particularly interesting since such Fe-N—C catalysts
pyrolyzed in inert gas are intrinsically more stable than NH3-pyrolyzed Fe-N-C
catalysts [8]. While the crystal size of ZIF-8 may be further decreased, this might not
necessarily lead to further increased performance since other transport phenomena
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may then become limiting (proton conduction and O, diffusion across the cathode
layer, rather than O, diffusion in single catalytic particles). The present work also
clearly demonstrates that the desired pore network for a well-performing Fe-N-C
catalyst is highly microporous, and with no hysteresis attributed to small mesopores
or bottlenecks (Figure S8). The durability of such templated Ar-pyrolyzed Fe-N-C
catalysts with improved initial performance will be investigated in the near future.
The effect of even higher pyrolysis temperature in inert gas (1080-1150 °C) will also
be investigated with this approach, since a beneficial effect on the durability was
recently reported for non-templated Fe-N-C catalysts derived from Basolite® [30].

3. Experimental Section

3.1. Synthesis of Nanosized ZIF-8 Crystals

Phase pure ZIF-8 crystals were synthesized at room temperature in aqueous
solution according to the report by Kida and coworkers [42]. The size of ZIF-8
crystals was controlled with the molar ratio of 2-methylimidazole to Zn(Il) nitrate
hexahydrate. For example, to reach a ratio of 60, a mass of 0.744 g of Zn(II) nitrate
hexahydrate (2.5 mmol) was dissolved in 10 mL of deionized water and added to a
solution consisting of 12.3 g of 2-Melm (150 mmol) previously dissolved in 90 mL of
deionized water. The final molar composition of this reagent solution is 1:60:2228
for Zn(II):2-Melm:water. The solution was constantly stirred and quickly turned
cloudy and a suspension was obtained. Twenty-four hours later, the suspension was
centrifuged at 11,000 rpm for 15 min, washed with methanol and re-dispersed with
ultrasounds. The centrifugation and re-dispersion step was repeated three times. The
product was then vacuum-dried for 24 h at 80 °C. In order to obtain ZIF-8 crystals
with different sizes, the ratio 2-Melm:Zn was adjusted to different values (40, 60, 80,
100, 140) by adjusting the amount of 2-Melm while keeping the amount of the Zinc
salt and of water constant. The resulting ZIF-8 materials are labelled Z8-X, with X
being the ratio of 2-Melm:Zn.

3.2. Synthesis of Fe-N—C Catalysts

All catalyst precursors were prepared via the dry ballmilling of ZIF-8
nanocrystals, Fe(II) acetate and 1,10-phenanthroline [32]. Then, 32.45 mg Fe(II)Ac,
100 mg of 1,10-phenanthroline and 800 mg of ZIF-8 were weighed and poured into
a ZrO; crucible. This corresponds to 1 wt. % Fe in the catalyst precursor before
pyrolysis. Hundred zirconium-oxide balls of 5 mm diameter were then added. The
ZrO; crucible was then sealed under air and placed in a planetary ball-miller (Fritsch
Pulverisette 7 Premium, Fritsch, Idar-Oberstein, Germany). The powders were
milled during 4 cycles of 30 min, at either 400 or 100 rpm milling speed. The catalyst
precursors resulting from the milling were pyrolyzed at 1050 °C in flowing Ar for
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1 h, via either a heat-chock procedure previously described by us [20], or via a ramp
mode with a heating rate of 5 °C min~!. For the latter, the catalyst dwell time at
1050 °C in Ar was also 1 h. Last, the obtained powders were ground in an agate
mortar. The mass loss during pyrolysis due to Zn, C and N volatile compounds from
ZIF-8 and phenanthroline was ca. 60-65 wt. %, leading to Fe contents of 2.5-2.9 wt.
% in the final catalysts. The catalysts are labelled Z8-X-Yrpm-Z, where X is the ratio
of ligand to Zn(II) used during ZIF-8 synthesis, Y is the rotation rate during milling
of the catalyst precursor (100 or 400 rpm) and Z is the heating mode (F for flash
pyrolysis and R for ramp mode). For example, Z8-60-400 rpm-F corresponds to a
catalyst precursor made from Fe, phen and Z8-60, milled at 400 rpm, and pyrolyzed
in argon for 1 h with flash mode.

3.3. Material Characterization

The crystalline structure of ZIF-8 materials was investigated with X-ray
diffraction using a PANanalytical X'Pert Pro powder X-ray diffractometer (Almelo,
The Netherlands). The Brunauer-Emmett-Teller (BET) surface area and pore volume
were measured with Nj sorption at liquid nitrogen temperature (77 K) using a
Micromeritics ASAP 2020 instrument (Norcross, GA, USA). Samples were degassed at
200 °C for 5 h in flowing nitrogen prior to measurements to remove guest molecules.
The microstructure of ZIF-8 and Fe-N-C materials was investigated with SEM
(Hitachi S-4800, Hitachi, Tokyo, Japan) after gold metallization.

3.4. Electrochemical Characterization

Electrochemical activity towards the ORR and initial power performance of
the catalysts was determined in a single-cell laboratory fuel cell. The inks for the
cathode electrode were prepared using the formulation of 20 mg of catalyst, 652 L
of an alcohol-based 5 wt. % Nafion® solution that also contains 15%-20% water,
326 puL of ethanol and 272 uL of de-ionized water. The inks were first sonicated,
then agitated with a vortex mixer. These sonication-agitation steps were repeated
every 15 min for a total duration of 1 h. Then, three aliquots of 405 pL of the cathode
catalyst ink were deposited on the microporous layer of a commercial gas diffusion
layer (Sigracet S10-BC, 4.48 cm?, SGL Group The Carbon Company, Wiesbaden,
Germany). The gas diffusion layer was heated on a heating plate to facilitate solvent
evaporation, and the second and third aliquots were deposited only when the first
and second aliquots had dried, respectively, in order to avoid layer cracking. This
resulted in a total cathode catalyst loading of 4 mg cm 2. The remaining solvents and
water were then completely evaporated at 80 °C. The anode was a 0.5 mgp- cm ™2
electrode pre-deposited on Sigracet S10-BC. Membrane-electrode-assemblies were
fabricated by hot-pressing the anode and cathode with geometric areas of 4.84 cm?
against a Nafion® NRE-211 membrane at 135 °C for 2 min. The membrane

280



electrode assemblies were installed in a single-cell PEMFC with serpentine flow
fields (Fuel Cell Technologies Inc., Albuquerque, NM, USA). The fuel cell bench
was an in-house bench connected to a Biologic Potentiostat with a 50 amperes
booster. The experiments were controlled with the EC-Lab software (Bio-Logic
Science Instruments, Claix, France). For all fuel cell tests reported in the present
work, the cell temperature was 80 °C, the humidifier’s temperature was 85 °C, and
the inlet gas pressures were 1 bar gauge at both the anode and the cathode. The
humidified H, and O, flow rates were ca. 50-70 sccm, as controlled downstream of
the fuel cell. The fuel cell polarization curves were recorded with EC lab software
using the cycling voltammetry experiment and scanning the cell at 0.5 mV-s~!.

4. Conclusions

The templating of nano-sized ZIF-8 crystals into catalytic Fe-N-C particles with
open porosity is shown to result in improved power performance at high current
density in PEM fuel cells. In order to achieve a templating effect in the pyrolyzed
catalysts, the milling speed used to mix the iron salt, phenanthroline and ZIF-8
precursors before pyrolysis is lowered to avoid agglomeration. In a second stage, the
heating mode used to pyrolyze the catalyst precursors under inert gas is crucial in
order to reach high BET and microporous areas and an intra-particle pore-network
free of bottlenecks. A flash pyrolysis mode (room temperature to 1050 °C in circa
1.5 min) resulted in a low BET area and large hysteresis in the N, sorption isotherms
while a ramp heating mode at 5 °C min~! resulted in a high BET area and little
or no hysteresis in the N, sorption isotherms. The use of ZIF-8 nanocrystals of
average size 100 nm combined with a low milling speed for preparing the catalyst
precursor that was subsequently pyrolyzed in argon in ramp mode resulted in a much
improved ORR activity at high potential and also improved power performance
at 0.5 V. The synthesis of Fe-N-C catalysts pyrolyzed in inert atmosphere and
demonstrating improved power performance is important due to their known better
durability in PEM fuel cells compared to NH3-pyrolyzed Fe-N—C catalysts. The
templating and open porosity effects resulting in improved power performance
reported here for ZIF-8 will most likely be applicable to other MOFs as well and also
open the door to the design of advanced composite materials comprising MOFs and
corrosion-resistant supports such as carbon nanotubes or fibers.
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Surfactant-Template Preparation of
Polyaniline Semi-Tubes for
Oxygen Reduction

Shiming Zhang and Shengli Chen

Abstract: Nitrogen and metal doped nanocarbons derived from polyaniline (PANI)
have been widely explored as electrocatalysts for the oxygen reduction reaction
(ORR) in fuel cells. In this work, we report surfactant-template synthesis of PANI
nanostructures and the ORR electrocatalysts derived from them. By using cationic
surfactant such as the cetyl trimethyl ammonium bromide (CTAB) as the template
and the negatively charged persulfate ions as the oxidative agent to stimulate the
aniline polymerization in the micelles of CTAB, PANI with a unique 1-D semi-tubular
structure can be obtained. The semi-tubular structure can be maintained even after
high-temperature treatment at 900 °C, which yields materials exhibiting promising
ORR activity.

Reprinted from Catalysts. Cite as: Zhang, S.; Chen, S. Surfactant-Template Preparation
of Polyaniline Semi-Tubes for Oxygen Reduction. Catalysts 2015, 5, 1202-1210.

1. Introduction

Seeking the highly-active electrocatalysts for oxygen reduction reaction (ORR)
has become the one of the urgent demands for fuel cells, which would take a key role
in the “hydrogen energy economy” [1]. In recent years, non-precious metal and/or
metal-free materials based on nitrogen (N)-doped nanocarbons have shown great
promise in substituting Pt and its alloys for catalyzing the ORR [2,3].

Polyaniline (PANI), a low-cost and easy-making conjugate conducting polymer
containing rich content of nitrogen, has received extensive research interest [4-6].
Very recently, a variety of N-doped carbon catalysts based on PANI have been
constructed which showed superior electrocatalytic activities for the ORR [7-12].
The multi-technique characterization have suggested that the enviable performance
should be ascribed to the formation of metal-N complexion structures as well as
the carbon nanostructures such as thin graphene sheets and nanofibers [10-12]. It
has been generally accepted that the formation of uniform and ordered carbon
nanostructures is very important in enhancing the catalytic activity [10-19].

Up to now, doped carbon electrocatalysts of different morphologies, such
as nanoparticles [20], nanowires [21], nanotubes [22], nanorods [23], hollow
nanospheres [24] and amorphous carbons [25], have been constructed by using
various methods. The soft-template synthesis through self-assembly processes is
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among the most straightforward methods for nanostructure formation. In this
work, we use assembly architectures of a variety of surfactants as the soft-templates
to synthesize PANI nanostructures. In particular, PANI semi-tubes with uniform
diameters of ~80 nm are obtained by using cationic surfactant. The electrocatalysts
derived from these PANI semi-tubes show good ORR catalytic activity in alkaline.

2. Results and Discussion

Figure 1 shows the morphologies of PANI materials obtained by using CTAB
(80 mM) as the template and APS as the oxidative agent. It can be seen that uniform
1-D nanostructures with diameters of ~80 nm and lengths of a few micrometers
were obtained under this condition. Careful inspection revealed that these 1-D
nanostructures possessed semi-cannular structures. As seen from the TEM images
(Figure 1b and its insert), the walls of the individual tubes were highly rugged
and full of cone-shaped protuberances of ~10 nm lengths, exhibiting centipede-like
morphologies. We denoted this sample as PANI;_pes-

Figure 1. (a) SEM and (b) TEM images for polyaniline (PANI) obtained by using
cetyl trimethyl ammonium bromide (CTAB) as template and ammonium persulfate

(APS) as oxidative agent.

In the case when the preparation was conducted using the same procedure as
that giving PANI_ypes but the CTAB was absent, highly agglomerated PANI particles
were obtained (Figure 2a). When the FeCl; was used to replace APS as the oxidative
agent to stimulate the polymerization of aniline in CTAB solution, irregular PANI
nanosheets were obtained (Figure 2b). These results indicated that the semi-cannular
structured PANIs can be uniquely formed through the oxidative polymerization of
anilines by APS in the assemblies of CTAB.
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Figure 2. Morphologies of PANI materials obtained when (a) the CTAB was absent,
or (b) FeCl; instead of APS was used as the oxidative reagent. The other conditions
are the same as that for Figure 1.

We have also explored the effects of the surfactant types on the morphologies
of the formed PANI materials. For anionic surfactants, e.g., SDBS, and non-ionic
surfactants, e.g., X-100 and Span 40, mixtures of PANI nanoparticles and nanorods
were obtained (Figure 3), which indicated the uniqueness of CTAB in producing the
tubular structures of PANL

Figure 3. Morphologies of PANI materials obtained when the CTAB was replaced
by (a) sodium dodecyl benzene sulfonate (SDBS), (b) Triton X-100 or, (c) Span 40.
The other conditions are the same as that for Figure 1.

We believed that the formation of the PANI semi-tubes was related to the
rod-like CTAB micelles and the opposite charges between the oxidative persulfate
ions and the protonated aniline. Scheme 1 depicts the possible growth mechanism.
The aniline molecules should be dissolved into the rod-like CTAB micelles. In the
presence of HCI, the aniline molecules should be protonated. Therefore, they would
be mainly located in the outer region of the micelles. The electrostatic attraction made
the negatively charged persulfate ions approach the outer surface of micelles and
oxidize the aniline molecules, which stimulate the polymerization in the outer region
of cylindrical micelles. The formation of half instead of full PANI tubes was probably
due to that there were only limited amounts of aniline molecules dissolved in the
micelles. When the CTAB micelles were present or positively charged Fe(IIl) ions
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were used as oxidative agent, the mechanism shown in Scheme 1 could be altered. A
deeper understanding of the effects of the oxidants and surfactants on the resultant
PANI morphologies requires much more detailed investigation.

Scheme 1. The possible growth process of 1-D PANI;_t;pes by CTAB micelle as the
soft-template.

The obtained PANI samples were converted into N-doped carbon materials by
heat-treating at 900 °C under Ar atmosphere. As shown in Figure 4, semi-tubular
morphologies were maintained after the heat-treatment.

Figure 4. Comparison between the morphologies of PANIs_y;pes (a) before and (b)
after heat-treatment at 900 °C.

We investigated the physical properties and chemical composition of the
PANI;_ypes materials before and after the heat-treatment. It was found that the
heat-treatment resulted in materials exhibiting BET surface area (ca. 351.8 m?/g) and
pore volume (0.45 m3/g) which were much higher than that before heat-treatment
(ca. 54.8 m? /g and 0.29 m3 /g respectively). This was probably due to the volatilizing
release of some components during the heat-treatment, making the resulted materials
more porous. XPS characterization results indicated that the contents of N and
O decreased significantly after heat-treatment (Table 1), which confirmed the
volatilization of some components.
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Table 1. The content values of C, N and O estimated from XPS results for PANTs_ipes
before and after heat-treatment.

PANI;_tubes C (at. %) N (at. %) O (at. %)
After Heat-Treatment 88.96 5.79 5.25
Before 78.85 10.88 10.27

Heat-Treatment

Figure 5 compares the ORR polarization curves of the materials obtained
through heat-treating the PANI prepared without using surfactant (see Figure 2a), the
PANI;._ypes prepared by using CTAB micelles as templates, and the PANI;_ipes /GS
composite. For comparison, the ORR polarization curve for the pure GS is also given.
It can be seen that the heat-treated PANI;_pes €xhibited significantly enhanced
ORR activity as compared with the material derived from the PANI that was
prepared without using surfactant template. This should be due to the open
semi-tubular structure, which gave higher specific surface areas. As compared
with the heat-treated PANI_pes, the GS exhibited slightly more positive ORR onset
potential, but slower current rising rate and lower limiting current. The heat-treated
PANI;_tybes / GS composite showed much higher ORR activity than that exhibited by
the heat-treated PANI;_pes and the GS alone.

0 pE—
——PANIg ¢ ,pes/GS
—PANIg.tubes
—GS
-2} ——PANI

—Pt/IC

6F
0.2 0.4 0.6 0.8 1.0
Potential (V vs. RHE)

Figure 5. ORR polarization curves for different catalyst samples in O,-saturated
0.1 M KOH at an electrode rotation speed of 1600 rpm. The PANI refers to the
sample obtained by heat-treatment of PANI prepared without using surfactant;
the PANI;_types / GS refers to the sample obtained by heat-treatment of PANI;_pes
and graphene sheets together. The catalyst loadings were 0.3 mg cm—2 for the
non-precious metal catalysts and 0.1 mg cm ™2 for Pt/C (20 g cm ™2 for Pt).

Since the ORR polarization curves in Figure 5 were obtained with same total
mass loading of 0.3 mg cm 2 for the heat-treated PANI;_pes, GS and PANI;_ubes/GS,
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one may expect that the ORR activity of the heat-treated PANI;_pes/ GS composite is
between that of the heat-treated PANI_ypes and GS. The actually higher ORR activity
of the composite thus indicated that there were synergetic interaction between
PANI;._ypes and GS. The introduction of GS may increase the electrical conductivity
of the composite. On the other hand, the formation of composite between the
2-D GS and the 1-D PANI; types would prevent the GS and PANI ypes from
agglomerating and stacking during the heat treatment and electrode preparation.
There have been numerous studies showing that the electrochemical performance
of nanomaterials can be enhanced by forming composites with GS, due to the good
electric conductivity of GS and the capability of GS to improve the dispersion of the
electroactive materials [26,27].

It can be seen that the limiting current of the composite was very similar to that
of the Pt/C electrocatalyst. The value of the limited current is directly related to the
electron transfer number of the reaction. It is known that the Pt-based electrocatalysts
catalyze the ORR through a 4-electron pathway. Therefore, we have reason to believe
that ORR proceeded on the heat-treated composite mainly through a 4-electron
process. It is noted that the present PANI;_p0s materials were still less efficient for
the ORR than the Pt/C catalyst. Further optimization on the material preparation is
necessary to promote the electrocatalytic activity.

3. Experimental Section

3.1. Chemicals and Materials

Various surfactants, such as cetyl trimethyl ammonium bromide (CTAB),
sodium dodecyl benzene sulfonate (SDBS), and octoxinol (Triton X-10), and sorbitan
monopalmitate (Span 40), and other chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The 20 wt. % Pt/C from Johnson
Matthey (JM, London, UK) was used as reference catalyst.

3.2. Materials Synthesis

In a typical synthesis, a desired amount of CTAB was mixed with 15 mL of
ultrapure water under ultrasonication for more than 30 min. After fully dissolution
of CTAB, 200 pL of aniline (AN) and 20 mL of 1 M HCI were successively added
under ultrasonication for another 30 min and then the solution was allow to stay for
24 h. 5mL of 0.4 M ammonium persulfate (APS) solution was then added into the
solution to stimulate the polymerization of aniline in the CTAB assemblies. Different
CTAB concentrations (10-80 mM) were explored and no substantial difference in
the morphology was seen for the obtained PANI. During the reaction progress, the
color gradually changed to blue and cloudy precipitates were formed, which were
collected through ultrafiltration and then alternately washed by ethanol and water
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followed by freeze-drying. Finally, dark blue product was obtained. For comparison,
the preparation was also conducted by replacing CTAB with other surfactants.

We also prepared the composite of PANIs with graphene nanosheets (GS) that
were prepared by high temperature thermal reduction of graphene oxide [17,18]. In
this case, 30 mg of GS were added into the CTAB solution to prepare the PANI, which
corresponded to a PANI/GS ratio of 1/8. Different PANI/GS ratios were explored
and the 1/8 was found to be the most optimized value. To obtain electrocatalysts
from the obtained nanostructured PANI, they were pyrolyzed under a flow of Ar at
900 °C for 1 h.

3.3. Characterization

Scanning electron microscopy (SEM) images were obtained by Hitachi 5-4800
Scanning Electron Microsope (Tokyo, Japan). Transmission electron microscope
(TEM) images were obtained at JEM-2100F (JEOL Ltd., Tokyo, Japan). The values
of Brunner-Emmet-Teller (BET) surface area and total pore volume (TPV) were
from Nj adsorption isotherms using an ASAP2020 Surface Area and Porosity
Analyzer (Micromeritics, Atlanta, GA, USA). X-ray photoelectron spectroscopy (XPS)
measurements were carried out using a Kratos Ltd. XSAM-800 spectrometer (Kratos
Analytical Ltd., Manchester, UK) with Mg Ko radiator. The data were fitted by using
Gaussian/Lorentzian fitting in the software XPSPEAK41 (Kratos Analytical Ltd.,
Manchester, UK) with Shirley function as baseline.

3.4. Electrochemical Measurement

The three-electrode configuration were used for electrochemical measurements
using Pt foil counter electrode and saturated calomel reference electrode. To prepare
the working electrodes, catalyst samples as a thin film were coated onto a glass
carbon (GC) RDE substrate (diameter: 5 mm) with Nafion as the binding agent. For
the PANI nanostructures, 5 mg catalysts were dispersed in 1 mL Nafion solution
(0.5 wt. % Nafion in isopropyl alcohol) to form the catalyst inks and 12 pL ink
suspension was pipetted onto the GC RDE. For the Pt/C catalyst, 5 mg catalyst was
dispersed ultrasonically in 1 mL Nafion-isopropyl alcohol solution and 4 pL of the
resulted suspension was then pipetted onto the GC RDE. The catalyst loadings were
respectively 0.3 mg cm~? for the non-precious metal catalysts and 0.1 mg cm 2 for
the Pt/C (20 pg cm~2 for Pt).

4. Conclusions

In this work, a unique 1-D semi-tubular structure of PANI has been obtained
by using self-assemblies of CTAB molecules as soft-templates and APS as oxidative
agent in aqueous solution. The obtained PANI nanostructure can be maintained
in the course of high-temperature treatment. The materials derived from

292



heat-treating the composite of PANI semi-tubes and GS show significantly enhanced
ORR performance.
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Polyaniline-Derived Ordered Mesoporous
Carbon as an Efficient Electrocatalyst for
Oxygen Reduction Reaction

Kai Wan, Zhi-Peng Yu and Zhen-Xing Liang

Abstract: Nitrogen-doped ordered mesoporous carbon was synthesized by using
polyaniline as the carbon source and SBA-15 as the template. The microstructure,
composition and electrochemical behavior were extensively investigated by the
nitrogen sorption isotherm, X-ray photoelectron spectroscopy, cyclic voltammetry
and rotating ring-disk electrode. It is found that the pyrolysis temperature
yielded a considerable effect on the pore structure, elemental composition and
chemical configuration. The pyrolysis temperature from 800 to 1100 °C yielded
a volcano-shape relationship with both the specific surface area and the content of
the nitrogen-activated carbon. Electrochemical tests showed that the electrocatalytic
activity followed a similar volcano-shape relationship, and the carbon catalyst
synthesized at 1000 °C yielded the best performance. The post-treatment in NH3 was
found to further increase the specific surface area and to enhance the nitrogen doping,
especially the edge-type nitrogen, which favored the oxygen reduction reaction in
both acid and alkaline media. The above findings shed light on electrocatalysis and
offer more strategies for the controllable synthesis of the doped carbon catalyst.

Reprinted from Catalysts. Cite as: Wan, K; Yu, Z-P; Liang, Z.-X
Polyaniline-Derived Ordered Mesoporous Carbon as an Efficient Electrocatalyst
for Oxygen Reduction Reaction. Catalysts 2015, 5, 1034-1045.

1. Introduction

The oxygen reduction reaction (ORR) is one key electrochemical process for the
energy conversion devices, like fuel cells and metal-air batteries. Pt-based materials
have been so far acknowledged to be the most effective catalysts for the ORR at low
temperatures [1,2]; however, the source scarcity and high cost pose great challenges
to the large-scale applications to fuel cells [3-5]. Hence, enormous effort has been
devoted to search for greater efficiency, durability and less cost [6,7].

In recent years, nanostructured carbon materials have attracted increasing
attention as the Pt-alternative electrocatalysts. Dai [8] synthesized 1D nitrogen-doped
carbon nanotubes by the chemical vapor deposition (CVD) method with iron
(II) phthalocyanine as the precursor, which featured high charge transfer and,
thus, facilitated the ORR. Feng [9] synthesized 2D graphene-based carbon nitride
nanosheets, of which the high specific surface favored the dense assembling of
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the active sites on the surface. Lu [10] synthesized 3D hierarchically porous
nitrogen-doped carbons with a hieratical porous structure, which enabled low mass
transfer resistance and improved accessibility of catalytic sites for the ORR.

Among them, nitrogen-doped ordered mesoporous carbon (NOMC) features
high specific surface area and a uniform pore structure, which respectively facilitate
the reaction kinetics and mass transfer to the electrode [11,12]. The hard-template
method is a universal strategy to synthesize such materials, and SBA-15 is one of
the most often used templates to synthesize NOMCs. Asefa [13] synthesized NOMC
catalysts by pyrolyzing polyaniline in the framework of SBA-15. It was found that
the NOMC catalyst pyrolyzed at 800 °C showed the best ORR performance. Guo [14]
synthesized a series of NOMC catalysts with honey as the precursor, which showed a
high specific surface area ranging from 1050 to 1273 m?- g~!. Mullen [15] synthesized
high-performance NOMC catalysts by pyrolyzing ionic liquid within SBA-15. All of
the above-mentioned catalysts showed a decent electrocatalytic activity to the ORR in
alkaline media. Other mesoporous silicas have been also used for the synthesis. For
example, Popov [16] synthesized nitrogen-doped ordered porous carbon with the aid
of SBA-12, which also showed a superior activity for the ORR. Joo [17] synthesized a
series of carbon catalysts by using various templates, like SBA-15, MSU-F, KIT-6 and
fumed Carb-O-sil M-5. It was found that the template SBA-15 yielded an extremely
high surface area of 1500 m?- g~! and the best electrocatalytic activity.

Beside the template, the carbon precursor has a considerable effect on the
microstructure and composition of the final carbon materials. A variety of
nitrogen-containing organic chemicals, like phthalocyanine [18], porphyrin [19,20]
and ionic liquid [21,22], have been used as the carbon precursor to synthesize
the nitrogen-doped carbon catalyst. Polyaniline represents an aromatic ring
connected via nitrogen-containing groups and, thus, facilitates the incorporation of
nitrogen-containing active sites into the carbon matrix during the heat treatment [23].
Zelenay [23] found that the polyaniline-derived carbon electrocatalyst showed a
superior performance to the ORR, which exhibited the highest maximum power
density of 0.55 W-cm~2 at 0.38 V.

It has been well acknowledged that the template, carbon precursor and pyrolysis
conditions have significant and complicated effects on the composition, structure and
electrocatalytic activity of the ORR. In our previous work, we developed a method to
synthesize the nitrogen-doped ordered mesoporous carbon featuring a high specific
surface area [24,25]. Additionally, the active sites for the ORR were claimed to be the
nitrogen-activated carbon atoms, on which the ORR proceeded by a surface-confined
redox-mediation mechanism in both acid and alkaline media [24,26]. In this work,
we will use polyaniline as the carbon source to synthesize the NOMC catalysts and to
optimize the pyrolysis conditions. In order to improve the electrocatalytic activity, the
as-prepared catalyst is further subjected to the NH;z-activation at high temperatures.
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Then, the nitrogen sorption isotherm, electron microscopy and X-ray photoelectron
spectroscopy are used to study the microstructure and composition. The cyclic
voltammetry and rotating-ring-disk electrode methods are used to investigate the
electrochemical behavior for the ORR.

2. Results and Discussion

Figure 1 shows the nitrogen sorption isotherm of the as-synthesized carbon
materials. It is seen that all curves show a similar shape of the typical Type-IV
isotherm, which indicates the mesoporous nature of the synthesized carbon (see
Figure S1). Pore parameters are then extracted from the isotherms and listed in
Table 1. It is seen that the specific surface area increases from 470 to 629 m?- g~! with
increasing the pyrolysis temperature from 800 to 1000 °C, which can be ascribed to
the deepened decomposition in this course. Then, a further increase in the pyrolysis
temperature to 1100 °C results in a decrease in the specific surface area, which may
be linked to the collapse of the carbon framework. A similar trend is also seen
in the specific pore volume, which reaches the highest value of 0.81 cm~3. g~ ! at
1000 °C. It is noted that the post-treatment in NHj3 yields a dramatic increase in the
specific surface area (1312 m?- g~!), which can be attributed to the gasification of
amorphous carbon and the consequent formation of micro-/meso-pores in the active
atmosphere [27-29].

Table 1. Pore features of the synthesized carbon materials.

Samples Aggr/m?- g_1 Amp/m?- g_1 Dgjp/nm Viem3- g_1
C-PA-800 470 67 54 0.58
C-PA-900 569 41 59 0.80
C-PA-1000 629 132 6.1 0.81
C-PA-1100 517 61 59 0.67
C-PA-1000-NH3 1312 229 59 1.73

The surface composition is characterized by XPS, for which the survey spectra
are shown in Figure S2. The content of the main elements are qualified and listed
in Table 2. It is found that both the pyrolysis temperature and NHs-activation yield
a significant effect on the nitrogen content. First, the nitrogen content shows a
monotonic decrease from 5.07 to 1.25 at. % with increasing the pyrolysis temperature
from 800 to 1100 °C, which should be attributed to the enhanced decomposition of the
nitrogen-containing functional groups at higher temperatures. Second, the nitrogen
content is 2.20 at. % for C-PA-1000 and 3.15 at. % for C-PA-1000-NHj3, indicating
that the nitrogen doping can be enhanced by the pyrolysis in the nitrogen-containing
active gases. The change in the surface composition is expected to yield effects on
the electrocatalysis, as discussed below.
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Figure 1. Nitrogen sorption isotherms of the synthesized carbon materials (STP:
standard temperature and pressure).

Table 2. Elemental composition (at. %) of the synthesized carbon materials.

Samples C N (0] N:C
C-PA-800 86.63 5.07 5.33 0.057
C-PA-900 92.03 3.13 4.40 0.034
C-PA-1000 93.45 2.20 391 0.024
C-PA-1100 94.88 1.25 3.57 0.013
C-PA-1000-NH3 94.32 3.15 2.33 0.033
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Figure 2. N 1s peak and the peak fitting results of the following materials:
(a) C-PA-800; (b) C-PA-900; (c) C-PA-1000; (d) C-PA-1100; and (e) C-PA-1000-NH3,
The unit of y-axis unit is counts per second (C.P.S.).

Figure 2 shows the high-resolution XPS spectra of N 1s. These spectra can be
deconvoluted to three peaks based on the binding energy: 398.4 + 0.2,401.0 + 0.1 and
401.5-404 eV, which respectively correspond to pyridinic-nitrogen, graphitic-nitrogen
and nitrogen-oxide [30,31]. Then, the content of each species is seen in Table 3. It is
seen that the graphitic nitrogen is the predominant component among the three
species, of which the content slightly increases with the pyrolysis temperature.
In comparison, the content of the pyridinic-nitrogen decreases from 31.88% to
17.90% with increasing the pyrolysis temperature from 800 to 1100 °C. These results
are consistent with the previous findings that the graphitic nitrogen is the most
stable nitrogen species at high temperatures [32,33]. Finally, C-PA-1000-NH3 shows
an extraordinarily high content of pyridinic-nitrogen (40.31%), which should be
attributed to the nitrogen doping at the edge of the graphite plane during the
NHs-etching process. It seems that the content of the graphitic nitrogen decreases
to 49.88% in the etching process; however, it should be noted that the “absolute”

content of this species remains unchanged, as compared with the un-etched one, by
considering the total nitrogen content (see Table 2).
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Table 3. Content of each nitrogen component (%) of the synthesized
carbon materials.

Samples Pyridinic-N  Graphitic-N O-N
C-PA-800 31.88 59.10 9.02
C-PA-900 26.42 59.55 14.04
C-PA-1000 20.90 60.62 18.48
C-PA-1100 17.90 64.72 17.38
C-PA-1000-NHj3 4031 49.88 9.81

In our previous work, the relationship has been well established between the
content of the nitrogen-activated carbon and the electrocatalytic activity for ORR [24].
In line with this understanding, the curve fitting of high-resolution Cls peak is
performed (see Figure S3), and the results are listed in Table 4. It is found that the
content of the nitrogen-activated carbon slightly increases with increasing pyrolysis
temperature from 800 to 1000 °C and then decreases at 1100 °C. Additionally,
C-PA-1000-NHj3 shows the highest content of nitrogen-activated carbon among
all of the carbon materials. The ORR performance is expected to follow this change
in content, as seen below.

Table 4. Content of each carbon component (%) of the synthesized carbon materials.

Samples C-C=C C-N C-0/C=N C=0 COOH
C-PA-800 65.58 13.19 14.39 5.52 1.33
C-PA-900 68.29 15.60 8.81 5.46 1.84
C-PA-1000 68.84 18.51 7.53 3.85 1.28
C-PA-1100 73.60 15.11 6.10 3.71 1.48
C-PA-1000-NH3 67.98 20.49 7.84 1.65 2.04

Figure 3 shows the CV curves in Ar-saturated 0.10 M KOH. It is seen
that all of the curves are similar in shape with large capacitance currents, and
broad symmetrical redox peaks are found in the potential range of 0 to 0.9 V.
It is understandable that a large capacitance current should result from the
high specific surface area, and the pseudocapacitance current is associated with
the chemical adsorption of OH™ onto the enriched redox couples. Basically,
the capacitance current shows a volcano-shape relationship with the pyrolysis
temperature, which first increases and then dramatically decreases at temperatures
of 1100 °C. Notably, C-PA-1000-NHj3 shows the largest capacitance current.
Such a change can be rationalized as a result of the specific surface area
(vide supra). In comparison, the pseudocapacitance current shows a monotonic
decrease with increasing pyrolysis temperature. Additionally, this result should
be associated with the deepened decomposition of the electrochemically-active
functional groups (like nitrogen-containing species) on the surface at higher
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temperatures. In line with the above analysis, C-PA-1000-NHj3 should yield the
largest pseudocapacitance/capacitance currents due to its extraordinarily high
specific surface area and nitrogen content. However, the increase in the capacitance
current is not that large, and the pseudocapacitance current does not increase. This
seeming contradiction may be understandable by considering the pore structure.
The NHj; post-treatment can effectively gasify/etch the amorphous carbon, leaving
enriched micropores in the bulk. Additionally, these pores may not be fully utilized
due to the lack of contact with the liquid electrolyte.
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Figure 3. Cyclic voltammograms of the carbon materials in Ar-saturated 0.10 M
KOH solution. RHE, reversible hydrogen electrode.
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Figure 4. Ring (top) and disk (bottom) currents for the RRDE tests of the
carbon materials: (a) Op-saturated 0.10 M KOH solution; (b) O;-saturated
0.10 M HCIOy solution.
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Figure 4 shows the polarization curves of the carbon materials in O;-saturated
0.10 M KOH and 0.10 M HClOy solutions. Figure 4a shows that in alkaline media, the
electrocatalytic activity shows a volcano-shape relationship, which increases with the
pyrolysis temperature from 800 to 1000 °C and then decreases at 1100 °C. The same
trend is further seen in the change of the yield of hydrogen peroxide and electron
transfer number (see Figure S4a). Increasing the pyrolysis temperature lowers the
yield of hydrogen peroxide, and thereby, selectively favors the 4-e reduction of
oxygen. Such a trend in the electrocatalytic activity and selectivity correlates well
with the change in the content of nitrogen-activated carbon and the specific surface
area (vide supra). These findings further confirm that the active sites for the ORR
should be the nitrogen-activated carbon atoms [24,26]. In acid media, the change in
the electrocatalytic activity is similar to that in alkaline media (Figure 4b), revealing
that the active site should remain substantially the same in a wide range of pH.
Finally, it is noted that for C-PA-1000-NH3, both the activity and the selectivity are
considerably improved upon NH3-activation. This result quantitatively agrees with
the change in the specific surface area and the content of nitrogen-activated carbon, as
discussed above. However, it seems irrational to directly correlate the small increase
in the nitrogen-activated carbon (Table 4) with the extremely high activity and low
H,0; yield. The mechanism has not been fully understood yet, but the reason may
be associated with high content of the pyridinic-nitrogen after the NHj3 treatment.

3. Experimental Section

3.1. Materials Preparation

Nitrogen-doped ordered mesoporous carbon (NOMC) was synthesized by a
modified nanocasting method [24]. The process is briefly described as follows.
(i) Synthesis of the template SBA-15 [34]: An aqueous mixture, consisting of
Pluronic P123, HCl and tetraethoxysilane, was stirred for 20 h at 35 °C and then
hydrothermally treated at 100 °C for 24 h. The resultant powders were calcined
in air at 550 °C for 6 h, and SBA-15 was finally obtained. (ii) Impregnation of the
carbon precursor: Aniline was impregnated into SBA-15 by the vaporization-capillary
condensation method [24]. Then, the monomer was polymerized upon adding FeCl3
to form polyaniline (PA). (iii) Pyrolysis and template removal: The resultant powders
were then subjected to the pyrolysis at high temperatures (800, 900, 1000, 1100 °C)
for 3 h in argon, respectively. Finally, the carbon catalyst was obtained by removing
the silicate template by boiling in 10 M NaOH solution for 24 h. The samples were
referred to as C-PA-X. Here, X refers to the pyrolysis temperature, viz. 800, 900, 1000
and 1100. In addition, the sample C-PA-1000 was heat-treated again at 1000 °C in
ammonia for 30 min, which was labeled as C-PA-1000-NHj3.
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3.2. Physical Characterizations

X-ray photoelectron spectroscopy (XPS, Physical Electronics PHI 5600,
Chanhassen, MN, USA) measurement was carried out with a multi-technique system
using an Al monochromatic X-ray at a power of 350 W. Transmission electron
microscopy (TEM) was performed on an FEI Tecnai G2 F20 S-TWIN (Hillsboro, OR,
USA) operated at 200 kV. Nitrogen adsorption/desorption isotherms were measured
at 77 K using a Micromeritics TriStar II 3020 analyzer (Norcross, GA, USA). The
total surface area was analyzed with the well-established Brunauer-Emmett-Teller
(BET) method; the microporous surface area was obtained with the MP (micropore)
method (t-plot method); and the pore size distribution was analyzed by the
Barrett-Joyner—-Halenda (BJH) method.

3.3. Electrochemical Characterization

The electrochemical behavior of the catalyst was characterized by the cyclic
voltammetry (CV) and linear sweeping voltammetry (LSV) using a three-electrode
cell with an electrochemical work station Zennium (Zahner, Germany) at room
temperature (25 °C). A platinum wire and a double-junction Ag/AgCl reference
electrode were used as the counter and reference electrodes, respectively. The
working electrode was a rotating ring-disk electrode (RRDE, glassy carbon disk:
5.0 mm in diameter; platinum ring: 6.5 mm inner diameter and 7.5 mm outer
diameter). The thin-film electrode on the disk was prepared as follows. Ten
milligrams of the catalyst were dispersed in 1.0 mL Nafion/ethanol (0.84 wt. %
Nafion) by sonication for 120 min. Then, 10 uL of the dispersion were transferred
onto the glassy carbon disk by using a pipette, yielding the catalyst loading of
0.50 mg- cm 2. The ORR activity of the Pt/C catalyst (HiSPEC4000, Johnson Matthey,
London, UK) with the metal loading of 20 ug- cm ™2 was collected for comparison.

The electrolyte solution, 0.10 M KOH, was first bubbled with argon for 60 min.
Then, a CV test was conducted at 20 mV-s~! in the potential range between 0 and
1.23 V (vs. reversible hydrogen electrode, RHE) for 20 cycles. If not specified, the LSV
curve was collected by scanning the disk potential from 1.2 down to 0 V at 5mV-s~!
in the oxygen-saturated electrolyte solution under 1600 rpm, from which the ORR
polarization curve was extracted by subtracting the capacitive current. During the
collection, the potential of the ring was set to be 0.5 V (vs. RHE) to determine the
yield of hydrogen peroxide.
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The electron-transfer number (1) and hydrogen peroxide yield (HyO;%) in the
ORR were calculated from the following equations:

4 ig|

n= —5— —- 1
lig| + ir/N @
2i, /N
H;O5 (%) = ————— x 100 2
2 2( ) |Zd|+lr/N ()

where iy is the disk current, iy is the ring current and N is the collection
efficiency (=20.50%).

4. Conclusions

Nitrogen-doped ordered mesoporous carbon was synthesized by the modified
nanocasting method with high electrocatalytic activities to the ORR in both acid
and alkaline media. The results revealed that both the pyrolysis temperature and
the NH;z-activation yielded significant effects on the specific surface area, nitrogen
doping and, thus, the electrocatalytic activity, as well. First, the pyrolysis temperature
yielded a volcano-shape relationship with the specific surface area and the content of
the nitrogen-activated carbon. Additionally, it was found that such a change could
be correlated with the electrocatalytic activity to the ORR, revealing the importance
of the specific surface area and the chemical nature of the active sites. Second, the
post-treatment in NHj could further increase the specific surface and enhance the
nitrogen doping, which thereby improved the electrocatalytic activity and selectivity
to the ORR. Additionally, the C-PA-1000-NHj catalyst outperformed the Pt/C one in
both acid and alkaline media, which make it promising to be applied in fuel cells.
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Phosphorus and Nitrogen Dual Doped and
Simultaneously Reduced Graphene Oxide
with High Surface Area as Efficient
Metal-Free Electrocatalyst for

Oxygen Reduction

Xiaochang Qiao, Shijun Liao, Chenghang You and Rong Chen

Abstract: A P, N dual doped reduced graphene oxide (PN-rGO) catalyst with
high surface area (376.20 m?-g—!), relatively high P-doping level (1.02 at. %)
and a trace amount of N (0.35 at. %) was successfully prepared using a one-step
method by directly pyrolyzing a homogenous mixture of graphite oxide (GO) and
diammonium hydrogen phosphate ((NH4),HPOy) in an argon atmosphere, during
which the thermal expansion, deoxidization of GO and P, N co-doping were realized
simultaneously. The catalyst exhibited enhanced catalytic performances for oxygen
reduction reaction (ORR) via a dominated four-electron reduction pathway, as well
as superior long-term stability, better tolerance to methanol crossover than that of
commercial Pt/C catalyst in an alkaline solution.

Reprinted from Catalysts. Cite as: Qiao, X.; Liao, S.; You, C.; Chen, R. Phosphorus
and Nitrogen Dual Doped and Simultaneously Reduced Graphene Oxide with High
Surface Area as Efficient Metal-Free Electrocatalyst for Oxygen Reduction. Catalysts
2015, 5, 981-991.

1. Introduction

A crucial component of a fuel cell is the electrocatalyst for the cathodic oxygen
reduction reaction (ORR) [1]. Pt-based precious metals are regarded as the most
effective ORR electrocatalysts developed to date. However, they suffer from a
number of drawbacks including the scarcity and consequent high cost of Pt, as well
as their poor durability and low tolerance to methanol crossover [2]. Accordingly,
considerable effort has been devoted to developing nonprecious-metal [3-10]
and metal-free [11-14] ORR catalysts. Among such candidates, carbon materials
doped with heteroatoms have attracted a great deal of attention due to their
relative cost-effectiveness, good long-term durability, and excellent tolerance to
methanol crossover.

Graphene, a two-dimensional monolayer of sp?-hybridized carbon atoms
packed in a honeycomb lattice, has recently become an attractive candidate, due
to its superior electrical conductivity, high surface area and excellent mechanical
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properties. Both theoretical calculations and experimental studies reveal that
incorporating foreign atoms into the graphene structure can effectively tailor the
material’s electronic and chemical properties [15-17]. Recently, graphene doped
with heteroatoms such as nitrogen, sulfur, boron, and iodine has yielded metal-free
ORR electrocatalysts with enhanced electrochemical performance [13,18-22]. This
performance boost is attributed to the heteroatoms, because their electronegativity
(N: 3.04; S: 2.58; B: 2.04; I: 2.66) differs from that of carbon (2.55), they break
carbon’s electroneutrality, creating charged sites and consequently favoring O,
adsorption during the ORR process. Since phosphorus has a lower electronegativity
(2.19) than carbon, it is well worth exploring the unique properties of P-doped
graphene. Liu ef al. prepared P-doped graphene by pyrolyzing graphene oxide with
1-butyl-3-methlylimidazolium hexafluorophosphate, and achieved, in an alkaline
solution, an ORR catalytic performance comparable to that of commercial Pt/C [23].
Zhang et al. synthesized P-doped graphene by thermally annealing a mixture of
graphite oxide (GO) and triphenylphosphine (TPP), and the resultant catalyst showed
remarkable catalytic activity toward the ORR [24]. However, while exciting results
have been obtained with P-doped graphene, just a few investigations into this type
of catalyst have been reported to date. Furthermore, it has been reported that the
co-doping of P and N can further improve the carbon materials” ORR catalytic activity,
due to the synergistic effect [25].

Herein, we propose a one-step method for preparing a P, N dual-doped
reduced graphene oxide (PN-rGO) catalyst, using diammonium hydrogen phosphate
((NHy4),HPOy) as both phosphorus and nitrogen sources. In an alkaline medium,
the as-prepared PN-rGO exhibited enhanced ORR electrocatalytic activity, good
long-term stability, high tolerance to methanol crossover, and high selectivity for the
four-electron reduction pathway.

2. Results and Discussion

Figure 1 shows typical SEM and TEM images of the PN-rGO catalyst. As can be
seen in Figure 1a,b ultrathin, crumpled PN-rGO nanosheets are randomly arranged
and overlapped with each other, these could easily have formed a slit-shaped porous
structure, and indeed, such a structure was confirmed by Brunauer-Emmett-Teller
(BET) testing (Figure 3). In Figure 1c, the PN-rGO nanosheets are transparent
and wrinkled, like wavy silk veils. The high-resolution TEM image (Figure 1d)
shows well-defined graphitic lattice fringes, indicating the good crystallization of
the PN-rGO nanosheets. Actually, the morphology of our product is quite consistent
with those reported previously [18,19].

Figure 2a shows the X-ray diffraction (XRD) patterns of GO, rGO and PN-rGO.
GO exhibited a peak at 260 = 11° with an interlayer distance of 0.8 nm, which is larger
than the interlayer distance of graphite (0.34 nm), revealing that many different
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oxygen-containing groups were intercalated within the interlayer space. The peak at
11° completely disappeared after annealing, replaced by a broad peak at 26 = 22° for
rGO and PN-rGO, with a d-spacing of 0.4 nm, implying that the successful reduction

of GO to reduced graphene oxide.

Figure 1. Scanning electron microscopy (SEM) images (a, b) and transmission
electron microscopy (TEM) images (c, d) of P, N dual doped reduced graphene

oxide (PN-rGO).
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Figure 2. X-ray diffraction (XRD) patterns of GO, rGO and PN-rGO (a), Raman
spectra of rGO and PN-rGO (b).
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Further structural information about PN-rGO was obtained from Raman
spectroscopy. As shown in Figure 2b, similar to all sp?>-carbons, two distinct peaks
appeared near 1350 cm ™! and 1580 cm ™!, corresponding to the D band and G band,
respectively. The D band is resulting from the disordered carbon atoms, whereas the
G band from sp?-hybridized graphitic carbon atoms. The intensity ratio of In/Ig
generally provides a gauge for the lever of disorder. Evidently, the Ip/Ig value of
PN-rGO (1.15) was relatively higher than that of rGO (0.94) due to the incorporated
phosphorus atoms.

The N, adsorption-desorption isotherms and the corresponding pore size
distribution curves of PN-rGO and rGO are shown in Figure 3. According to
the International Union of Pure and Applied Chemistry classification, the Nj
adsorption-desorption isotherms of the two samples were type IV, with hysteresis
loops type Hj. A type IV adsorption-desorption isotherm indicates the presence of
mesopores, while a type H3 hysteresis loop of is correlated with slit-shaped pores,
possibly between parallel layers. This result is consistent with the SEM observations.
Surface area and pore volume for PN-rGO were 376.2 m?- g ! and 1.50 cm®- g~1, and
for rGO 260.2 m?-g~! and 1.17 cm?- g~ !, respectively. The greatly increased BET
surface area and pore volume of PN-rGO may have been due to the activation effect
of (NH4),HPO4 on carbon [26,27]. The high surface area and large pore volume of
PN-rGO could have (i) exposed more active sites and (ii) favored the mass transport
of reactants and products.
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Figure 3. Nitrogen adsorption-desorption isotherms (a) and the corresponding
pore size distribution curve of PN-rGO and rGO (b).

To further investigate the elemental composition of PN-rGO, we carried out XPS
measurement. As shown in Figure 4a, the XPS survey spectrum of PN-rGO presented
a dominant Cls peak (~284.5 eV), a Ols peak (~532.0 eV), a P2p peak (~132.8 eV),
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and a N1s peak (~400.0 eV), confirming successful P and N co-doping [28]; the
corresponding atomic percentages were 92.47, 6.02, 1.16, and 0.35 at. %, respectively.

High-resolution spectra were then obtained to gain more insight into the
phosphorus and nitrogen doping.

As shown in Figure 4b, the high-resolution P2p spectrum can be deconvoluted
into two main component peaks located at 131.7 and 133.1 eV, corresponding to
P-C and P-O bonding, respectively [23]. In addition, the peak area ratio of P-C to
P-0O is close to 2:3. Doping phosphorus atoms into the carbon lattice (forming a
P—C covalent bond) can induce negatively delocalized C atoms adjacent to P atoms;
meanwhile, in P-O bonding (where an oxygen bridge is formed between C and P),
the oxygen atoms can enhance electron poverty in the carbon atoms. These two kinds
of structure have been reported to be advantageous for the ORR [29]. It should be
pointed out that, there is always the debate if P can access to the honeycomb crystal
lattice of graphene like what N or B atom does, due to the big difference of carbon
and phosphorous in radius [30].
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Figure 4. X-ray photoelectron spectroscopy (XPS) survey (a) and high resolution
P2p (b), and N1s (c) spectra of PN-rGO.
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The deconvolution results of the high-resolution N1s spectrum were shown in
Figure 4c. It’s shown the prepared PN-rGO catalyst had four types of N species,
corresponding to oxidized N (~403.3 eV), graphitic N (~401.4 eV), pyrrolic N
(~399.6 eV), and pyridinic N (~398.3 eV) [31,32], with compositions of 31.0, 32.3,
20.8, and 15.9 at. %, respectively [33]. The total amount of active N species (graphitic
N, pyrrolic N, and pyridinic N) reached 69.0 at. % [34].

To explore the electrocatalytic activity of PN-rGO for the ORR, cyclic
voltammetry (CV) experiments were carried out in an O;-saturated 0.1 M KOH
solution. The CV curves of a bare GCE and rGO were also measured for comparison.
As shown in Figure 5a, for all the electrodes, the CV curves displayed distinct oxygen
reduction cathodic peaks. The ORR peak potential positively shifted from —0.39 V
for the GCE to —0.26 V for rGO and —0.21 V for PN-rGO. In addition, the PN-rGO
had the highest peak current density, at —0.96 mA ¢cm~2, which was about four
times higher than that of the GCE. The most positive ORR peak potential and the
highest peak current density of PN-rGO, suggest that phosphorus and trace nitrogen
co-doping can greatly enhance the ORR catalytic activity of graphene. The CV area
of the PN-rGO was also much greater than that of the rGO, indicating the former
had a much greater electroactive area, as CV area is closely related to a sample’s
capacitance, which is proportional to its specific surface area. This result is in good
agreement with the BET results.

To gain further insight into the role of P, N co-doping in the ORR, the linear
sweep voltammetry (LSV) curve of PN-rGO was recorded in an Op-saturated 0.1 M
KOH solution; for comparison, analogous LSV curves were also obtained for GCE,
rGO, and commercial 20 wt. % Pt/C. As can be seen in Figure 5b, PN-rGO had a
much more positive ORR onset potential and a much higher limiting current density
than GCE or rGO, indicating that doping graphene with phosphorus and trace
nitrogen can facilitate the ORR. The LSV results are consistent with the CV results.

To gain more information on the ORR kinetics of the PN-rGO catalyst, we
recorded LSV curves in an O,-saturated 0.1 M KOH solution at various rotation rates,
from 1600 to 3600 rpm (Figure 5c). The diffusion current density increased rapidly as
the rotation rate increased. In addition, the K-L plots at different electrode potentials
displayed good linearity, We used the K-L equation to calculate the electron transfer
number (n) of PN-rGO in the potential range of —0.40 to —0.60 V and obtained
an average n value of 3.66, indicating that the ORR proceeded via a dominated
four-electron pathway.
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Figure 5. Cyclic voltammetry (CV) curves (a) and linear sweep voltammetry (LSV)

curves at 1600 rpm (b) for different samples, LSV curves at different rotation rates

(c) and the corresponding K-L plots (d) of PN-rGO.

For practical application in fuel cells, the fuel crossover effect should be
considered because fuel molecules (e.g., methanol) may pass from anode to cathode
through the membrane and poison the cathode catalyst. Thus, we recorded the
chronoamperometric responses of PN-rGO and Pt/C upon the addition of 3 M
methanol (Figure 6a). After the methanol was introduced into an O,-saturated
0.1 M KOH solution at about 200 s, no noticeable change was observed in the
ORR current for PN-rGO; in contrast, Pt/C showed a significant drop in ORR
current. These results indicated that PN-rGO possessed a high immunity to
methanol crossover.

As durability is also of great importance in practical applications of fuel-cell
technology, the chronoamperometric durabilities of PN-rGO and Pt/C were
measured at —0.3 V for 20,000 s in an O,-saturated 0.1 M KOH solution. As can
be seen in Figure 6b, slight performance attenuation with high current retention
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(96%) was achieved with our PN-rGO catalyst. However, commercial Pt/C suffered
a current loss of 12% under the same conditions, indicating that the PN-rGO
electrocatalyst was much more stable in an alkaline medium.
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Figure 6. chronoamperometric responses of PN-rGO and Pt/C at —0.3 V upon the

addition of methanol (a), durability testing curves of PN-rGO and Pt/C for 20,000 s
at 1600 rpm (b).

3. Experimental Section
3.1. Catalysts Preparation

Graphite oxide (GO) was prepared from 10,000 mesh graphite powder using a
modified Hummers’ Method. PN-rGO was synthesized by the thermal annealing of
GO and (NHy4),HPOy. In a typical procedure, 50 mg of GO was mixed with 15 mg of
(NH4),HPOy in 50 mL of deionized water, at room temperature, under stirring in
an open beaker. After the water was completely removed using a rotary evaporator
at 50 °C, the resulting mixture was transferred into a quartz boat in the center of a
tube furnace and annealed at 900 °C for 1 h, with high-purity argon as the protective
atmosphere. For comparison, reduced graphene oxide without P, N doping (rGO)
was also prepared using the same procedure but in the absence of (NH,),HPO,.

3.2. Physical Characterization

Scanning electron microscopy (SEM) was performed on a Nova Nano 430 field
emission scanning electron microscope (FEI, Hillsboro, OR, USA). Transmission
electron microscopy (TEM) images were recorded on JEM-2100HR transmission
electron microscope (JEOL, Tokyo, Japan). X-ray diffraction (XRD) patterns were
conducted on a TD-3500 powder diffractometer (Tongda, Liaoning, China). Raman
spectroscopy measurements were carried out on a Lab RAM Aramis Raman
spectrometer (HORIBA Jobin Yvon, Edison, NJ, USA) with a laser wave length
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of 632.8 nm. Surface area and pore characteristics were determined by recording
nitrogen adsorption-desorption isotherms using a Tristar II 3020 gas adsorption
analyzer (Micromeritics, Norcross, GA, USA). X-ray photoelectron spectroscopy
(XPS) was performed with an ESCALAB 250 X-ray photoelectron spectrometer
(Thermo-VG Scientific, Waltham, MA, USA).

3.3. Electrochemical Measurements

Electrochemical measurements were carried out on an electrochemical
workstation (Ivium, Eindhoven, The Netherlands) with a standard three-electrode
system at room temperature. A glassy carbon rotating disk electrode (GC-RDE)
(5 mm diameter, 0.196 cm? geometric area) was used as the working electrode, while
a Pt wire and an Ag/AgCl (3 M NaCl) electrode were the counter and reference
electrodes, respectively. The electrolyte was 0.1 M aqueous KOH solution. For each
sample, a catalyst ink was prepared by dispersing 5 mg of the corresponding catalyst
in 1 mL Nafion ethanol solution (0.25- wt. %). Then 20 pL of the dispersed catalyst
ink was pipetted onto the GC-RDE and dried under an infrared lamp. The mass
loading of the catalyst was 0.5 mg-cm~2. Before testing, the electrolyte solution
was purged with high-purity nitrogen or oxygen gas for at least 30 min. Unless
otherwise specified, the scanning rate was 10 mV- s~ 1. The electron transfer number
(n) per oxygen molecule involved was calculated on the basis of the Koutecky-Levich
(K-L) equation:

1= ]L—l +]Iz1 _ B-1p-1/2 +fo1
B = 0.62nFCoDZ/>y~1/6 1)
]K =nF KCO

where ] is the measured current density; Jx and Ji, are the kinetic current density and
the diffusion limiting current density, respectively; w is the angular velocity of the
disk (w = 2 7 N, where N is the linear rotation rate); n is the number of electrons
transferred for the ORR; F is the Faraday constant (F = 96485 C- mol™1); Cy is the
bulk concentration of O, (1.2 x 1073 mol- L™1); Dy is the diffusion coefficient of
0,in 0.1 M KOH (1.9 x 1072 cm?-s~1); vy is the kinetic viscosity of the electrolyte
(0.01 cm?- s’l) ; and k is the electron transfer rate constant.

4. Conclusions

A metal-free phosphorus and nitrogen dual-doped reduced graphene oxide
(PN-1GO) catalyst was successfully synthesized using a one-step thermal annealing
method by directly pyrolyzing a homogenous mixture of graphite oxide (GO) and
diammonium hydrogen phosphate ((NH),HPOy). The specific surface area of
PN-rGO, 376.2 m?. g_l, was much higher than that of rGO (260.2 m?- g_l). The
catalyst exhibited enhanced ORR activity via a dominant four-electron reduction
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pathway and showed outstanding selectivity and stability in an alkaline solution.
Certainly, the details of the ORR mechanism and active sites of this new catalyst
require further investigation.
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Titanium-Niobium Oxides as Non-Noble
Metal Cathodes for Polymer Electrolyte
Fuel Cells

Akimitsu Ishihara, Yuko Tamura, Mitsuharu Chisaka, Yoshiro Ohgi, Yuji Kohno,
Koichi Matsuzawa, Shigenori Mitsushima and Ken-ichiro Ota

Abstract: In order to develop noble-metal- and carbon-free cathodes,
titanium-niobium oxides were prepared as active materials for oxide-based
cathodes and the factors affecting the oxygen reduction reaction (ORR) activity were
evaluated. The high concentration sol-gel method was employed to prepare the
precursor. Heat treatment in Ar containing 4% Hj at 700-900 °C was effective for
conferring ORR activity to the oxide. Notably, the onset potential for the ORR of
the catalyst prepared at 700 °C was approximately 1.0 V vs. RHE, resulting in high
quality active sites for the ORR. X-ray (diffraction and photoelectron spectroscopic)
analyses and ionization potential measurements suggested that localized electronic
energy levels were produced via heat treatment under reductive atmosphere.
Adsorption of oxygen molecules on the oxide may be governed by the localized
electronic energy levels produced by the valence changes induced by substitutional
metal ions and/or oxygen vacancies.

Reprinted from Catalysts. Cite as: Ishihara, A.; Tamura, Y.; Chisaka, M.; Ohgi, Y.,
Kohno, Y.; Matsuzawa, K.; Mitsushima, S.; Ota, K.-I. Titanium-Niobium Oxides as
Non-Noble Metal Cathodes for Polymer Electrolyte Fuel Cells. Catalysts 2015, 5,
1289-1303.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) offer many advantages, including
high power density, high energy conversion efficiency, and lower operating
temperatures. PEFCs are therefore suitable as power sources for vehicles and
residential co-generation power systems. However, the use of Pt as a cathode
electrocatalyst for PEFCs is problematic due to the high cost and limited availability of
Pt, and insufficient stability of these catalysts. To successfully commercialize PEFCs,
low-cost non-platinum cathode catalysts with high stability must be developed.

Since Jasinski discovered the oxygen reduction reaction (ORR