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1. Introduction

Today, the development of active and stable catalysts still represents a challenge to be overcome in
the research field of low-temperature fuel cells. Operation at low temperatures offers great advantages,
such as quick start-up and longer stability, but demands the utilization of highly active catalysts to
reduce the activation energy of the electrochemical reactions involved in the electrodes, and thus
obtain practical performances and high efficiencies. At present, the best-performing catalysts in
low-temperature fuel cells are based on highly-dispersed Pt nanoparticles [1]. However, these present
several drawbacks, such as high cost, limited earth resources, sensitivity to contaminants, low tolerance
to the presence of alcohols, and instability due to carbon support electrochemical oxidation and Pt
dissolution [2–4].

In the search for alternative catalysts, researchers have pursued several strategies: increase of
the utilization of Pt catalysts by means of novel structures (metal/support) [5,6]; alloying
with earth-abundant and cost-effective transition metals [7–9]; new carbon and non-carbon
supports [10–13]; cheaper platinum-group-metals like Pd [14–16]; non-platinum-group metals catalysts
(Fe-N-C, Co-N-C, etc.) [17–19]; among others.

This Special Issue (SI) is intended to cover the most recent progress in advanced electro-catalysts,
from the synthesis and characterization to the evaluation of activity and degradation mechanisms,
in order to gain insights towards the development of high-performing fuel cells.

2. This Special Issue

This SI includes 10 high-quality contributions related to recent works in catalysis for
low-temperature fuel cells. It comprises four review papers covering aspects such as palladium-based
catalysts, non-precious catalysts, the catalyst/support interaction, and the effects related to cell reversal.
Six full research articles are also included, dealing with several strategies aimed to maximize catalytic
activity through innovative and advanced synthesis techniques.

Calderón-Gómez et al. reviewed the progress for the last ten years concerning palladium-based
catalysts as electrodes for direct methanol fuel cells (DMFCs) [20]. Palladium, although belonging
to the precious platinum group metals, is cheaper and more abundant than platinum. In the review,
Pd catalysts are categorized in two typologies: carbon-supported and non-carbon-supported palladium
alloys. Recent studies of these catalysts for the methanol oxidation reaction (MOR) and for the oxygen
reduction reaction (ORR) point to a great potential of palladium-based catalysts for replacing platinum
as active phase in the electrodes of DMFCs. The alloying of Pd with appropriate metals appears
to be crucial for increasing the catalytic activity. It is also concluded that carbon supports aid in
dispersing noble metal nanoparticles while favoring the electronic transference, and non-carbon
supports (perovskites, titanium oxide, tungsten carbide, etc.) provide modifications in the electronic
structure of Pd active sites.

Catalysts 2017, 7, 370 1 www.mdpi.com/journal/catalysts
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In the review article of Mora-Hernández et al., some of the best-performing catalyst formulations
are covered, involving precious and non-precious catalysts [21]. It is divided in three main sections
concerning the design of catalytic materials (precious metals, chalcogenides, and non-precious
catalysts), the fuel cell reactions of interest (hydrogen oxidation and oxygen reduction), and the
important role of catalyst supporting materials (low and high graphitic carbon as well as oxide and
composites), and finally a review of micro fuel cells. Novel synthetic routes including photo-deposition,
the use of ligands or chalcogenides appear as promising strategies to improve the activity and stability
of catalysts for ORR through strong metal-support interactions, nanoalloys with some transition metals,
and enhanced tolerance to the presence of small organic molecules like methanol.

Non-precious catalysts are becoming increasingly attractive from sustainable and economical
points of view. Brouzgou et al. review the most recent achievements in novel carbon materials
for the oxygen reduction in alkaline environment [22]. In particular, the attention is focused on
three-dimensional hybrid catalysts, of which nitrogen-doped reduced graphene oxides present the
most promising electrochemical activity but short stability over time. Dual-doped ORR catalysts
based on mesoporous carbon structures with co-doping metals embedded throughout the carbon
matrix are also reviewed, with great prospects in terms of activity and still room for improving
stability. More recent three-dimensional interconnected structures in which two metals interact with
a graphene-based support are also reviewed, concluding that the main challenge remains to be the
enhancement of stability.

The fourth review paper by Qin et al. regards the effects of fuel cell reversal (i.e., anode voltage
being superior to cathode and demanding energy rather than supplying it) on irreversible damage:
causes, consequences and mitigation strategies [23]. Carbon support corrosion, catalyst and sinter
agglomeration, and membrane degradation can permanently harm the fuel cell operation. Two main
strategies can be adopted: material modification to resist cell reversal conditions and proper system
management. The proper choice of catalyst features for high activity appears as a crucial parameter in
addition to operating conditions and carbon supports to mitigate the cell damaging.

This SI also includes six full research papers. Four of them deal with Pt-based catalysts,
highlighting the importance that this noble metal still represents in this field. Three of these papers
concern the MOR. At the anode of DMFCs, the latter is still a sluggish reaction conditioning the
performance of the global cell together with the ORR. Caballero-Manrique et al. investigated the effect
of Cu electrodeposition time of PtCu and PtRuCu catalysts [24]. They observed an optimum charge
associated with Cu electrodeposition, together with Ru-decoration, to maximize carbon monoxide
and methanol oxidation electro-catalytic activity. The enhancement was attributed to the formation
of a Pt shell completely covering the Cu core, leading to maximum electrochemical surface areas.
The works of Xu et al. and Wang et al. regard the utilization of graphene-supported Pt-based
catalysts for the electro-oxidation of methanol [25,26]. Xu et al. propose a one-pot synthetic method
to produce composites based on Pt and graphene mediated by a template (polyamidoamine or
chitosan) [25]. The use of templates leads to a stronger interaction between Pt and the support resulting
in improved MOR activity, whereas the addition of a second metal in Pt-Ag catalysts supported on
graphene also resulted in improved performance for the MOR [26], particularly in the presence of UV
irradiation. Qayyum et al. explored the synthesis of Pt nanoparticles by pulsed laser deposition [27].
This preparation technique permits the synthesis of high-performing electrodes characterized by low
loading of platinum for the ORR, being demonstrated at the cathode of a single cell.

Among Pt-free related papers, the work of Feng et al. describes the fabrication of PdAg-
nanochain-based catalysts for the ethanol oxidation reaction (EOR) [28]. The use of a simple one-step
hydrothermal method with dimethyl formamide resulted in a particular nanochain structure with
enhanced EOR activity when compared to Pd/C catalysts in alkaline medium. They associated this to
the improved electrochemical surface area of PdAg nanoparticles. Regarding the efforts for completely
removing platinum-group metals in the catalysts, new catalyst structures are being pursued with great
results. In this SI, the development of active and stable non-precious metal catalyst for the ORR was
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reported by Park et al. [29]. They reported a novel FexNy/NC nanocomposite obtained by pyrolysis of
carbon black and an iron precursor in ammonia atmosphere. They report the essential role of Fe3N
species as the active site for the ORR, obtaining excellent activity and stability.
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Abstract: This review is devoted to discussing the state of the art in the relevant aspects of the
synthesis of novel precious and non-precious electrocatalysts. It covers the production of Pt- and
Pd-based electrocatalysts synthesized by the carbonyl chemical route, the synthesis description for the
preparation of the most catalytically active transition metal chalcogenides, then the employment of
free-surfactants synthesis routes to produce non-precious electrocatalysts. A compilation of the best
precious electrocatalysts to perform the hydrogen oxidation reaction (HOR) is described; a section is
devoted to the synthesis and electrocatalytic evaluation of non-precious materials which can be used
to perform the HOR in alkaline medium. Apropos the oxygen reduction reaction (ORR), the synthesis
and modification of the supports is also discussed as well, aiming at describing the state of the art to
improve kinetics of low temperature fuel cell reactions via the hybridization process of the catalytic
center with a variety of carbon-based, and ceramic-carbon supports. Last, but not least, the review
covers the experimental half-cells results in a micro-fuel cell platform obtained in our laboratory,
and by other workers, analyzing the history of the first micro-fuel cell systems and their tailoring
throughout the time bestowing to the design and operating conditions.

Keywords: low temperature fuel cells; electrocatalysts; catalytic centers; micro laminar flow fuel cells

1. Introduction

Fuel cell technology is a promising strategy to provide power for areas where there is no access
to the public or where the cost of wiring and electricity transfer network is important. These devices
are usually employed as an energy source for purposes that require non-intermittent power stations
such as power generation and energy distribution systems. The use of hydrogen as a fuel makes
them clean energy systems with less noise, and pollution generation [1]. Currently, fuel cells are
used in both small and large systems such as combined-heat-power (CHP) systems, mobile power,
portable computers and communication equipment [2]. Despite all these advantages, there are some
limitations for the use of fuel cells. For example, the short lifetime caused by impurities in the
gas stream inlets, degradation and poisoning of the catalysts used as electrodes, slow kinetics to
perform multi-electron charge transfer reactions, low density output power per unit volume and low
accessibility are, to name a few, challenges to overcome. However, in the last years, a great progress in
the development of this technology using novel catalysts and fuels aiming at optimizing the operation
of fuel cells [2] has been made. Among the main fuel cells operation issues, we can find the high
cost and availability of electrocatalysts, the degradation of the proton exchange polymeric membrane,
and the oxygen reduction reaction (ORR) kinetics. This reaction takes place on the most active element,
Pt, at an overpotential of around 0.3 to 0.4 V [3]. For this reason, fuel cells operate, in practice, at a much

Catalysts 2016, 6, 145 5 www.mdpi.com/journal/catalysts
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lower potential relative to the theoretically possible and with a very low efficiency [4]. The ORR is,
in fact, one of the most important reactions in electrochemistry because of its central action in metal-air
batteries, electro-synthesis of hydrogen peroxide and the manufacture of cathodes for fuel cells [4].
The molecular oxygen reduction is ideally performed by a transfer mechanism of four electrons.
A process involving a single step in which molecular oxygen is reduced to water [5]. Any new ORR
electrocatalyst should be investigated to determine the ORR kinetics, since the H2O2 produced often
causes the degradation of the polymer electrolyte membrane in the heart of proton exchange cells [5].
Nowadays, an important variety of precious metals are used as ORR electrocatalysts.

Platinum supported on carbon is usually used as an anode to conduct the oxidation reaction
of hydrogen (HOR) as well as at the ORR at the cathode. It is well stablished that Pt is costly and
very sensitive to the presence of contaminants [6]. Numerous strategies have been explored to reduce
the mass loading and improve its activity. One of these strategies is the formation of Pt-alloys with
3d transition metals. These kind of alloys can also inhibit the formation of adsorbed species such as
hydroxyl, Pt-OH [7]. The transition metal alloys of Pt with, e.g., Ir, Ru, Rh, Re, Os, increase substantially
the electrochemical activity, reduce the mass loading, induce lower overpotentials, and promote the
reaction of four-e− [8]. A study carried out by Min et al. [9] considers that the electrochemical property
of Pt and its alloys is a result of electronic factors. They suggested that the ORR kinetics increases
with the decreasing vacancies in the 5d band of Pt, since such hybridization is less favorable as
there is an increase in particle size, implying a decrease of the adsorption strength of the oxygen
species. Mukerjee et al. [7] concluded that, on PtCo/C, PtCr/C, PtMn/C, PtFe/C, and PtNi/C alloys,
the catalytic activity is increased by an electronic combination which produces changes in the vacancies
of the d band, and alloy network contractions. Thus, better ORR properties were obtained on PtCr/C.
Markovic et al. [10] reported the synthesis of two Pt-based materials; PtFe and PtCo nanowires.
The PtFe electrocatalysts presented higher activity than PtCo toward the ORR due to a greater Co
leaching from the alloy. The mass activity and specific surface of the PtFe nanowires were higher
than the commercial platinum electrocatalyst. Besides the effect obtained by alloying with early
or late transition metals, the electronic properties of Pt NPs can also be modulated by interaction
with the support. Indeed, in recent years, exhaustive research activities have been conducted for
searching active Pt structures to reach the Department of Energy (DOE) targets [11], which led to the
development of many different types of alloys, often identified as skin-layer-, core-shell-, and thin film-
electrocatalysts. Greeley et al. [12] has identified, by a density functional theory (DFT) computational
screening, a skin-type PtxY catalyst as a promising cathode material for the ORR. In this connection,
Pt3Y alloys were the most stable Pt3M alloys able to bind oxygen species slightly less than pure Pt,
therefore showing a higher ORR activity [13]. The high stability of Pt3Y alloy was attributed to the
almost half-filling of the metal-metal d-band of the two alloyed metals, which corresponds to the
bonding states filling, whereas the antibonding states are empty.

Another kind of electrocatalysts are the transition metal chalcogenides. Indeed, the substitution
in a cluster compound of Ru by Mo atoms in Mo6Se8 led to a ternary chalcogenide, Ru2Mo4Se8,
with interesting properties toward the ORR in acid media [14]. These type of materials are metal
clusters with octahedral centers where the delocalization of electrons provides a high electronic
conductivity acting as reservoirs of electrical charges, while it remains kinetically stable [15]. Transition
metal chalcogenides have also the ability to provide binding sites for the reactants neighbors and
intermediaries, they possess also the property to change the volume and distance during the electronic
transfer. As a result of these studies, the Ru has been positioned as one of the main electrocatalytic
alternatives for the ORR: it is less noble than Pt and is oxidized at a potential 0.2 V more negative than
Pt, and the oxides and also hydrides formed on its surface can act as a chemical oxidant for the CO
adsorbed at a potential between 0.3 and 0.4 V more negative than pure Pt, this prevents its poisoning
as occurs in the case of Pt [16]. Furthermore, it has been shown that Ru possesses good electrocatalytic
activity and that combining it with other elements they show greater stability [17–20]. In the RuxSey

material, the Se modifies the electrical properties of the active sites by synergistic effects facilitating the
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electron transfer [21–24]. Other studies demonstrated that the presence of Mo and Ru atoms decreases
the percentage of peroxide produced [25], the Sn reduces the ORR overpotential [26] and finally, the W
facilitates the oxygen adsorption [27].

Another strategy to tailor the electrochemical ORR activity and reduce the amount of Pt is by
replacing it with Pd, resulting in cheaper electrocatalysts with high ORR activity [28]. Pd has a valence
electron configuration and a lattice parameter similar to Pt [29]. Furthermore, it is suggested that the
oxygen reduction activity on Pt can be enhanced if Pd is used in combination with other elements
which can improve the rate of the electro-reduction of oxygen [30] and the desorption kinetics of
the ORR products. Pd is an element more abundant and also cheaper than Platinum; in addition,
its stability in acid medium can be comparable with Pt. However, its performance to carry out the
ORR is several times smaller in comparison to Pt and its alloys [31]. In order to enhance the catalytic
activity of Pd catalysts for PEMFC (proton exchange membrane fuel cell), the particle size control [32],
the structure [33], alloying metals [34] and supports [31] are crucial parameters to be considered. In
general, the reactivity and selectivity of Pd catalyst for a certain catalytic reaction can be tailored
by controlling their shape and thus the type of facets. Pd NPs perform the ORR in acid media and
proceed preferentially via four-e− [35], Pd-Ag, Pd-Cu alloys have shown catalytic activity for the
ORR in acid medium with 2- and 4-electrons [36]. Recent reports have shown that Pd alloys such as
Pd3Fe(111) have excellent electrochemical properties [37,38]. Similar studies prove that PdCo/C alloys
display comparable activity to Pt/C towards the ORR in acid medium [39]. It has been suggested
that the increased oxygen reduction activity of PdCo alloys might be attributed to a Pd electronic
stabilization due to the addition of this last element [40]. The electrochemical activity of PdCo/C
containing 10%–30% of Co presented a half-wave potential value of 0.66 V/RHE (reversible hydrogen
electrode) while Pt/C showed an E1/2 = 0.68 V/RHE. Both electrodes were evaluated in a 0.1 M
HClO4 solution [41]. Several studies have shown that the catalysts formed by the Pt-Pd alloy present
a comparable activity comparable with pure Pt [42] due to the facility to modify the length of the
lattice parameter depending on the Pt amount in the alloy in order to favor the highest oxygen
adsorption over the catalyst surface [43]. Among the electrocatalysts with different Pt-Pd ratios,
the Pt30Pd70 presented an onset potential 17 mV more positive than Pt indicating a faster kinetics.
The Pt30Pd70 electrocatalyst is thermodynamically more active for the ORR than pure Pt as revealed
recently by the density functional theory (DFT) studies [44]. This scenario, aside from ORR, another
interesting reaction exists where Pd-based catalysts play an important role in the oxidation of organic
molecules (methanol (CH3OH) [45], and formic acid (HCOOH)) [46]. Pd-based electrocatalysts have
been employed to oxidize methanol; nevertheless, besides their good electro-activity, those catalysts
can overcome the effect of carbon monoxide-poisoning [47] with a high performance as anode catalysts
in alkaline DMFC’s. Pd-based catalysts show a higher tolerance than Pt to CO species however,
the disadvantage of Pd-based catalysts is their lack of durability [48].

Under this scenario, many efforts have been made tailoring and improving the electrochemical
activity and durability of Precious and Non-precious based catalysts to perform two of the most
important electrochemical reactions in fuel cells; the hydrogen oxidation and the oxygen reduction
reactions. In this work we emphasize the catalytic response of precious catalytic centers like Pt-,
Pd-based electrocatalysts, and chalcogenides, synthesized via the carbonyl chemical route. We also
present the catalytic performance of non-precious electrocatalysts produced via a free-surfactant
chemical heating route. All these materials were tested towards the ORR and HOR. The selection
of such materials was based on the experience that our research group has acquired in the synthesis
methods and electrochemical evaluations. In addition, the electrocatalysts modification by the
hybridizing process of some catalytic centers with some carbon and ceramic supports is discussed.
Taking into account the most active materials synthesized in our laboratory, they were evaluated in
a micro-fuel platform and the results were compared with the state of the art of the micro fuel cells
domain analyzing the design, operating arrangements and conditions.
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2. Materials Design

2.1. Precious Catalysts

Electrocatalytic materials in the nanodivided form can be obtained by the pyrolysis, in an organic
solvent, of transition metal complexes [My(CO)x] that contain a metallic cluster in their base structure,
or using metallic salts and employing the carbonyl chemical route through the reactivity of carbon
monoxide to achieve the chemical coordination of CO with a metal center in organic or aqueous
solvents [49]. The physicochemical and catalytic properties of electrocatalysts depend directly on the
chemical nature of the surface but also on their size and shape [50]. Due to its high feasibility and
great potential to tailor electrocatalysts, the carbonyl chemical route has been extensively employed to
produce active, and chemically stable electrocatalysts [50]. The carbonyl chemical route [51] involves
the reactivity of metal carbonyls in solvents to obtain metallic clusters. It has been employed to
synthesize Ru [49,52], Pt [49,53–55] and recently Pd-based [56,57] catalysts for electrocatalytic purposes.

2.1.1. Pt- and Pd- Based Electrocatalysts

The synthesis of carbonyl complexes was initiated by Longoni et al. [58]. These authors developed
a process to produce the dianions [Pt3(CO)6]n

2− (n = 10, 5, 4, 3) from the reduction of several platinum
precursors (Na2PtCl6·6H2O, H2PtCl6·xH2O, Na2PtCl4, Pt(CO)2Cl2) using various reducing agents
(alkali hydroxides under carbon monoxide, Fe(CO)5, cobaltocene, alkali metals). The n value of the final
product depends greatly on the nature of the reagents and the experimental conditions, the reductive
carbonylation proceeds as follows [58]:

[PtCl6]2− → [Pt3(CO)Cl3]− → [Pt3(CO)6]10
2− (insoluble)→ [Pt3(CO)6]6

2− (olive − green) (1)

[Pt3(CO)6]5
2− (yellow − green)→ [Pt3(CO)6]4

2− (blue − green) (2)

[Pt3(CO)6]3
2− (violet − green)→ [Pt3(CO)6]2

2− (orange − red)→ [Pt3(CO)6]
2− (pink − red) (3)

The reactivity of these complexes depends on the value of n and generally, the trend was
that increasing n results in an increase in the reactivity towards nucleophilic and reducing agents,
while decreasing n results in an increase in reactivity towards electrophiles and oxidizing agents.

For Pt-based electrocatalysts, this method was modified in our group and can be shortly described
as follows: the platinum carbonyl [Pt3(CO)6]5

2− was prepared by mixing specific quantities of
Na2PtCl6·6H2O with sodium acetate (mol ratio of NaAc/Pt = 6) in methanol solution under CO
atmosphere, for 24 h. Activated carbon Vulcan XC-72 was aggregated to the previous solution and
stirred for another 12 h under nitrogen atmosphere. The product, nanostructured Pt/C, was washed,
filtered and dried [50]. The above process is shown in the reaction (4) [51].

[Pt3(CO)6]10
2− + MyXn → [PtxMy(CO)z]→PtxMy (4)

where M = Sn, Ni, Cr, Co, and X = Cl−.
Based on these previous studies, CO tolerant carbon supported anode bimetallic electrocatalyst

Platinum-Tin (Pt3Sn) was developed [59]. Figure 1a,b schematize the process established by Longoni
and Chini [58], and by Alonso-Vante’s group [59], respectively. It is important to mention that the
process followed by Longoni and Chini stops at step 4. The advantage of the reactivity of the cluster
complex is that careful handling the platinum complex, can be taken to deposit the Pt nanoparticles over
several supports (step 5). In this case, by depositing carbon black (Vulcan XC-72) Pt/C, can be obtained.

As a result of this synthesis modification, it was found that commercial Etek catalysts presented
a broader particle size than the homemade Pt-Sn produced also by the carbonyl chemical route, Figure 2.
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Figure 1. Pathways to obtain Pt (a); and Pt-based electrocatalysts (b) by carbonyl chemical route.

Figure 2. Particle size of the electrocatalysts (a) Pt-Sn/C (carbonyl route); (b) Pt-Sn/C Etek; and (c) Pt/C
Etek [59] obtained by TEM (transmission electron microscopy). The <d> parameter was determined by
a Gaussian distribution. Reprinted with permission from [59]. Copyright John Wiley and Sons, 2002.

In the same line, further bimetallic nanoalloys, e.g., carbon-supported well dispersed Pt-Ni;
and Pt-Cr alloys were obtained [54,55]. In this latter, CrCl3 was used with a final heat treatment from
200 ◦C to 500 ◦C. The lattice parameter presents an inversely proportional relation with the content of
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Cr (Pt/C Etek 0.3923 nm, Pt:Cr (3:1) 0.3895, Pt:Cr (2:1) 0.3863 and Pt:Cr (1:1) 0.3817) [54]. Pt-Cr showed
an enhancement factor of 1.5–3 in the mass activity (MA), and in the specific activity (SA), Figure 3;
because of the changes in this lattice parameter and the Pt-Cr composition.

Figure 3. (a) Mass activity (MA) and (b) specific activity (SA) histograms for the Pt-based materials
towards the oxygen reduction reaction (ORR). 0.5 M HClO4 was used as electrolyte [54]. Reprinted with
permission from [54]. Copyright American Chemical Society, 2004.

For Pt-Ni, the wide angle X-ray spectroscopy patterns, and the Debye function analysis showed
that the as-prepared Pt-Ni electrocatalysts presented face-centered cubic structure and that the lattice
parameter is reduced with the increase of Ni [55]. More important, both Pt-Cr and Pt-Ni alloys showed
high tolerance to methanol than the Platinum electrocatalyst, Figure 4.

Figure 4. Methanol oxidation comparison for (a) Pt-Cr (reprinted with permission from [54].
Copyright American Chemical Society, 2004 and (b) Pt-Ni (reprinted with permission from [54].
Copyright Elsevier, 2005 in a 0.5 M HClO4 + 0.5 M CH3OH outgassed solution. The test conditions
were: Scan rate υ = 5 mV/s, and a rotating disk rate of 2000 rpm [54,60].
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To explore the effect of the support material onto Pt NPs the synthesis of platinum supported on
Vulcan-carbon (Pt/C) and multi-walled carbon nanotubes (Pt/MWCNTs), via the carbonyl chemical
route, was done [61]. After 20 V cycles (CVs) from 0.05 to 1.2 V/RHE, an improved stability
was obtained with Pt/MWCNT in comparison to Pt/C. This kinetics and stability improvement
were attributed to a higher graphitization degree of MWCNT support, leading to an increased
strength of the π-sites with the MWCNTs acting as anchoring centers for Platinum nanoparticles [62].
Furthermore, this interaction also limited the agglomeration of Pt nanoparticles.

Through a modification of the classic carbonyl chemical route, the synthesis of carbon supported
Pt-Ti nanoparticles was performed [63]. For the chemical composition, a post heat treatment process
on the distribution of the particle size, and also on the electronic properties of Ti and Pt atoms on the
performance on the oxygen reduction, and the methanol tolerance were done. The catalytic activity
and selectivity towards methanol showed a remarkable enhancement for the nanoalloyed structure.
The improvement was caused by the annealing at 875 ◦C as a result of the alteration of the density
of electrons present in the platinum d-orbitals modifying the strength of the oxygen adsorption.
In consequence, the arrangement of a surface alloy with a high order degree is the responsible to
mediate the methanol poisoning of platinum sites [63].

The carbonyl chemical route was further explored to synthesize, for the first time ever,
carbon supported Pd NPs supported for the ORR [57]. Herein, K2PdCl6 and sodium acetate were used
as precursors reacting with CO. All of them were dissolved in CH3OH, a step which was the key in
the modified process because this reaction has to be performed for 2 h in an ice-bath, in this way the
reaction rate was decreased avoiding the agglomeration of particles during the complex formation.
Thereafter, the process continued following the classical route. The synthesis process comparison for
platinum- and palladium-based nanomaterials via carbonyl chemical route is contrasted in Figure 5.

Figure 5. Process diagrams for the synthesis via the carbonyl route of platinum- and palladium-based
electrocatalysts [57]. Reprinted with permission from [57]. Copyright Elsevier, 2015.

As a result of this process, Pd samples showed metal mass-loading dependent morphologies.
In 10 wt % Pd/C, Pd NPs were highly agglomerated on the carbon support. In Figure 6a, we can find
many particles with an average diameter higher than 10 nm. For 20 wt % Pd/C, large amounts of
Pd nanowires could be observed, see Figure 6b. In Figure 6c, it is possible to observe Pd nanorods
which present an average diameter of 3 nm, these nanorods were well dispersed on the carbon
support presenting a total composition of 30 wt % Pd/C. In Pd/C-4, the nanoparticles were almost
agglomerated, Figure 6d. In comparison with platinum-based catalysts obtained by the carbonyl
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chemical route, the morphology of the palladium electrocatalysts changed depending on the metal
mass loading [57].

The importance of this study lies in the description to control the morphology of palladium
nanoparticles depending of the metal loading following the carbonyl route.

Figure 6. TEM images for (a) Pd/C 10%; (b) Pd/C 20%; (c) Pd/C 30% and (d) Pd/C 40% electrocatalysts.

2.1.2. Transition Metal Chalcogenides

Transition metal chalcogenides are promising materials in the field of catalysis and
photo-electrocatalysis, since they combine the properties of electrically conducting materials with the
catalytic advantage of molecular metal-clusters [64]. In the 70s, various research groups developed
the so-called Chevrel phases such as M6X8 (M = Mo; Re, X = S, Te and Se), having exceptional
superconducting properties [65]. Perrin et al. [66] reported the synthesis and properties of MoxReySez

and MoxReyTez but also MoxRuySez, MoxRuyTez and MoxRhyTez [67]. The authors found that
molybdenum sulfide phases and those with mono or divalent elements, a rhombohedric structure with
a triclinic deformation predominated. They assumed that Mo and Re d-electron bands were responsible
for the electrical superconductivity in these materials. All these samples were prepared by a direct
synthesis from the elements in evacuated quartz ampoules, heated up to 1200 ◦C. The generated
samples were ground and annealed at the same temperature for 24 h. To obtain the sulfide compounds,
it was necessary to let the reaction take place near 1300 ◦C, and several subsequent heat treatments
were necessary in order to get a pure sample. For selenide and the telluride clusters the synthesis was
easier. In order to evaluate and manipulate the samples, the powders were converted into pellets and
finally sintered [66,67].

The use of such transition metal chalcogenides (Mo4.2Ru1.8Se8) as electrocatalysts for the oxygen
reduction in acid medium was reported in 1986 [68]. The authors reported the first test of such
materials to perform the ORR with an appreciable cost advantage with respect to platinum [68].
It was further assessed that the Mo4.2Ru1.8Se8 cluster, in powder form fixed on supports with the help
of of Nafion® ionomer thin film, onto glassy carbon, Figure 7a, and on p-type gallium phosphide
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(p-GaP) semiconductor, Figure 7b, favored the ORR, and hydrogen evolution reaction (HER) under
Visible illumination [69]. Mo4.2Ru1.8Se8 clearly enhanced both processes. On p-GaP surface the photo-
induced hydrogen evolution was maintained. The limiting currents were reduced by only 3% at
−0.56 V (vs. SHE). This was quite remarkable and suggested (now a phenomenon well established) that
hydrogen, besides protons, can penetrate the Nafion layer easily, curve 3, in Figure 7b. The flat-band
potential of the unmodified electrode was determined to be 0.94 V vs. SHE and was not shifted as
a consequence of attachment of the Nafion film and the cluster particles.

Figure 7. Linear scan voltammograms for the ORR (oxygen reduction reaction) and photo-evolution of
hydrogen of the Nafion-attached cluster chalcogenides. (a) Glassy Carbon at 50 mV/s; and (b-curve (3))
p-GaP. Curve (B), in (a), is the unmodified GC surface. In (b), curves (1, 2) represent Nafion unmodified,
and modified p-GaP surfaces. Scan rate = 5 mV·s−1. Adapted from [69].

Summing up, the Mo4.2Ru1.8S8 cluster employed as a model catalyst for multi-electron reduction
processes for the ORR, was not suitable for multi-electron oxidation processes—the oxygen evolution
reaction (OER), due to insufficient kinetic stabilization [69]. Based on previous works [70,71],
a certain degree of kinetic stabilization can be accomplished with chalcogenides, which can permit
a photoreaction of holes via transition-metal d-states which are not significantly mixed with chalcogen
states. Regarding the electrochemical activity towards the ORR, Mo4.2Ru1.8S8, Figure 8, a pseudo
ternary cluster, outperformed the ternary clusters, e.g., Ni0.85Mo6Te8, where Ni atoms occupies the
free sites in the channels between the Mo-clusters. Two main positive effects on the pseudo ternary
compound were claimed, namely, the increase of metal-metal distance in the cluster, thus possibly
facilitating the breaking of the –oxygen–oxygen– bond liberating OH− ions. The expected shift of the
electronic levels upwards was caused by the increase of the charge in the cluster.

Figure 8. Structure of a pseudo ternary cluster (Mo4Ru2)Se8.

13



Catalysts 2016, 6, 145

Because the catalytic properties and the high density of d states at the Fermi level can be
related, this relation on Mo4Ru2Se8, Mo2Re4Se8, Mo6Se8, and the Mo metal was undertaken [72].
Indeed, Mo6Se8 showed metallic properties, whereas Mo4Ru2Se8 and Mo2Re4Se8 showed
semiconducting properties. The explanation lies on the fact that the substitution of Mo by Re and/or
Ru atoms, that contain a high valence electron number, causes an increment of the electrons from 20 to
24 in the cluster M6X8, resulting in a filling of the eg band. This effect shifts upwards the Fermi level,
as schematized in Figure 9.

Figure 9. Band structure scheme of chalcogenide clusters. Adapted from [72,73]. Reprinted with
permission from [72]. Copyright Elsevier, 1988.

These compounds were evaluated towards HER and ORR. As a result of the narrow energy
band caused by the d-state density, some improvement was observed on the HER, with a significant
influence on ORR. This study revealed that hydrogen species solely interact with individual metal
atoms, the molecular oxygen interacts with the atoms M, and M’ in the (MM’)6X8 cluster [74], as shown
in Figure 10, thus forming a surface transition metal complex. Based on the statistics of the calculated
possible combinations and taking again into account the density of d states, the complex IV must play
a major role in the ORR electrocatalytic materials activity.

Figure 10. Surface transition metal complexes and their bridge-type, interaction with the chemisorbed
oxygen, modified from [72]. Reprinted with permission from [72]. Copyright Elsevier, 1998.

Based on these Chevrel phase model compounds, prepared in quartz ampoule at high
temperature [67], Mo-Ru-Se, in powder and/or in thin layer form, was synthesized via a soft
chemical method; the carbonyl chemical route by reacting molybdenum hexacarbonyl, tris-ruthenium
dodecacarbonyl and selenium powder in xylene [75]. The XPS (X-ray photoelectron spectroscopy)
characterization revealed the presence of SeO2 and MoO3, Figure 11. After cathodic electrochemical
treatment, in presence or absence of oxygen at 0.35 V during 5 min in 0.5 M H2SO4, the emission line
for SeO2, disappears and the MoO3, emission line is strongly reduced, see curves (2) in Figure 11,
indicating that the catalysts still contain a small amount of Mo. Exposed to air for more than 100 days,
curves (3), the MoO3 species is further reduced to a minimum in comparison to the shortly treated
electrode, curves (2). The absence of SeO2, species demonstrates a higher stability than Chevrel phase
compounds against oxidation under oxygen atmosphere [13].
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Figure 11. XPS (X-ray photoelectron spectroscopy) spectra of (Ru1−xMox)ySeOz at different conditions;
(1) as prepared sample in xylene solution; (2) polarized sample at +0.35 V/NHE (5 min) in 0.5 M
H2SO4; and (3) after ORR and kept in air approximately 100 days. Reprinted with permission from [75].
Copyright Elsevier, 1994.

The Extended X-ray absorption fine structure spectroscopy (EXAFS) disclosed that chemically
generated Mo-Ru-Se electrocatalysts were, structurally speaking, different to that of the Chevrel phase
compound [64]. It was concluded that the Mo and Ru atoms, in Mo-Ru-Se, were located as independent
phases: MoSex, MoOx and RuSex [76]. They, however, showed high selectivity to perform the ORR,
in a solution containing methanol, with a four-electron reaction pathway, with an activity nevertheless,
lower than that of the standard Pt catalysts in methanol-free electrolyte [77].

A further characterization by X-ray diffraction at wide angles (WAXS) of Rux and RuxSey was
carried out [78]. Indeed, chalcogenide particles produced from the reaction between Ru3(CO)12

and Se were more resistant to oxidation than monometallic Rux nanoparticles with similar size.
This phenomenon was associated to the coordination of Selenium atoms over the ruthenium atoms
surface. As revealed by EXAFS analysis [79,80] the closest Ru-Ru averaged distance was 2.64 Å
(corresponding to the hcp phase of metallic ruthenium) and that of the metal chalcogenide Ru-Se
was 2.43 Å. It is worth noting that the calculated Debye-Waller parameters were a factor of 2 higher
for the Ru-Se coordination distance than for Ru-Ru. Considering a particle diameter of 17 Å a pure
ruthenium cluster-like model particle was developed containing 153 atoms (Ru153). This is the third
species in a series of hcp closed shell clusters with “magic” numbers 13, 57, 153, 323, etc. Therefore,
within the hcp cluster model (17 Å particle size, 153 atoms), the number of ruthenium atoms available
for electrocatalytic purposes at the surface of such cluster can be 153 − 57 = 96. Because x = 2 and
y = 1 in the chalcogenide material, RuxSey, the cluster model contains 99 Ru atoms and 54 Se atoms,
with an increased disorder of selenium atoms, deduced from EXAFS calculations [79], almost all
selenium atoms are coordinated to ruthenium atoms on the cluster in a statistical way, as shown in
Figure 12. In this way, the Ru-clusters surface coverage by Se atoms induces the necessary free active
sites (Ruthenium sites) to perform an efficient coordination with oxygen/water [78].
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Figure 12. hcp-Cluster Model structures for Ru99Se54; (a) Se statistically bonded onto the Ru clusters;
(b) Se replacing Ru surface atoms in an ordered positioning with 5-, 6-, and 7- fold coordinated.

The use of selenium atoms to coordinate catalytic center surface atoms, as well as impinging on
it electronic modification was demonstrated for ruthenium in RuxSey [81]. This concept was further
applied onto platinum, generated via the carbonyl chemical route [82]. The surface Pt NPs in Pt/C
was modified with Se (selenization process). Platinum supported on carbon and SeO2 were mixed in
isopropanol solution with specific quantities and stirred for 12 h at room temperature. This mixture
(20 wt % PtxSey/C) was heat-treated (200 ◦C) for 1 h under a nitrogen atmosphere. In order to
account the optimal amount of Se atoms, to allow the adsorption and subsequent reduction of O2

molecules, Se was concomitantly stripped from the Pt surface using Chronoamperometry at different
stripping times, at an established anodic potential. Employing a stripping time of 20 min at 1.1 V/RHE,
the ORR half-wave potential (E1/2) shifted to positive values, whereas the OCP (open circuit potential)
remained constant. The optimal Se coverage (see arrow in Figure 13a) kept to a maximum the ORR
in the presence of methanol [83]. The partial leaching of Se atoms from the Pt surface improved
the activity of PtxSey/C towards the oxygen reduction, with a high tolerance as compared to Pt/C,
Figure 13.

Figure 13. (a) PtxSey/C (20 mg of 20 wt %) ORR half-wave potentials compared to Pt/C (dotted lines).
Both electrocatalysts were evaluated at 900 rpm in oxygen-saturated 0.5 M H2SO4 + 0.5 M CH3OH
(filled circles, left axes) and 0.5 M H2SO4 (empty symbols, right axes). (b) Linear scan voltammetries
for the same test [83]. Reprinted with permission from [83]. Copyright John Wiley and Sons, 2013.

2.2. Non-Precious Catalysts

Despite the efforts carried out in the production of novel and efficient electrocatalyst,
platinum-based materials are still one of the most efficient oxygen reduction catalysts employed
in PEMFCs [84]; however, their high cost, low abundance and poor durability are a main obstacle in
the development of PEMFCs [85]. To overcome these issues, the search of non-precious metal ORR
catalysts has been extensively conducted in recent years [86]. Pt-free catalysts such as transition-metal
chalcogenides have shown promising activities towards fuel cell reactions [51]. Co and Fe are also
promising cathodic catalyst centers [87]. In recent studies, researchers have focused their efforts on
two kinds of non-precious metals as catalytic centers: Co and Fe, and transition-metal chalcogenides
with application in the ORR [88].
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The development of new non-precious electrocatalyst dates back to the seventies with Co3S4

and Me(a)Me2
(b)X4 (Me(a) = Mn, Fe, Co, Ni, Cu or Zn, Me(b) = Ti, V, Cr, Fe, Co or Ni, X = O, S, Se

or Te). This material showed the highest catalytic activity for the oxygen reduction in a 1 M H2SO4

solution, and presented an open circuit potential of ca. 0.8 V vs. HRE [87]. However, Co3S4 was
not close to the catalytic activity of Pt. Based on this work other Co-based materials [89–93] came
into light. Feng et al. [94] synthesized three Co3S4 (-01, -02 and -03) compounds following different
methodologies. Co3S4-01 was produced from a Co2(CO)8 decomposition in a mixture solution which
contained tri-octylphosphane oxide and oleic acid as surfactants, just after sulfur and cobalt particles
were reacted and deposited over the carbon substrate [91]; Co3S4/C-02 was prepared following the
same synthesis procedure for Co3S4-01 but without the use of surfactants. Co3S4/C-03 was synthesized
by means of a microwave-assisted process [94]. Co3S4/C-02 and Co3S4/C-03 synthesized without
surfactant showed the highest activity toward the ORR, Figure 14. This work suggested that the
surfactants, used in the synthesis of Co3S4/C-01, block the electrocatalyst active sites. These results
demonstrated that routes without the surfactants were effective methods to produce non-precious
catalysts supported onto carbon [94].

Figure 14. Linear scan voltammograms of 20 wt % Co3S4/C-01, -02, and -03. Rotation rate = 1600 rpm
in an oxygen saturated 0.5 M H2SO4 solution at 25 ◦C. υ = 5 mV s−1 [94]. Reprinted with permission
from [94]. Copyright American Chemical Society, 2008.

In modifying and upgrading the Co-Se electrocatalysts synthesis, CoSe2 nanoparticles with
different nominal loading from 20 wt % to 50 wt % were produced [95] via conventional heating
process [94]. In short, for the synthesis of 20 wt % CoSe2/C, Co2(CO)8 and Vulcan carbon were well
dispersed in p-xylene under a nitrogen atmosphere at 25 ◦C for a half-hour. This suspension was
heated and refluxed, and then cooled down. Thereafter, a specific amount of selenium was dispersed
in p-xylene and stirred half-hour. Both suspensions were mixed, heated, and refluxed for 10 min.
The final product was filtered, washed, and dried under vacuum at 25 ◦C. All CoSe2/C electrocatalysts
with different nominal ratio were heat-treated at 300 ◦C under high purity N2 for 3 h.

The oxygen reduction cathodic current obtained for 20 wt % CoSe2/C was in agreement to the
results reported in previous works for non-precious metallic electrocatalysts (ca. 2.5 mA·cm−2 at 0.4 V
at 1600 rpm) [96–98]. Some data from the literature were 2.0 mA·cm−2 for Co1−xSe/C (50 wt % Cobalt
on Vulcan carbon) [96], and 2.5 mA·cm−2 for (Co, Ni)S2 thin films [98] at 2000 rpm. The OCP value
of 0.81 V in oxygen-saturated 0.5 M H2SO4 surpassed the Co1−xSe/C [96], and FeS2 (0.78 V) [97].
The OCP was quite similar to that of NiS2 (0.80 V), and CoS2 (0.82 V) [98], but not better than that of
(Co, Ni)S2 (0.89 V) [98].

The electrode loading effect of CoSe2 (from 11 μg·cm−2 to 44 μg·cm−2) was investigated via
the rotating ring disk electrode (RRDE) technique, Figure 15a. In this experiment, the disk current
increased at an electrode potential of 0.5 V from 2.5 to 3.8 mA·cm−2 by the increase of the catalyst
loading, with a concomitant decrease of H2O2% generation (at ca. 0.32 V). The variation of the mass
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loading as a function of the peroxide production can be interpreted in terms of an increase of the
active sites in the electrocatalyst. In other words, the H2O2 has additional time to react to water in
a thicker layer. As a result of this effect, an increase in the total number of electrons, and a decrease
in the hydrogen peroxide was detected at the ring electrode. Similar results on galena and pyrite
materials were observed by Ahlberg et al. [99]. The authors found 25%–30% H2O2 production at the
disk electrode. On the other hand, in Figure 15b we can observe the influence of 20 wt %, 35 wt %,
and 50 wt % CoSe2/C systems on the oxygen reduction activity and the hydrogen peroxide generation.
Since the hydrogen peroxide generated on the surface of the ring electrode decreases from 30% to 15%
when the loading rate is changed from 20 wt % to 50 wt %, there must exist a limiting catalytic site
density. A similar trend was observed in other systems, e.g., 20 wt % RuxSey/C, which overpasses the
current density of 70 wt % RuxSey/C [100], including Pt/C [101].

Figure 15. Linear scan voltammograms for the ORR and the formation of peroxide hydrogen (insets); (a)
Electrode loading effect of CoSe2 (from 11 μg·cm−2 to 44 μg·cm−2); (b) Influence of 20 wt %, 35 wt %,
and 50 wt % CoSe2/C systems on the ORR activity and the H2O2 production [95]. Reprinted with
permission from [95]. Copyright Elsevier, 2009.
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Besides the ORR activity on the Co-Se system, the methanol tolerance was further investigated in
alkaline medium [102]. Without surprise, the CoSe2 nanocatalyst performance in alkaline medium is
better than that in acid medium revealing further that the carbon-supported cubic phase of CoSe2 is
a promising non-precious electrocatalyst for alkaline fuel cells [103]. Furthermore, the oxygen reduction
activity of 20 wt % CoSe2/C in 0.1 M KOH was slightly higher than that of Co3O4/rmGO (reduced
mildly oxidized graphene oxide) and comparable to that of Co3O4/NrmGO (nitrogen-doped mildly
oxidized graphene oxide) as reported by Liang et al. [104]. Apropos methanol tolerance, Figure 16
contrasts the ORR curves of 20 wt % CoSe2/C with that of 20 wt % platinum supported on carbon in
oxygen-saturated 0.1 M KOH containing methanol. For Pt/C, the onset potential shifts negatively from
1.0 to 0.6 V, with an oxidation peak observed at ca. 0.65 V when the methanol concentration increased
from 0 to 5 M. For 20 wt % CoSe2/C, the onset potential remains unchanged and no oxidation peak is
observed testifying immunity to methanol. At j = −3 mA·cm−2, however, the potential shifts from
0.68 V to 0.62 V for 20 wt % CoSe2/C catalyst, suggesting that methanol species in alkaline medium
perturb the ORR. Nevertheless, the results herein show that 20 wt % CoSe2/C presented an improved
selectivity to perform the oxygen reduction reaction in presence of methanol than Pt/C electrocatalyst
in alkaline medium. However, CoSe2 is not hundred percent tolerant to methanol.

Figure 16. Methanol effect comparison CoSe2/C and commercial Pt/C from E-TEK towards the oxygen
reduction at concentrations of 0, 0.05, 0.5 and 5 M CH3OH and a rotating speed conditions of 2500 rpm
in an oxygen saturated 0.1 M KOH solution at 25 ◦C [102]. Reprinted with permission from [102].
Copyright Elsevier, 2012.

3. Fuel Cell Reactions

3.1. Hydrogen Oxidation Reaction—HOR

The electrocatalysis of hydrogen is a central issue in low temperature membrane fuel cells
(PEMFC). H2 is oxidized at the anode electrode:

H2 � 2H+ + 2 e− (5)

The HOR largely depends on the strength of the intermediate interaction and bonding of metal
and adsorbed hydrogen atoms [105]. As a consequence, the binding energies of the adsorbed hydrogen
to the surface should always be in a range of an adsorption energy. A stronger bond would hamper
the catalysis process by reducing surface dangling states and active sites, while a weaker bond
could possibly indicate an inert electrode surface character with low number of dangling states and
unsuitability of electrode for the catalysis [106]. Equation (5) can be represented by the following
microscopic steps:

H2 � 2Had Tafel (6)
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H2 � Had + e− + H+ Heyrovsky (7)

Hads � H+ + e− Volmer (8)

So, that the overall reaction can be revealed knowing some parameters, such as the exchange
current density, activation energy, charge transfer coefficients, and Tafel slope. In PEMFCs the
mass loading reduction of the expensive Pt is required to catalyze the HOR. Significant efforts
have been made on the potential use of partial or complete replacement of Pt electrocatalyst at
the cathode [107–109].

For the replacement of the most common based on platinum group metals (PGMs = Pt, Pd, Ru,
Ir, Rh and Os [110]) catalysts employed so far for the HOR in acidic media [43,111–117], anionic
exchange membrane fuel cells (AEMFCs) are also very interesting because their applicability of non-Pt
metal catalysts in alkaline medium, where most of the transition non-precious metals presents high
stability [118,119]. While research on oxygen ORR catalysts in alkaline medium has been ongoing for
many years [120], studies on hydrogen HOR catalysts for AEMFCs constitute practically a new field
of investigation. In contrast to the fast kinetics of the HOR on PGMs catalysts in acidic media, it was
found the HOR activity of several PGMs in alkaline electrolyte is around two orders of magnitude
slower than the activity of these materials in acid electrolyte, all this as a result of an intrinsic HOR
kinetic barrier [121,122].

Contrary, to the simple Volmer reaction performed in acidic media, Equation (8), in alkaline
medium, Equation (10) is required to complete the HOR that comprise two different sub-processes of
hydrogen adsorption on the metallic surface and water formation in alkaline medium [123].

H2 + OH− � Had + H2O + 1e− Heyrovsky (9)

OH− + Had →H2O + 1e− Volmer (10)

Recent attempts to reduce the amount of Pt in the design and production of electrocatalysts
for the HOR were carried out by Gu et al. [124]. Using a hydrothermal method, the synthesis of
Pt@Ru in the face-centered cubic (fcc) phase with a metastable phase for Ru under ambient conditions
was performed. The fcc Pt@Ru nano crystals were produced by a one-step hydrothermal procedure,
in which K2PtCl4 and RuCl3 were reduced by formaldehyde (HCHO) at 160 ◦C in the presence of
sodium oxalate (Na2C2O4), HCl, and poly(vinyl-pyrrolidone) (PVP). The samples were referred to as
Ptx@Ru100−x, in which x was the molar percentage of Pt in the feedstock.

As revealed by density functional theory (DFT) calculations, a preferentially epitaxial growth of
Ru atom layers on the non-closest-packed facets of hetero fcc metal seeds led to the formation of fcc Ru
shells to form Pt@Ru tetrahedrons/C, Figure 17; these morphological arrangements showed enhanced
electrocatalytic activity with an order of magnitude more efficient toward the hydrogen oxidation
reaction (HOR) in acidic electrolyte as compared with hydrothermally synthesized Ru/C [124].
The sample composed by tetrahedrons shows an average size of 8.3 nm, Figure 17b,c, which are
in agreement with the models of fcc tetrahedrons from each zone axes, explicitly indicating that
these particles are fcc tetrahedral single crystals enclosed by (111) facets. High angular annular dark
field-scanning transmission electron microscopy image and their corresponding contrast line profile
are shown in Figure 17d,e.

20



Catalysts 2016, 6, 145

Figure 17. (a) Pt10@Ru90 nanotetrahedrons TEM image and its EDS (Energy dispersive spectroscopy)
spectrum; (b,c) HRTEM (High resolution transmission electron microscopy) images, corresponding
to FFT (Fast Fourier Transform) patterns, and models of fcc tetrahedrons from (110) and (112) zone
axes, respectively; (d) HAADF-STEM (high-angle annular dark-field imaging-scanning transmission
electron microscope) image; and (e) EDS mapping [124]. Reprinted with permission from [124].
Copyright American Chemical Society, 2015.

The HOR polarization curves obtained on fcc Pt@Ru, Ru/C (as-prepared), and commercial Pt/C
loaded on glassy carbon RDE with a rotation speed of 2500 rpm in H2 saturated 0.1 M HClO4 solution
are presented in Figure 18. A significant HOR activity was achieved on fcc Pt@Ru as compared to
Ru/C. Pt10@Ru90/C showed the highest activity among the core-shell samples, i.e., 0.19 A·mg−1

and 0.30 mA·cm−2. The mass, and area activities are higher, by one order of magnitude, than the
as-prepared Ru/C (0.016 A·mg−1 and 0.017 mA·cm−2) and comparable with those of commercial
platinum (0.23 A·mg−1 and 0.27 mA·cm−2).

Figure 18. (a) Hydrogen oxidation reaction (HOR) Current-potential characteristics for Pt@Ru/C,
Ru/C (as-prepared), Ru/C (annealed), and Pt/C (commercial); total metal mass: 3 μg. Test conditions:
υ = 5 mV·s−1; at a rotation speed of 2500 rpm in a 0.1 M HClO4 solution at 25 ◦C. (b) Mass and (c) ECSA
(electrochemical surface area) normalized exchange current densities [124]. Reprinted with permission
from [124]. Copyright American Chemical Society, 2015.
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In search of new materials for HOR, palladium phosphide electrocatalyst with a small particle
size was synthesized. Its improved stability, in acid medium, and the increased electrocatalytic activity
towards the HOR with respect to commercial Pd/C was obtained [125]. Transition metals alloyed
with phosphorus produced metal-phosphide, resistant to corrosion of the underlying transition metal,
presenting metallic conductivity, or low electrical resistivity as low-band gap semiconductors [126].
Furthermore, they can be synthesized following a variety of routes and presenting high stability in basic
and acidic media in comparison to the unalloyed metals [127–129]. The catalytic activity of transition
metal phosphides and metal-phosphide materials namely, Ni [130–133], Co [134], Mo [135] and W [136]
towards the HER has been studied. From these experiments it has been determined that the HOR
performance of Pd-phosphide is comparable to that of palladium supported on carbon (Figure 19).
The materials show a similar curve for the HOR, although there is a reduction in the limiting current
value for PdP2/C. Materials containing phosphide showed a weak wave before the limiting current
which it is associated with the hydrogen oxidation on the phosphide lattice. This indicates that H2

diffusion could be higher in the particles than in the palladium precursor. However, a faster onset for
the HOR than the Pd/C precursor was visualized on the phosphorus material by dividing the current
density by the corresponding limiting current.

Figure 19. HOR on Pd/C, Pd5P2/C and PdP2/C electrocatalysts in 0.1 M HClO4 at 298 K [125].

Regarding the HOR in alkaline conditions, a pioneering study investigating non-PGM catalysts
for HOR in AEMFCs, was carried out by Lu et al. [137]. In this work, Ni nanoparticles were decorated
with Cr. This system generated an initial maximum power density of ca. 70 mW·cm−2, operating at
60 ◦C. Another recent report has described nickel-based anode catalysts in alkaline media to oxidize
hydrazine [138].

In a recent contribution Ni was combined with Mo and Co in ternary alloys: NiMoCo, which were
tested for HOR in alkaline conditions [119]. This latter showed an improved HOR activity versus Ni
alone; however, the recorded high HOR activity could be sustained only for anodic potentials below of
0.1 V, apparently because of the excessive surface oxidation above this potential. The HOR on both
CoNiMo and Pt increases with applied overpotential below ~0.1 V, Figure 20. While the HOR increases
beyond 0.1 V on Pt, on CoNiMo this reaction decreases certainly due to the passivation of Ni on the
catalyst surface as suggested [119,139].
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Figure 20. Linear scan voltammograms for the HOR on electroplated Ni, NiMo, CoNiMo. Atomic ratios
between Co, Ni and Mo in the plating solution. Reprinted with permission from [119]. Copyright Royal
Society of Chemistry, 2014.

Recent papers have proposed the use of various nanoscale electrocatalysts, such as Ni films
partially covered by a palladium layer which provide one of the most active materials for the
HOR [140]. These Pd/Ni electrodes were synthesized by an electrolytic deposition of palladium
over a polycrystalline Ni surface varying the composition of the surface. The catalytic performance of
the Pd/Ni electrodes towards the HOR was evaluated in alkaline medium, showing an improvement
for this bimetallic catalyst. Limiting currents at 0.55 V in a H2 saturated KOH solution, as well as the
current exchange values are shown in Figure 21. Ni material did not present any catalytic activity in
these conditions; this could be the result of a Ni surface covered with oxygenated species which block
the surface and avoid the hydrogen adsorption. Nevertheless, a minimal palladium amount (0.5%)
deposited onto Ni, activates the compound to perform the HOR. An increase of the coverage up to
17% in palladium shows two interesting phenomena; the kinetic current experiences a pseudo-linear
increase from 1.5% to 17% palladium coverage. Contrary to the kinetic current increase, the onset
potential presents a decrease as a function of the palladium loading. Both parameters did not present
further improvement with a Pd deposition above 17%, Figure 21.

Figure 21. Limiting currents of Pd/Ni at 0.55 V as a function of Pd coverage percentage (Black squares)
in H2 saturated 0.1 M KOH, and comparison with the exchange current density from the Tafel plot
(red dots). Data extracted from [140].

From this study the authors determined that the 17% Pd coverage corresponds to 7 atomic layers
(approximately a thickness of 1.5 nm). It was also determined that Pd/C catalysts, under the same
work conditions conveyed values below 0.1 mA/cm2

Pd at an overvoltage η = 0.05 V with a palladium
loading of 5 μg/cm2 [141], while Pd/Ni with 0.9 μg/cm2 reaches 0.30 mA/cm2

disc and 0.57 mA/cm2
Pd
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at an overvoltage η = 0.05 V [120]. For Ni covered by a high amount of Pd, the exchange current
density value reached a very similar one to that of Pd/C. This value < 0.1 mA/cm2

Pd is the usual value
for palladium in alkaline medium, this was corroborated in a similar study where a gold surface was
covered by palladium [142]. Coming back to the Pd/Ni study, the highest exchange current values
were obtained with a low Pd coverage, even above 1.5% on Ni (Figure 21 (red dots)) [140].

To replace a portion of the expensive platinum metal without compromising the HOR
electroactivity in alkaline medium, the synergistic ligand and strain effects were put into advantage
by alloying Pt NWs (nanowires) to metals such as: Fe, Co, Ru, Cu, Au [143,144]. The synthesis
of such materials was done by a solution-based technique [145]. Pt NWs were synthesized using
a hexachloroplatinic acid hydrate solution combined with cetyltrimethylammonium bromide (CTAB)
in chloroform. Subsequently, water was added to this mixture to be stirred for an additional 30 min at
1600 rpm. After 30 min reaction, a sodium borohydride solution was poured in, as the reducing agent,
and the reduction process was confirmed by a color change from gray to black. The entire mixture
was stirred for an additional 20 min at 1600 rpm, subsequently centrifuged and the supernatant was
discarded. The binary NWs were analogously synthesized using commercial precursor. To generate
a series of PtRu, PtFe, PtCu, PtCo, and PtAu ultrathin nanowires, ruthenium (III) chloride hydrate,
iron(III) nitrate nonahydrate, cupric chloride, cobalt chloride and hydrogen tetrachloroaurate (III)
hydrate were used, respectively. A cleaning protocol was used to electrochemically eliminate the
CTAB surfactant and activate the electrode surfaces [146]. Figure 22a shows the performance of
as-synthesized Pt NWs with that of binary alloy catalysts made of 70 atom % Pt and 30 atom % Fe,
Co, and Ru, respectively. Pt7Ru3 NW catalyst was able to achieve a diffusion-limited current at lower
potentials, indicative of an improved HOR kinetics. Pt alloyed with both Au and Cu (30 at. %) are
depicted in Figure 22b. Specifically, the Pt7Cu3 NW catalyst attain the diffusion-limited current density
at ~0.2 V, whereas the Pt7Au3 NW catalyst only attained this value at ~0.25 V. This observation would
indicate relatively slower HOR kinetics for this particular Pt7Au3 composition, with respect to other
binary catalysts. The experimental HOR exchange current densities obtained at 2500 rpm with respect
to the calculated hydrogen binding energy (HBE) values are found in Figure 22c [147]. Summing up,
the exchange current densities have been used to evaluate catalytic activity, close to the reversible
potential, since this is the potential where HOR is kinetically limited [148].

Figure 22. (a, b) HOR linear sweep voltammograms acquired in a hydrogen-saturated 0.1 M
KOH solution at 1600 rpm (current normalized to the geometric surface area of the electrode).
(c) HOR exchange current densities on the basis of calculated surface hydrogen binding energy (HBE)
values [144]. Reprinted with permission from [144]. Copyright American Chemical Society, 2016.

There is no kinetic data in alkaline medium for rhodium electrodes. In this context, a study with
nanostructured Rh electrodes with application in the HOR was carried out through the evaluation of
the elementary kinetic parameters of the Tafel-Heyrovsky-Volmer (THV) mechanism [149]. By means
of the sputtering of Rh on a glassy carbon substrate an electrode was prepared, this process was carried
out in an inert atmosphere [150]. The analysis of the limiting current at an overpotential of η = 0.3 V as

24



Catalysts 2016, 6, 145

a function of the rotation rate, under the kinetic mechanism of THV, is shown in a Koutecky-Levich
plot, Figure 23. At this overpotential, one can read a kinetic current density of 3.44 mA/cm2.

Figure 23. Koutecky-Levich analysis of the limiting current dependence with the rotation rate under
the kinetic mechanism of Tafel-Heyrovsky-Volmer (THV) in 0.1 M NaOH, 298 K. Data extracted at
η = 0.3 V from [149].

To establish the THV-mechanism, Equations (3), (6) and (7), certain constrains that imply the
Koutecky-Levich expression were considered [151]. We can observe how in the potential range of
interest, the HOR followed preferentially the Tafel-Volmer route [149]. The equilibrium reaction rate
value obtained from the correlated experimental results was j0 = 1.18 × 10−4 A·cm−2, this value was
significantly lower than that obtained for Rh in acid medium (6.77 × 10−4 A·cm−2) [150].

3.2. Oxygen Reduction Reaction—ORR, and Carbon Supports

In addition to the precious metals, required to improve the kinetics of the ORR, the oxygen
reduction reaction is also affected by the ionic species contained in the acid or alkaline media, where
the electrocatalysts are evaluated [152]. The kinetics, and the electroreduction mechanism for oxygen
is carried out through an adsorption of the oxygen molecules on the catalysts surface. This process
can be affected by blocking species composed by the anions of the electrolyte or oxygen containing
molecules (OH-ads). The presence of these species affects the coordination and the adsorption energy
of the molecular oxygen over the catalyst surface, thus influencing negatively the reaction ORR
mechanism [153]. Previous studies demonstrated that this deficiency of the electrochemical exchange is
due to the effect of the blocking species: OH− and anions present in electrolyte solutions. Such chemical
species induce even a higher blocking effect on Pt-based electrocatalysts [154].

Various studies [155,156] have demostrated that the decrease in the ORR activity in sulfuric acid
solutions (H2SO4) is caused by a substantial adsorption of sulfate (SO4

2−) or bisulfate (HSO4
−) onto

the Pt surface which cause an adsorption mixed potential between the anions H2SO4
−/SO4

2− and
the molecular oxygen. Another kind of species which affect the oxygen adsorption onto the catalysts
surface are the phosphate anions (PO4

3−) present in the phosphoric acid solution (H3PO4). Thus, it was
determined that prechloric acid (HClO4) is an ideal electrolytic solution to perform the ORR in acid
medium since the perchlorate anions (ClO4

−) practically do not interfere in the oxygen adsorption
process at the catalysts surface [157].

On the other hand, the ORR kinetics is carried out in a more efficient manner in alkaline medium
than acid medium [158]. This allows the use of catalysts with a lower price than Pt, such as silver,
palladium, copper, nickel, among others [159]. The main technical disadvantages presented by the
ordinary alkaline fuel cells (AFC’s) are the durability of the electrodes, in highly caustic medium,
the adequate water supply, at the electrodes to avoid both the anodic flooding, and the properly

25



Catalysts 2016, 6, 145

cathode drying, and the progressive electrolyte carbonatation, which is caused by the CO2 present in
the atmosphere or produced from the oxidation of the fuel used [160]. The carbonates formation has
a particular importance since these species precipitate over the electrodes, damaging and blocking the
microporous structure of the catalysts and therefore the catalytic active sites reducing progressively the
fuel cell performance [1]. To avoid the aforementioned issues, it was developed AFC’s with flowing
electrolytes streams, compared with the AFC’s systems with stationary flow, these novel fuel cells
present a better performance and lifetime [160–162].

Regarding catalysts supports, for Pt and non-precious metal based catalytic centers,
carbon materials and oxides are most commonly used and investigated materials. Low and high
graphitic carbon are, e.g., carbon black (CB), single-walled or multi-walled carbon nanotube
(CNT), graphene oxide (GO) [55,163–182] and carbon nitride (CN) [183–186] among others.
The semi-conducting oxides, such as TiO2, doped-TiO2 and doped-SnO2, have been reported as
support for catalytic centers [187–193]. The conductivity of oxides can be improved by synthesizing
oxide/carbon composites [194]. The supports of this kind of composite materials are widely used for Pt
or other catalytic centers [194–198]. The utilization of supporting materials can affect the nanoparticle
(NPs) morphology, dispersion, and create a support-metal interaction (SMSI) [199–202]. These facts
can favor the catalytic process, and hence, the support has a great impact on the design of composites
based catalysts, aiming at improving the kinetics and stability for the electrocatalytic processes in low
temperature fuel cells.

TiO2 + 2H2 + 3Pt→TiPt3 + 2H2O (8)

The SMSI effect is directly related with the electrochemical activity of novel electrocatalysts.
This interaction was firstly found in metal NPs supported by oxide [199,200]. Tauster et al.
demonstrated the loss of H2 and CO absorption capacity on TiO2 supported group 8 metals (Ru,
Rh, Pd, Os, Ir and Pt) [200]. This phenomenon revealed the formation of a chemical bond between the
metal and TiO2, cf. Equation (8) [200].

Later, similar effect was discovered in, such as La2O3 [203], and ZrO2 [204] supported noble
metals. In addition to oxides, noble metals supported onto carbon-based materials showed also SMSI,
as revealed by the electron transfer at Pt-C interface [201]. For non-precious metals, it is well known
that Co–N chemical bonds form from cobalt-oxides supported N-doped carbon materials [205–207].
The SMSI effect was also reported in Ni/Al2O3, [208], Ni/HZSM-5 (zeolite) [209] composites.
Recently, Alonso-Vante et al. [195,197,198,210] reported SMSI in Pt and rare earth oxide interface,
in these experimentations different from classical SMSI, the SMSI was identified as structural
surface modification of Pt NPs. Therefore, from this point of view, the SMSI widely exist in
metal-support composites, induced by the surface/structure modification of the catalytic surfaces.
The catalytic performance can thus be improved via tailoring SMSI, via, the use of oxide, oxide-carbon
composites, and highly graphitic carbon supports [163,198,211,212], as revealed through the use of
various analytical tools of data collected from XRD (X-ray diffraction), XPS or/and electrochemical
CO-stripping [163,198,211,212]. A way to probe the SMSI for Pt surface, and structure modification can
be brought into light from XRD data, since the Pt diffraction peak broadening is affected by crystallite
size, micro-strain and stacking fault [211], on the other hand, the Pt XPS spectra may reflect the charge
transfer at the interface, induced by chemical bonding [163]. The SMSI on Pt NPs surface can be probed
further via CO-stripping [213].

3.2.1. Low Graphitic Carbon

With respect to low graphitic carbon materials, commercially available carbon black from Vulcan
or Ketjen is usually applied to support nanoparticles (NPs) [164,214–219]. They were reported as
supports for Pt, alloyed Pt-M (M = 3d transition metals), Pd and alloyed Pd-M NPs. For instance,
commercial Pt NPs supported onto carbon black, have been widely used as a benchmark for
electrocatalytic process in half-cells or fuel cells [195,197,198,220,221]. Pt-M nanoalloys supported by
carbon black were developed to investigate the dealloying effect of M atoms on Pt surface towards ORR
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activity in acid medium [215,219]. Recently, supported by theoretical DFT (density functional theory)
calculation, Chorkendorff’s group reported experimental facts showing that the Pt-RE (RE = rare
earth elements) alloys were the most active and stable Pt-based electrocatalysts for ORR [12,222–224].
Therefore, the synthesis of highly and homogeneously dispersed Pt-RE nanoalloys is an interesting
phenomenon in the domain of energy conversion. However, the synthesis is extremely difficult via
a soft chemical route, since the reduction potential of metallic REs ca. < −2.0 V/RHE [197,198]. This is
the reason why a layer of RE oxides usually cover the surface of the obtained Pt NPs, even after
heat-treatment at 300–900 ◦C [195,197,198,210,225,226]; surprisingly, the ORR activity on RE oxides
modified Pt surface was improved with respect to pure Pt surface. Therefore, it is very interesting to
study the effect of RE oxides on Pt surface towards ORR, using carbon black as supports. As shown
in Figure 24a–d, for Pt-M2O3 (M = Y, Gd and Sm) supported onto carbon black, the particle size and
morphology were almost the same for both Pt and Pt-M2O3 NPs, whereas the ORR, Figure 24e, activity
was enhanced on Pt-M2O3 NPs. Among oxide modified samples, the oxygen reduction activity on
Pt-Y2O3/C overcame that on Pt-Gd2O3/C and Pt-Sm2O3/C samples.

Figure 24. TEM images for (a) Pt/C and (b–d) Pt-M2O3/C (M = Y, Gd and Sm), respectively, and (e) the
rotating disk electrode polarization curves (ORR) in oxygen saturated 0.1M HClO4 at 900 rpm.

As indicated above, cf. Figure 6, different Pd NPs morphologies could be generated by adding
different amounts of carbon support, showing the impact of carbon black support towards the
nucleation of Pd NPs [57]. Moreover, the morphological impact of Pd NPs towards ORR and fuels
(methanol, and formic acid) oxidation were identified [56,57]. In this regard, Co3O4 NPs, with different
morphology deposited onto carbon black, showed different catalytic activity towards ORR [227].
The synthesis of Co3O4 NPs was done in two steps: (1) dissolving Co3+ precursor into a solution of
water and DMF (dimethyformamide); and (2) adding ammonia into the solution to form Co(OH)3

followed by a heat-treatment at 330 ◦C [227]. Adjusting the ratio of water and DFM to 1:0 (Co3O4-10),
3:1 (Co3O4-31), 1:1 (Co3O4-11) and 1:3 (Co3O4-13), a different morphology of Co3O4 NPs was, indeed,
generated, Figure 25a–d [227]. This phenomenon indicates that nucleation of Co(OH)3 onto carbon
support was controlled by the ratio of aqueous and organic solvents during the synthesis [227].
The ORR Tafel plot, Figure 25e further shows the morphological impact of Co3O4 NPs towards
catalytic activity [227].
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Figure 25. The TEM images for (a) Co3O4-10; (b) Co3O4-31; (c) Co3O4-11 and (d) Co3O4-13 supported
by carbon black; (e) Tafel plot for ORR on Co3O4-10, Co3O4-31, Co3O4-11, Co3O4-13 and Pd/C
(20 wt %). Reprinted with permission from [227]. Copyright the Royal Society of Chemistry, 2012.

Concerning the carbon nitride supports, Di Noto et al. [183] described the synthesis of a series
of Pd-based catalysts with a general formula Kn[PdxCoyCzNlHm] and a molar ratio y/x > 1 and
y/x < 1. The most relevant results rely on the ORR activity presented by the Pd-based catalysts with
y/x > 1 annealed at 700 ◦C and 900 ◦C which overpassed the activity presented by a commercial
Pt/C electrocatalyst. With respect to HOR and methanol tolerance no-improvement against Pt/C was
obtained. To explain this ORR catalytic improvement, the authors suggested that a high concentration
of cobalt atoms provokes the Pd-rich domains coalescence improving the mass utilization efficiency of
the active sites. Ongoing with the incorporation of active metals in a carbon nitride matrix, this group
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synthesized two Pd-based electrocatalysts [184]. The materials PdNi-CNh 900 and PdCoAu-CNh
600 were produced by a pyrolysis method. The samples were physical-chemically characterized
and evaluated towards the ORR with and without the presence of methanol and HOR. The main
physical-chemical results revealed the formation of a disordered graphitic carbon nitride domain in
PdNi-CNh 900. On the other hand, PdCoAu-CNh 600 presented a poorer nitrogen atoms incorporation
due to a less graphitic carbon nitride matrix. No enhancement towards in the ORR and the HOR
against the commercial Pt reference was observed. However, both electrocatalysts showed a better
methanol tolerance than commercial Pt. Di Noto el al. [186] also worked in the production of
Pt-based-carbon nitride (CN) core-shell electrocatalysts, and their application as cathodes in a single
fuel cell system. PtNi-CN and PtFe-CN were synthesized via pyrolysis process and decorating a hybrid
organic-inorganic material. In general, both PtNi-CN and PtFe-CN improved the fuel cell performance
in comparison with the commercial Pt assembly. PtNi-CN presented a higher selectivity and a
four-electron pathway to perform the ORR than the PtFe-CN. This enhanced activity was the result of
a higher density of neighboring platinum active sites in the PtNi-CN surface [186].

Continuing in the same context, carbon nanohorns (CNH) is another interesting low
graphitic carbon material, showing horn shape carbon particles self-assembling to a dahlia-like
morphology [228–230]. Our group reported recently N-doped (NCNH) supported CoSe2, Figure 26a,
for ORR in alkaline medium [229]. The ORR activity on CoSe2/NCNH was improved with respect
to CoSe2/CNH, CoSe2/C and NCNH [229]. The XPS results revealed a charge transfer from N atom
to CoSe2 nanocrystals in the CoSe2/NCNH sample [229], thus indicating a support catalyst center
interaction in CoSe2/NCNH, responsible for the ORR kinetics enhancement [229].

Figure 26. (a) TEM image for CoSe2/NCNH sample; (b) Tafel plot for ORR on CoSe2/NCNH,
CoSe2/CNH, CoSe2/C and NCNH. Reprinted with permission from [229]. Copyright John Wiley &
Sons, 2015.

3.2.2. High Graphitic Carbon

High graphitic carbon materials, such as carbon nanotubes (CNT) and graphene oxides (GO) are
widely used as supports for both precious and non-precious catalytic centers [104,171,177,231–241]
The high graphitic carbons are less corrosive than low graphitic carbon as shown in Figure 27a [164].
Taking CNT as an example, the Raman spectra show that the oxidized multi-walled CNT (ox.MWCNT)
has dominant graphitic sp2 domains, as compared to carbon (Vulcan XC-72) which shows highly
disordered sp3 domains, Figure 27b. The surface ratio (ID)/(IG) domain was 2.1 and 1.2 for carbon
Vulcan and ox.MWCNT, respectively.
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Figure 27. (a) The oxidation curves for carbon- and oxide-based supports in 0.1 M HClO4.
Reprinted with permission from [164], Copyright Elsevier, 2015. (b) The Raman spectra for carbon
Vulcan XC-72 and oxidized multi-walled CNT (MWCNT).

When a catalytic center, e.g., Pt, is chemically deposited onto highly graphitic carbon the
interaction takes place with both sp3 and sp2 domains, Figure 28a,b, shows the close Pt particle size
and morphology [201]. However, the surface chemistry is totally different as depicted in Figure 28c.
There is a sole CO-oxidation peak on the Pt/Vulcan sample, whereas there are two peaks on the
Pt/MWCNT-m sample [201]. Based on Raman, XPS and DFT calculation results one can conclude that
the peak I should be related to monoxide carbon oxidation on the platinum surface interacted with
the sp2 domain of the support, and peak II attributed to oxidation on Pt site interacted with the sp3

domain [201]. The ORR stability, Figure 28d,e, in acid medium was improved on CNTs support with
respect to carbon, and attributed to the interaction between Pt NPs and sp2 domains of CNT.

Figure 28. (a) Vulcan carbon XC-72 and (b) homemade MWCNTs (marked as MWCNT-m);
(c) CO-stripping curves for Pt/C and Pt/MWCNT-m; (d) Cyclic voltammograms on Pt/Vulcan and
Pt/MWCNT-m and (e) evolution of Pt active surface during cycling. Reprinted with permission
from [201]. Copyright American Chemical Society, 2013.
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Graphene, a highly graphitic carbon material, has been used for catalytic centers support.
An increased ORR activity of Pt NPs deposited onto N-doped reduced graphene oxide (NRGO)
was reported [242]. In this work, Pt NPs supported by GO, graphite, carbon black (Vulcan XC-72),
reduced graphene oxide (RGO) and NRGO were synthesized and studied for ORR [242]. According to
XPS results, Figure 29a,b, the electron transfer from Pt to N moieties was identified, and responsible
for modifying the electronic state of Pt atoms, supported by DFT calculation [242], and the increased
ORR activity, see Figure 29d. The finger print, onto the various supports, of Pt NPs are contrasted in
Figure 29c.

Figure 29. XPS spectra of (a) Pt 4f and (b) N 1s; (c) cyclic voltammograms and (d) normalized
ORR specific and mass activity for Pt/Vulcan, Pt/graphite, Pt/RGO and Pt/NRGO. Reprinted with
permission from [242]. Copyright the Royal Society of Chemistry, 2015.

The support also interacts with non-precious metal centers. This phenomenon is clearly shown
for CoSe2 in Figure 30a,b, where the ORR activity in alkaline medium was improved when the
chalcogenide was supported on functionalized CNT (f-CNT) as compared to that on carbon black [243].
In acid medium, the f-CNT supported CoSe2 was the most active catalyst for ORR, as compared to
carbon black, TiO2-C composite and NCNH supported CoSe2 [243]. In alkaline medium, however,
CoSe2/NCNH showed the highest ORR activity, followed by CoSe2/f-CNT [243]. One should note
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that the NCNH support was very active towards ORR in alkaline medium [229]. Therefore, it is not
surprising that the oxygen reduction activity was further increased on CoSe2/NCNH.

Figure 30. Tafel plot for ORR on CoSe2/C, CoSe2/TiO2-C, CoSe2/f-CNT and CoSe2/NCNH in (a) acid
and (b) alkaline medium.

An important contribution in the metal-support interaction domain was reported by
Lee et al. [244]. They developed three novel Pd-Pt electrocatalysts supported onto three different
carbon supports, namely, defective graphene nanosheets (GNSs), herringbone graphite nanofibers
(GNFs), and single-walled carbon nanotubes (SWCNTs). The synthesis of the electrocatalyst Pd3Pt1

supported onto such different supports was carried out by chemical reduction of Pd and Pt
precursor deposited on the various carbon supports. Among other characterization techniques,
Raman spectrum was one of the most interesting tools to determine that GNS presented the
highest disordered carbon structure with a D/G ratio of 1.23 over the values of 1.12 and 0.61 for
Pd3Pt/GNF and Pd3Pt/SWCNT, respectively. Pd3Pt/GNS presented the highest activity toward
ORR in acid medium producing the highest percentage of water (70.35%). Because the use of
the same active metal supported onto various carbon supports, the authors attribute the enhanced
performance of Pd3Pt/GNs to a metal-support interaction. Two years later this group reported the
synthesis of a Pd-based electrocatalyst supported onto reduced graphene nanosheets (RGN) which
were produced by an electrostatic method (RGNSECM) but also via a chemical reduction method
(RGNCM) [245]. They deposited cubic Pd nanoparticles (10 nm) onto these two RGN substrates by
an electrostatic deposition process. XPS analysis reveals one of the main characteristics to understand
the metal-support interaction effect; the carbon contents in RGNSECM and RGNCM were 95.9% and
77.2%, respectively. Additionally, the oxygen content for these supports were 4.1% for RGNSECM
and 22.8% for RGNCM. This analysis confirms the higher number of physical defects on RGNSECM
resulting in more oxygen-containing functional groups which improve the supports vacancies to
perform a better oxygen reduction. The electrochemical evaluations carried out in alkaline medium
pointed out a higher mass activity for Pd cubes/RGNSECM but also a best catalytic response in the ORR
overcoming the electrocatalytic response of RGNCM and a commercial Pd/C electrode. Furthermore,
RGNSECM produced the less amount of hydrogen peroxide showing an oxygen reduction tendency of
four-electrons but also a higher stability. These excellent properties of RGNSECM were related to the
substrate defects, which induce a strong binding trap for Pd, a higher charge transfer, and a downshift
in the d-band of the Pd clusters.

3.2.3. Oxide and Oxide-Carbon Composites

Oxides, such as semiconducting TiO2 have been used as support materials for Pt-based catalytic
centers, since much more corrosion-resistant than carbon materials, cf. Figure 27a. To favor the charge
transfer between the oxide support and catalytic center, the conductivity of Titania must be improved
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via doping. Recently, Mo- and Ru-doped TiO2 (Ti0.7M0.3O2, M = Mo and Ru) were reported as support
for Pt NPs [193,246]. In both cases, the enhanced electron transfer between oxide and Pt was identified,
leading to different Pt surface chemistry, catalytic activity and stability [193,246]. As depicted in
Figure 31a, the X-ray absorption spectra show that the white-line intensity in X-ray Absorption Near
Edge Structure (XANES) zone of Pt/Ti0.7M0.3O2 was lower than Pt/C and PtCo/C [193]. In Figure 31b,
the Pt/Ti0.7M0.3O2 sample showed the lowest number of unfilled d-states, followed by PtCo/C, Pt/C
and Pt foil, indicating that the electron transfer is carried out from the support to platinum, known
as SMSI effect, induces the d-band vacancy of platinum. The effect is more significant on Ti0.7M0.3O2

than on Pt. The ORR kinetics, in acid medium, shown in Figure 31c, is enhanced on oxide supported
Pt with respect to Pt/C and PtCo/C. These results show that increased SMSI favors catalytic activity
on Pt surface towards ORR.

Figure 31. (a) X-ray Absorption Near Edge Structure (XANES) spectra of Pt LIII-edge; (b) values
of unfilled d-state and (c) ORR kinetic current before/after stability test for Pt/C, PtCo/C and
Pt/Ti0.7M0.3O2. Reprinted with permission from [193]. Copyright American Chemical Society, 2011.

In addition, oxide-carbon composites are good candidates as catalytic center
supports [194,196–198,210,247]. Our group reported Pt NPs supported by TiO2-C, and Y doped
TiO2-C [194]. It was found that TiO2 became more conducting after doping with Yttrium (Y:TiO2-C).
This material was as conducting as the carbon black, ensuring, in this way, the efficiency of electron
transfer between the catalyst center and the support. The SMSI effect between Pt NPs and support
was improved on photo-deposited Pt NPs onto oxides with respect to Pt/TiO2-C prepared via
a soft chemical route [194]. The SMSI effect can be easily visualized in the CO-stripping process,
see Figure 32a, where one can observe that the photo-deposition (PD) favors the interaction between
Pt and sp2 domain of carbon support, whereas the carbonyl chemical route (CCR) favors the Pt-sp3

interaction. Such an observation demonstrated a random dispersion of Pt NPs via CCR, while PD is
more selective to deposit Pt NPs onto sp2 domains of carbon. On TiO2-C and Y:TiO2-C, cf. Figure 32a,
the Pt NPs interact with the sp2 domain of carbon, and oxide. Concerning the ORR activity, in acid
medium, there was a slight enhancement on Pt/Y:TiO2-C, with respect to platinum samples without
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Y, Figure 32b. The oxygen reduction stability on Pt/Y:TiO2-C, studied via an accelerated stability
test (AST), from 0.6 to 1.0 V/RHE, is close to that of Y-free samples. However, when cycling from
0.6 to 1.2 V/RHE, the stability of Pt NPs was clearly put in evidence on the oxide, Figure 32c–f.
Such an observation indicated that the SMSI of Pt-Y:TiO2 stabilized the Pt NPs on the support.

Figure 32. (a) CO-stripping for Pt/C (CCR), Pt/C (PD), Pt/TiO2 (PD), Pt/TiO2-C (PD) and Pt/Y:TiO2-C
(PD). (b) Tafel plot and (c–f) stability results towards ORR for photo-deposited Pt/C, Pt/TiO2-C and
Pt/Y:TiO2-C. Reprinted with permission from [194]. Copyright Elsevier, 2015.

4. Micro-Fuel Cell Platform

Micro-Laminar Flow Fuel Cells

In the power generation field, as novel energy sources for residential and industrial applications,
fuel cells have become essential devices. The fast advancement in the technology demands
multi-functional, smaller and lighter electronic devices. This has stimulated manufacturers to look for
alternative solutions [248]. Portable electronics, mobile phones, and computing gadgets are among the
largest and fastest growing devices nowadays [249]. The statistics reveal that worldwide the number
of mobile phone users increased from about 500 million in the year 2000 to about 5000 million in
the year 2011 [250]. Recent data show a quasi-exponential growth of these values. The International
Telecommunication Union’s (ITU) latest report estimates that more than 7 billion mobile phone
subscriptions were globally conducted by the end of 2014, with a population penetration rate of
97% [250]. Portable electronics currently rely on batteries as a power source, but the need for constant
replacement and recharging, interrupted operation, disposal issues, and increasing power requirements
has prompted the development of new power sources [251]. Thereby, micro fuel cells have become
promising devices to satisfy the global power requirements [252] thanks to their easy operation,
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competitive efficiency and environmental friendly performance. Even nowadays, the fabrication of
such devices confronts many fabrication challenges, namely, design fabrication, the gas diffusion
layer (GDL), electrocatalysts improvement and the exchange membrane assembly (MEA) [253].
The development of such devices is documented in the reference [254]. A recent modification of
micro fuel cell systems are the silicon-glass-bonding systems by Mex et al. [255]. Silicon-glass-bonding
systems retain the Nafion® membranes disadvantage, methanol crossover, therefore, extra barrier
layers have to be employed. A new thin MEA consisted of sputtered catalysts deposited onto porous
silicon supports, ceramics or foils. One of the main characteristic of those films is the low permeation
rate and chemical and thermal stability.

On the other hand, researchers from the Mechanical Technology Incorporated (MTI) MicroFuel
Cells institute carried out the development of a simple direct methanol fuel cell design that can be
scaled to applications for a wide range of portable devices. This novel device design does not require
the use of pumps and water collectors; these modifications reduce the manufacture cost but also allows
the use of concentrated fuels [256]. On the same line, people from the Lawrence Livermore National
Laboratory developed the prototype of a miniature fuel cell [257]. This device incorporated a thin-film
and a microfluidic fuel processor into a common package. Methanol from replaceable cartridges was
used as fuel, the power generation device provided three times longer operating time than rechargeable
batteries. A design configuration in a planar array [258,259] a “flip-flop” arrangement which allows
a fully continuous electrolyte [259] is shown in Figure 33. The series combination performance of the
two configurations is shown in Figure 34.

Figure 33. Banded and “Flip-flop” planar series interconnections. 1.—Membrane, 2.—Electrode,
3.—Flow Structure, 4.—Fuel, 5.—Oxidant, and 6.—Ion flux. The flip-flop configuration presents
interconnects that avoid the membrane plane crossing, extracted from [258].

Figure 34. Cell voltage, and power density curves of two-cell assembly. Data extracted from [258].

The fabrication and evaluation of silicon wafers miniature fuel cells was reported by Yu et al. [260].
These devices consisted of a MEA between two silicon substrates. The design included feed holes
and fuel distributors (channels in the silicon wafers). Pt/C electrocatalysts were used as electrodes
(Pt loading = 4 mg/cm2). To form the MEA, two electrodes with an area of 5 cm2 were hot-pressed to
a Nafion 112 piece. The results showed that the fuel cell performance was increased as a function of
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the composite thickness (silicon wafer layers). The best performance was presented by the miniature
fuel cell with smaller size channels, these results are presented in Figure 35 [260].

Figure 35. (a) Polarization of cells (A = cell 3, B = cell 2, C = cell 1); and (b) resistance of cells (D = cell 3,
E = cell 2, F = cell 1). The cell temperature was 25 ◦C, dry H2/O2, the gas pressure was 0.10/0.10 MPa
and the gas flow rate of H2/O2 at 50/50 mL/min. Data extracted from [260].

Until 2004, researchers were focused on tailoring, and miniaturizing, polymer exchange membrane
fuel cells—PEM related issues [261]. It was not until 2005 that Choban et al. [262] worked on the first
membraneless micro FC. This novel design eliminates the fuel crossover and cathode flooding issues
presented in fuel cells. In this research, the membraneless micro FC performance was studied in acid,
alkaline and also mixed-reactant media. In this last condition the cathode is in acid medium, while the
anode is in alkaline medium or vice versa. In these flow conditions, the aqueous streams are merged
into a microchannel and they continue flowing in a laminar flow through the channels configuration
(Figure 36a).

Figure 36. (a) Laminar flow fuel cell scheme. (b) Current-potential curves of individual electrode
performances with an oxidant stream of oxygen-saturated. (c) Individual electrode performances
(mixed-media configuration). Fuel: 1.0 M methanol in 1 N KOH; Oxidant: O2-saturated 1 N H2SO4.
Data extracted from [262].
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In this experiment, unsupported Pt/Ru nanoparticles and Pt black were used as anode and
cathode, respectively [262]. The individual electrodes polarization curves in different media are
shown in Figure 36b, the results presented in this work are in agreement with the literature [263,264].
After several days, without operational interruption, any performance drop was appreciated. Also,
any carbonate formation issue was found in this LFFC. In the mixed-reactant mode (anode-alkaline,
cathode-acid), Figure 36c region II, we can observe how at constant cathodic potential the current
potential value increased until the anodic value became the limiting factor.

The limiting behavior of mass-transfer is observed for the oxidation of methanol in these
experimental conditions [265]. A higher overall cell potential, OCP and current density was obtained
for the mixed-reactant configuration than those registered for all acidic and alkaline conditions.

The fuel cell operation in alkaline medium presents positive advantages in the kinetic of the anodic
and cathodic reactions. However, the called “mixed-reactant” conditions allows the opportunity to
increase the maximum OCP achievable in simple alkaline reactant conditions. Additionally, the design
simplicity for this condition allows experiments to be carried out consecutively in a single fuel cell
without modifying the system and changing only the pH of both electrolytic streams [262]. It is well
known that the flow channel configuration [266] can induce the forced water removal inside the
fuel cell [267]. According to this, Hsieh et al. [268] studied the flow fields configuration and effects
under fixed operating conditions. Four flow fields were studied herein; the so-called interdigitated
flow channel presented the most uniform transient current in comparison with the rest of channels
designs: Parallel, mesh and serpentine. Finally, in this study it was developed a correlation of the
water accumulated in the flow channels according to the time [268].

The development of a miniature PEM fuel cell stack with carbon bipolar plates was described
in a previous contribution [269]. In Figure 37 is shown a representation of the PEM fuel cell stack.
The stack is assembled in the following order: end plate, rubber gasket, bipolar end plate, rubber gasket,
MEA, rubber gasket, bipolar plate, rubber gasket and end plate as depicted in the final fuel cell stack
shown also in Figure 37. The way to keep together all those components is using screws which align
the cell components and also allow the compression pressure control.

Figure 37. Three-cell fuel cell stack configuration. Scheme extracted from [270].

In this way, the stack was tested at different temperatures, Figure 38. The current-potential
curves showed how the voltage increased as a function of the temperature increment. The optimal
temperature conditions for this design was 60 to 80 ◦C and employing external hydration, because the
dehydration of the membrane a cell drop performance occurred above 80 ◦C [270].
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Figure 38. Temperature effect on the fuel cell polarization and the power density curves. Data extracted
from [270].

Regarding the methanol crossover issue, and the methanol tolerant electrocatalysts development
for the ORR, Whipple et al. [271], worked on the miniaturization of fuel cells tailoring the design and
simplifying the fuel cell operation, Figure 39.

Figure 39. Scheme of the air-breathing laminar flow fuel cell (LFFC) [271]. Reprinted with permission
from [271], Copyright Elsevier, 2009.

For this experiment two different cathodic streams without methanol and containing the same
amount of methanol at anode were used in the operation of the laminar flow fuel cell. In the same
way, an acid solution (0.5 M sulfuric acid) containing 0.1, 1, 2, 5, 7, 10, or 15 M CH3OH was used as
anolite. Figure 40 shows the individual cathodic and anodic polarization curve. These curves show
the high depolarization of the Pt cathode in the presence of a stream containing methanol, Figure 40a2,
this effect does not affect the same Pt electrode in the free-methanol stream, Figure 40a1. As we
can observe, this depolarization effect does not occur when a RuxSey electrode is used as cathode;
on the contrary, we can observe a slightly enhancement. This result proves that RuxSey electrocatalyst
presents high tolerance to CH3OH and does not present a depolarization effect caused by a mixed
potential as occurs with Pt [82,272–274].

The RuxSey performance increase in presence of methanol can be explained as a result of a change
in the oxygen diffusivity and solubility (Figure 40b2). Itoe et al. [275] showed that these two last
parameters change in function of the CH3OH–H2SO4 concentration ratio. This research group found
that upon addition of CH3OH to 0.5 M H2SO4, the initial oxygen diffusivity jumps by a factor of 2.5 to
3; after this, this value decreases until the initial value.
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Figure 40. Current-potential curves of individual electrode performances for (a) Pt and (b)
RuxSey cathodes working in a stream comprised of (1) 0.5 M H2SO4 and (2) 0.5 M H2SO4 +
the methanol concentration present in the anode [271]. Reprinted with permission from [271],
Copyright Elsevier, 2009.

This study demonstrated that the activity of the ruthenium chalcogenide (RuxSey) cathode
increases in presence of CH3OH concentration by 30 to 60% in the concentration range of 1 to 7 M [271].

The flow fields design of micro PEMFCs was reported by Lu et al. [253]. In this study, the
authors evaluated the effect of different flow field topologies in the μ-PEMFCs performance, Figure 41.
The electrochemical tests were performed at reactant flow rates of 15, 30 and 50 mL·min−1. As a result
of this experiment it was found that the μ-PEMFCs with different flow patterns present a similar
tendency at flow rates of 50 mL·min−1. On the contrary, the μ-PEMFC performance is rapidly
deteriorated at low flow rates, this decrease of performance is caused by the micro channels flooding.
The design with mixed and long multichannel yielded the best performance [253].

Figure 41. Flow design variations (D1–D4) for the μ-PEMFCs (micro proton exchange membrane fuel
cell) reported in [253].
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In Figure 42 we can observe the maximum power density value reached by each flow field
(D1-D4) at a current density value of 175 mA·cm−2. At a flow rate of 15 mL·min−1, the power density
value is in the range from 76 mW·cm−2 to 105 mW·cm−2 (38% discrepancy), 21% for the flow rate of
30 mL·min−1, and finally 13% for the flow rates of 50 mL·min−1.

Figure 42. Power density curves of the different μ-PEMFCs designs with different flow rates at a density
current value of 175 mW·cm−2. Data extracted from [253].

Since we know that cluster-like compounds such as the ruthenium chalcogenide RuxSey presents
a high methanol tolerance, and selectivity to perform the ORR in presence of methanol [82,271–274],
Gago et al. reported on the electrochemical measurements of 20 wt % RuxSey/C as cathode for the
oxygen reduction in the presence of formic acid in a microfluidic formic acid fuel cell (μFAFC) [276].
A commercial Pt/C electrode was used also for comparison purposes. It was found that at formic
acid concentration of 0.5 M, RuxSey/C and Pt/C reached maximum current density values of
11.44 mA·cm−2 and 4.44 mA·cm−2, respectively. Meanwhile the power density values were similar
for both materials, ca. 1.9 mW·cm−2. On the other hand, at a concentration of 5 M formic acid the
power density value for RuxSey outperformed 9 times the power density value obtained by Pt/C,
Figure 43, attesting that the RuxSey electrocatalyst is more suitable than Pt/C to be used as cathode in
a μFAFC [276].

Figure 43. Polarization and power density curves for (a) 30 wt % Pt/C E-TEK and (b) RuxSey/C;
in the μFAFC. 0.1 (circles), 0.5 (squares), 1 (triangles) and 5 M (inverted triangle), T = 25 ◦C,
Flow rate = 1.2 mL·min−1. 20 wt % Pd/C E-TEK was used as anode catalyst [276]. Reprinted with
permission from [276]. Copyright Elsevier, 2011.
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In 2012, Brushett et al. [160] performed a very interesting experiment on the alkaline microfluidic
H2/O2 fuel cells field. They used a micro fuel cell to evaluate the electrochemical activity of
Pt/C-based electrodes in alkaline medium. Their studies demonstrated that the behavior of such
alkaline fuel cells (AFCs) is restricted by carbonated species presented in the electrolyte. These species
affected only the performance of the anode, whereas the cathode performance remains practically
unchanged. The carbonate formation (CO3

2−/HCO3
−) is one of the major technical issues in AFCs,

this species formation reduces the concentration of OH− in the electrolyte, hence it reduces the solution
conductivity and the kinetic of the electrode reaction. One strategy to mitigate the water management
and carbonate issues in alkaline FCs is with a recirculating electrolyte, the flow of the electrolyte
helps the water management and removes carbonates resulting in a carbon dioxide tolerance up to
~100 ppm [160]. In this work, experiments to study the tolerance to CO2 poisoning were performed
as described as follows; in the first condition, CO2 was injected in the anodic side of the μLFFC in
stationary electrolyte conditions (3 M KOH). In order to determine a baseline, the first evaluation
of the cell performance was carried out without the presence of CO2. After this, a flow of 15 sccm
of CO2 was injected to the anode for 10 min meanwhile a nitrogen flow of 15 sccm was flowed in
the cathode. After the gas exposure, the device was electrochemically evaluated to determine any
change in performance. Afterwards, a second CO2 exposure (10 min) followed by the electrochemical
evaluation were performed. Subsequently, a rinse of the chamber was done by flowing KOH solution
(10 min). Finally, the fuel cell was tested in a stationary mode in order to determine the KOH rinse
effect. To perform a second study, the research group followed the same conditions of the first tests but
introducing the CO2 at the anode with a flowing of 3M KOH solution at a continuous flowing rate
(0.3 mL/min) [277].

Figure 44a shows the electrochemical evaluation of the fuel cell operating with a stationary
electrolyte. As a result of the CO2 exposure the fuel cell suffers a power density decrease after the first
exposure stage, and this power density reduction drops even further after the second CO2 exposure.
Nevertheless, the maximum power density value of 103 mW·cm−2 was regained after the KOH rinse,
Figure 44a. The reduction of current density registered was attributed to precipitants which can be
eliminated by the effective KOH rinse. On the other hand, in Figure 44b we can observe the polarization
and power density curves for the flowing electrolyte conditions. From these curves we can observe
how CO2 does not affect the fuel cell performance because any carbonate species formed inside the
fuel cell is immediately flushed. This study confirms that the fuel cell electrodes in flowing electrolyte
conditions are not affected by the CO2 exposure [277].

Figure 44. Anodic-cathodic polarization curves and power density curves for the alkaline microfluidic
H2/O2 fuel cell exposed to CO2 (a) stationary electrolyte, and (b) flowing a KOH solution. In both
studies the H2/O2 flow rate was 50 sccm, the electrodes loading was 2 mg·Pt/C/cm2, and experiments
were performed at room temperature. Data extracted from [277].
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Coming back to the transition metal chalcogenides and the membraneless fuel cells, two novel
catalysts; carbon-supported PtxSy and CoSe2 were tested in a novel μLFFC [278]. A schematic
image of the fabrication and assembly of the micro fuel cell components is shown in the Figure 45,
detailed information about the components and operation can be consulted in reference [278].

Figure 45. Fabrication and operating scheme of the μLFFC (micro-laminar flow fuel cell) [278].
Reprinted with permission from [278]. Copyright Elsevier, 2012.

In this study, the authors reported how such chalcogenide materials can be employed for
developing cheaper, simpler, and smaller micro devices [278]. In Figure 46, we can observe how at a fuel
concentration of 5 M CH3OH the power density curves reached maximum values of 6.5 mW·cm−2 for
Pt, 4 mW·cm−2 for PtxSy and 0.23 mW·cm−2 for CoSe2 when these material were used as cathodes
in the micro fuel cell assembly. Moreover, when the micro fuel cell was operated in mixed-reactant
mode, the maximum value for the Pt power density decreased by 80%; and 35% for PtxSy; nevertheless,
CoSe2 did not present any change in performance [278].

These results suggested further that a μLFFC with selective electrodes can operate in
mixed-reactant mode (one electrolyte + fuel stream). This configuration makes easier the fuel delivery
and the pumping system reducing the manufacturing costs. Additionally, the crossover issue is no
longer a major problem on this kind of micro-devices [278,279].

The use of methanol tolerant electrocatalysts such as PtxTiy and PtxSey in an air-breathing
methanol microfluidic fuel cell was further reported [280]. This study presented the improvement
of a mixed-reactant micro fuel cell (MRFC) performance in comparison to a laminar flow fuel
configuration (LFFC). We can observe that for the LFFC configuration, the anolyte and the catholyte
contain 0.5 M H2SO4, Figure 47a. The 5M CH3OH fuel is contained only in the anodic side. In the
case of MRFC configuration, Figure 47b, the fuel (5M CH3OH) and the supporting electrolyte (0.5 M
H2SO4) are contained in only one reservoir [280].

42



Catalysts 2016, 6, 145

Figure 46. Anodic and cathodic polarization and power density curves of the μLFFCs with (a) Pt;
(b) PtxSy; and (c) CoSe2 cathode catalysts. 5 M CH3OH was used as fuel in the anodic stream
(solid symbols) and in both streams (empty symbols) [278]. Reprinted with permission from [278].
Copyright Elsevier, 2012.

Figure 47. Laminar flow fuel cell configurations; (a) Insolated fuel cell and (b) mixed-reactant fuel
cell [280]. Reprinted with permission from [280]. Copyright the Royal Society of Chemistry, 2014.

43



Catalysts 2016, 6, 145

The individual anodic and cathodic polarizations for the Pt/C, PtxTiy/C and PtxSey/C
electrocatalysts are presented in Figure 48a–c. In the mixed-reactant condition a mixed potential
between the oxygen reduction and the methanol oxidation is formed at the surface of the non-tolerant
cathode. Because an inhibition effect caused by the Ti atoms on the Pt surface, the PtxTiy/C overcame
the potential value obtained for Pt/C [63]. Interestingly, the PtxSey/C presented a similar but enhanced
effect, this electrocatalyst presented a selectivity to reduces de oxygen instead of oxidizing the methanol
contained in the electrolytic solution. Thus, it allows the minimization of the methanol poisoning by
the use of Se coordinated atoms onto the Pt surface [280].

Figure 48. Current-potential polarizations for air-breathing methanol laminar flow fuel cell and
mixed reactant flow cell (LFFC and MRFC, respectively) systems for (a) Pt/C; (b) PtxTiy/C and
(c) PtxSey/C cathode catalysts [280]. Reprinted with permission from [280]. Copyright the Royal
Society of Chemistry, 2014.

Furthermore, recent studies showed that is possible to improve the electrocatalytic activity of
non-precious CoSe2 electrocatalysts evaluated in alkaline medium, with different carbon supports [229].
From this study, it was determined that a CoSe2/NCNH electrocatalyst showed a lower onset
overpotential than CoSe2 supported on carbon, and carbon nanohorns (CoSe2/C and CoSe2/CNH,
respectively). To validate the half-cell results, a self-breathing μLFFC was constructed and the
CoSe2/NCNH was used as a methanol tolerant cathodic electrocatalyst. The highest maximum
power density value of 10.05 mW·cm−2 was achieved with CoSe2/NCNH (5 M methanol as the fuel),
Figure 49. This enhancement presented by CoSe2/NCNH suggests a modification of the CoSe2 active
center by an interaction with the NCNH support [229].

Nanostructured palladium electrocatalysts supported on Vulcan carbon XC-72 were synthesized
via the carbonyl chemical route and studied in micro-laminar flow fuel cells [56]. When these materials
were evaluated to perform the oxidation of organic molecules, they presented a relationship between
the electrocatalysts morphology and their electrochemical activity. A 20 wt % metal loading Pd/C
electrocatalyst was selected to be used as anode in a direct formic acid μLFFC. As we can observe
in Figure 50a, the power density in the direct formic acid μLFFC reached 14.7 mW·cm−2 with
Pd/C-2, while its commercial counterpart Pd/C presented a power density value of 6.01 mW·cm−2.
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The individual polarization curves for the anode and cathode shown in Figure 50b, compares the
performances of the anodes. While the cathodic polarization curves do not present variation.
It turns out that the enhanced μLFFC performance is the result of a better oxidation reaction on
the Pd/C-2 anode.

Figure 49. (a) Anodic and cathodic polarizations; and (b) power density curves of an air-breathing
μLFFC with CoSe2/NCNH, CoSe2/CNH, CoSe2/C, NCNHs and Pt/C as cathodes. A Pt-Ru/C
electrode was used as the anode. A methanol solution 5 M was used as fuel in the alkaline solution [229].
Reprinted with permission from [229]. Copyright John Wiley and Sons, 2012.

Figure 50. Formic Acid μLFFC. (a) cell polarization and power density curves; and (b) Anodic and
cathodic polarization curves [56]. Reprinted with permission from [56]. Copyright Elsevier, 2016.

Pd/C-2 was also selected to perform the methanol oxidation reaction in a direct methanol μLFFC.
Similarly, to the previous formic acid oxidation test, a commercial Pd/C electrode was used as reference
material. From Figure 51a we can observe how the micro fuel cell configuration with Pd/C-2 as anode,
presented a maximum power density value of 1.3 mW·cm−2 whereas the commercial counterpart
reached only 0.45 mW·cm−2. In Figure 51b we can observe that the power density difference is the
result of the anodic polarizations [56].

45



Catalysts 2016, 6, 145

Figure 51. Direct Methanol μLFFC. (a) cell polarization and power density curves; and (b) electrode
polarization curves [56]. Reprinted with permission from [56]. Copyright Elsevier, 2016.

5. Concluding Remarks

An attempt regarding the development of electrocatalytic materials has been outlined in this
review. The activity and stability towards the ORR on Pt and Pd nanoparticles can be attained through
ligand and support effects. The former focuses on synthesis of Pt or Pd nanoalloyed with a transition
metals (ex. Co, Ni, etc.). The latter is tailoring the SMSI phenomenon, to attain the electronic, surface
and structural modification of the catalytic center. The main trend in this direction is the application of
highly graphitic carbon, carbon-oxide composites, and conducting/semiconducting oxide as supports.
In this sense, significant progress in catalytic process on the catalytic center has been so far achieved.
As pointed out herein, low temperature synthetic routes, e.g., carbonyl chemical or photo-deposition,
was successfully employed.

The photo-deposition is particularly interesting for Pt-based NPs anchored onto high graphitic
carbon, semiconducting oxide, and oxide-carbon composites. Strong metal support interaction (SMSI)
between platinum and support could be reinforced, increasing the stability of catalytic center for
ORR process. In addition, by means of Ti, Se or/and Cr as ligands, the tolerance of Pt was enhanced,
favoring their application in a fuel cell using small organics, such as methanol as a fuel. Non-platinum
metal chalcogenides, such as RuxSey and CoSe2, are methanol tolerant electrocatalysts for ORR.
Compared with Pt or Pd-based catalysts, the non-precious metal ones showed less catalytic activity,
but an enhanced tolerance to methanol leading to the use of mixed-reactant systems, since cross-over
effect in direct methanol fuel cell can be reduced, as described through the micro-fuel cells platform.
Pt- or Pd-based electrocatalysts are still the most active materials for the hydrogen oxidation reaction
(HOR). Nevertheless, non-precious metal nanoalloy, such as CoNiMo, was identified as active for
HOR. Research on such kind of electrocatalyst has still a long way to go.

Concerning the oxidation process of organic fuels, e.g., methanol, and formic acid, Pd-based
catalysts showed increased activity with respect to Pt ones. Chalcogenide materials containing Pt and
Pd were measured for ORR and various fuel oxidation in a micro-fluid fuel cell. The non-precious
metal catalysts become more and more attractive. The mechanism for the catalytic activity of such
centers is still to be developed. It seems that the morphological impact plays an important role on the
electrocatalytic activity. Thus, efforts should be further devoted to this issue.
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Enhanced electrocatalysis of the oxygen reduction reaction based on patterning of platinum surfaces with
cyanide. Nat. Chem. 2010, 2, 880–885. [CrossRef] [PubMed]

158. Antolini, E.; Gonzalez, E.R. Alkaline direct alcohol fuel cells. J. Power Sources 2010, 195, 3431–3450. [CrossRef]
159. Blizanac, B.B.; Ross, P.N.; Markovic, N.M. Oxygen electroreduction on Ag(111): The Ph effect.

Electrochim. Acta 2007, 52, 2264–2271. [CrossRef]
160. Cifrain, M.; Kordesch, K.V. Advances, aging mechanism and lifetime in AFCs with circulating electrolytes.

J. Power Sources 2004, 127, 234–242. [CrossRef]
161. Koscher, G.A.; Kordesch, K. Alkaline methanol–air system. J. Sol. State Electrochem. 2003, 7, 632–636.

[CrossRef]
162. Lin, B.Y.S.; Kirk, D.W.; Thorpe, S.J. Performance of alkaline fuel cells: A possible future energy system?

J. Power Sources 2006, 161, 474–483. [CrossRef]
163. Lewera, A.; Timperman, L.; Roguska, A.; Alonso-Vante, N. Metal–support interactions between nanosized

Pt and metal oxides (WO3 and TiO2) studied using X-ray photoelectron spectroscopy. J. Phys. Chem. C 2011,
115, 20153–20159. [CrossRef]

164. Luo, Y.; Alonso-Vante, N. The effect of support on advanced Pt-based cathodes towards the oxygen reduction
reaction. State of the art. Electrochim. Acta 2015, 179, 108–118. [CrossRef]

165. Yang, W.; Wang, X.; Yang, F.; Yang, C.; Yang, X. Carbon nanotubes decorated with Pt nanocubes by
a noncovalent functionalization method and their role in oxygen reduction. Adv. Mater. 2008, 20, 2579–2587.
[CrossRef]

166. Orfanidi, A.; Daletou, M.K.; Neophytides, S.G. Preparation and characterization of Pt on modified multi-wall
carbon nanotubes to be used as electrocatalysts for high temperature fuel cell applications. Appl. Catal.
B: Environ. 2011, 106, 379–389. [CrossRef]

167. Li, W.; Liang, C.; Zhou, W.; Qiu, J.; Zhou, Z.; Sun, G.; Xin, Q. Preparation and characterization of multiwalled
carbon nanotube-supported platinum for cathode catalysts of direct methanol fuel cells. J. Phys. Chem. B
2003, 107, 6292–6299. [CrossRef]

168. Chen, Y.; Wang, J.; Liu, H.; Banis, M.N.; Li, R.; Sun, X.; Sham, T.-K.; Ye, S.; Knights, S. Nitrogen doping
effects on carbon nanotubes and the origin of the enhanced electrocatalytic activity of supported Pt for
proton-exchange membrane fuel cells. J. Phys. Chem. C 2011, 115, 3769–3776. [CrossRef]

169. Wang, S.; Jiang, S.P.; White, T.J.; Guo, J.; Wang, X. Electrocatalytic activity and interconnectivity of Pt
nanoparticles on multiwalled carbon nanotubes for fuel cells. J. Phys. Chem. C 2009, 113, 18935–18945.
[CrossRef]

170. Hijazi, I.; Bourgeteau, T.; Cornut, R.; Morozan, A.; Filoramo, A.; Leroy, J.; Derycke, V.; Jousselme, B.;
Campidelli, S. Carbon nanotube-templated synthesis of covalent porphyrin network for oxygen reduction
reaction. J. Am. Chem. Soc. 2014, 136, 6348–6354. [CrossRef] [PubMed]

171. Hasche, F.; Oezaslan, M.; Strasser, P. Activity, stability and degradation of multi walled carbon nanotube
(MXCNT) supported Pt fuel cell electrocatalysts. PCCP 2010, 12, 15251–15258. [CrossRef] [PubMed]

172. Kongkanand, A.; Vinodgopal, K.; Kuwabata, S.; Kamat, P.V. Highly dispersed Pt catalysts on single-walled
carbon nanotubes and their role in methanol oxidation. J. Phys. Chem. B 2006, 110, 16185–16188. [CrossRef]
[PubMed]

173. Wang, J.J.; Yin, G.P.; Zhang, J.; Wang, Z.B.; Gao, Y.Z. High utilization platinum deposition on single-walled
carbon nanotubes as catalysts for direct methanol fuel cell. Electrochim. Acta 2007, 52, 7042–7050. [CrossRef]

174. Su, L.; Jia, W.; Zhang, L.; Beacham, C.; Zhang, H.; Lei, Y. Facile synthesis of a platinum nanoflower monolayer
on a single-walled carbon nanotube membrane and its application in glucose detection. J. Phys. Chem. C
2010, 114, 18121–18125. [CrossRef]

54



Catalysts 2016, 6, 145

175. Seo, M.H.; Choi, S.M.; Seo, J.K.; Noh, S.H.; Kim, W.B.; Han, B. The graphene-supported palladium
and palladium–yttrium nanoparticles for the oxygen reduction and ethanol oxidation reactions:
Experimental measurement and computational validation. Appl. Catal. B: Environ. 2013, 129, 163–171.
[CrossRef]

176. Rao, C.V.; Reddy, A.L.M.; Ishikawa, Y.; Ajayan, P.M. Synthesis and electrocatalytic oxygen reduction activity
of graphene-supported Pt3Co and Pt3Cr alloy nanoparticles. Carbon 2011, 49, 931–936. [CrossRef]

177. Kou, R.; Shao, Y.; Wang, D.; Engelhard, M.H.; Kwak, J.H.; Wang, J.; Viswanathan, V.V.; Wang, C.; Lin, Y.;
Wang, Y.; et al. Enhanced activity and stability of Pt catalysts on functionalized graphene sheets for
electrocatalytic oxygen reduction. Electrochem. Commun. 2009, 11, 954–957. [CrossRef]

178. Li, Y.; Tang, L.; Li, J. Preparation and electrochemical performance for methanol oxidation of Pt/graphene
nanocomposites. Electrochem. Commun. 2009, 11, 846–849. [CrossRef]

179. Moldovan, M.S.; Bulou, H.; Dappe, Y.J.; Janowska, I.; Bégin, D.; Pham-Huu, C.; Ersen, O. On the evolution of
Pt nanoparticles on few-layer graphene supports in the high-temperature range. J. Phys. Chem. C 2012, 116,
9274–9282. [CrossRef]

180. Shao, Y.; Zhang, S.; Wang, C.; Nie, Z.; Liu, J.; Wang, Y.; Lin, Y. Highly durable graphene nanoplatelets
supported Pt nanocatalysts for oxygen reduction. J. Power Sources 2010, 195, 4600–4605. [CrossRef]

181. 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. [CrossRef] [PubMed]

182. Jin, T.; Guo, S.; Zuo, J.-L.; Sun, S. Synthesis and assembly of Pd nanoparticles on graphene for enhanced
electrooxidation of formic acid. Nanoscale 2013, 5, 160–163. [CrossRef] [PubMed]

183. Di Noto, V.; Negro, E.; Lavina, S.; Gross, S.; Pace, G. Pd-Co carbon-nitride electrocatalysts for polymer
electrolyte fuel cells. Electrochim. Acta 2007, 53, 1604–1617. [CrossRef]

184. Di Noto, V.; Negro, E.; Polizzi, S.; Riello, P.; Atanassov, P. Preparation, characterization and single-cell
performance of a new class of Pd-carbon nitride electrocatalysts for oxygen reduction reaction in PEMFCs.
Appl. Catal. B: Environ. 2012, 111–112, 185–199. [CrossRef]

185. Di Noto, V.; Negro, E.; Polizzi, S.; Vezzù, K.; Toniolo, L.; Cavinato, G. Synthesis, studies and fuel cell
performance of “core–shell” electrocatalysts for oxygen reduction reaction based on a PtNix carbon nitride
“shell” and a pyrolyzed polyketone nanoball “core”. Int. J. Hydrogen Energy 2014, 39, 2812–2827. [CrossRef]

186. Di Noto, V.; Negro, E.; Polizzi, S.; Agresti, F.; Giffin, G.A. Synthesis–structure–morphology interplay of
bimetallic “core–shell” carbon nitride nano-electrocatalysts. ChemSusChem 2012, 5, 2451–2459. [CrossRef]
[PubMed]

187. Datye, A.K.; Kalakkad, D.S.; Yao, M.H.; Smith, D.J. Comparison of metal-support interactions in Pt/TiO2

and Pt/CeO2. J. Catal. 1995, 155, 148–153. [CrossRef]
188. Koudelka, M.; Monnier, A.; Sanchez, J.; Augustynski, J. Correlation between the surface composition of

Pt/TiO2 catalysts and their adsorption behaviour in aqueous solutions. J. Mol. Catal. 1984, 25, 295–305.
[CrossRef]

189. Jiang, D.-e.; Overbury, S.H.; Dai, S. Structures and energetics of Pt clusters on TiO2: Interplay between
metal–metal bonds and metal–oxygen bonds. J. Phys. Chem. C 2012, 116, 21880–21885. [CrossRef]

190. Bauer, A.; Lee, K.; Song, C.; Xie, Y.; Zhang, J.; Hui, R. Pt nanoparticles deposited on TiO2 based nanofibers:
Electrochemical stability and oxygen reduction activity. J. Power Sources 2010, 195, 3105–3110. [CrossRef]

191. Huang, S.-Y.; Ganesan, P.; Popov, B.N. Electrocatalytic activity and stability of niobium-doped titanium
oxide supported platinum catalyst for polymer electrolyte membrane fuel cells. Appl. Catal. B: Environ. 2010,
96, 224–231. [CrossRef]

192. Huang, S.-Y.; Ganesan, P.; Popov, B.N. Titania supported platinum catalyst with high electrocatalytic activity
and stability for polymer electrolyte membrane fuel cell. Appl. Catal. B: Environ. 2011, 102, 71–77. [CrossRef]

193. Ho, V.T.T.; Pan, C.-J.; Rick, J.; Su, W.-N.; Hwang, B.-J. Nanostructured Ti0.7Mo0.3O2 support enhances
electron transfer to Pt: High-performance catalyst for oxygen reduction reaction. J. Am. Chem. Soc. 2011, 133,
11716–11724. [CrossRef] [PubMed]

194. Estudillo-Wong, L.A.; Luo, Y.; Diaz-Real, J.A.; Alonso-Vante, N. Enhanced oxygen reduction reaction stability
on platinum nanoparticles photo-deposited onto oxide-carbon composites. Appl. Catal. B: Environ. 2015, 187,
291–300. [CrossRef]

55



Catalysts 2016, 6, 145

195. Luo, Y.; Calvillo, L.; Daiguebonne, C.; Daletou, M.K.; Granozzi, G.; Alonso-Vante, N. A highly efficient and
stable oxygen reduction reaction on Pt/CeOx/C electrocatalyst obtained via a sacrificial precursor based on
a metal-organic framework. Appl. Catal. B: Environ. 2016, 189, 39–50. [CrossRef]

196. Ruiz Camacho, B.; Morais, C.; Valenzuela, M.A.; Alonso-Vante, N. Enhancing oxygen reduction reaction
activity and stability of platinum via oxide-carbon composites. Catal. Today 2013, 202, 36–43. [CrossRef]

197. Luo, Y.; Habrioux, A.; Calvillo, L.; Granozzi, G.; Alonso-Vante, N. Thermally induced strains on the catalytic
activity and stability of Pt–M2O3/C (M = Y or Gd) catalysts towards oxygen reduction reaction. ChemCatChem
2015, 7, 1573–1582. [CrossRef]

198. Luo, Y.; Habrioux, A.; Calvillo, L.; Granozzi, G.; Alonso-Vante, N. Yttrium oxide/gadolinium oxide-modified
platinum nanoparticles as cathodes for the oxygen reduction reaction. ChemPhysChem 2014, 15, 2136–2144.
[CrossRef] [PubMed]

199. Tauster, S.J. Strong metal-support interactions. Acc. Chem. Res. 1987, 20, 389–394. [CrossRef]
200. Tauster, S.J.; Fung, S.C.; Garten, R.L. Strong metal-support interactions. Group 8 noble metals supported on

titanium dioxide. J. Am. Chem. Soc. 1978, 100, 170–175. [CrossRef]
201. Ma, J.; Habrioux, A.; Morais, C.; Lewera, A.; Vogel, W.; Verde-Gómez, Y.; Ramos-Sanchez, G.; Balbuena, P.B.;

Alonso-Vante, N. Spectroelectrochemical probing of the strong interaction between platinum nanoparticles
and graphitic domains of carbon. ACS Catal. 2013, 3, 1940–1950. [CrossRef]

202. Ma, J.; Habrioux, A.; Pisarek, M.; Lewera, A.; Alonso-Vante, N. Induced electronic modification of Pt
nanoparticles deposited onto graphitic domains of carbon materials by uv irradiation. Electrochem. Commun.
2013, 29, 12–16. [CrossRef]

203. Fleisch, T.H.; Hicks, R.F.; Bell, A.T. An XPS study of metal-support interactions on PdSiO2 and PdLa2O3.
J. Catal. 1984, 87, 398–413. [CrossRef]

204. Dall’Agnol, C.; Gervasini, A.; Morazzoni, F.; Pinna, F.; Strukul, G.; Zanderighi, L. Hydrogenation of carbon
monoxide: Evidence of a strong metal-support interaction in RhZrO2 catalysts. J. Catal. 1985, 96, 106–114.
[CrossRef]

205. Wu, G.; Zelenay, P. Nanostructured nonprecious metal catalysts for oxygen reduction reaction.
Acc. Chem. Res. 2013, 46, 1878–1889. [CrossRef] [PubMed]

206. Wu, G.; Mack, N.H.; Gao, W.; Ma, S.; Zhong, R.; Han, J.; Baldwin, J.K.; Zelenay, P. Nitrogen-doped
graphene-rich catalysts derived from heteroatom polymers for oxygen reduction in nonaqueous lithium–O2

battery cathodes. ACS Nano 2012, 6, 9764–9776. [CrossRef] [PubMed]
207. 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. [CrossRef] [PubMed]
208. Fu, T.; Wang, M.; Cai, W.; Cui, Y.; Gao, F.; Peng, L.; Chen, W.; Ding, W. Acid-resistant catalysis without use of

noble metals: Carbon nitride with underlying nickel. ACS Catal. 2014, 4, 2536–2543. [CrossRef]
209. Jiang, T.; Zhang, Q.; Wang, T.-J.; Zhang, Q.; Ma, L.-L. High yield of pentane production by aqueous-phase

reforming of xylitol over Ni/HZSM-5 and Ni/MCM22 catalysts. Energy Convers. Manag. 2012, 59, 58–65.
[CrossRef]

210. Luo, Y.; Estudillo-Wong, L.A.; Alonso-Vante, N. Carbon supported Pt-Y2O3 and Pt-Gd2O3 nanoparticles
prepared via carbonyl chemical route towards oxygen reduction reaction: Kinetics and stability. Int. J.
Hydrogen Energy 2016, in press. [CrossRef]

211. Vogel, W.; Timperman, L.; Alonso-Vante, N. Probing metal substrate interaction of Pt nanoparticles: Structural
XRD analysis and oxygen reduction reaction. Appl. Catal. A 2010, 377, 167–173. [CrossRef]

212. Ma, J.; Habrioux, A.; Gago, A.; Alonso-Vante, N. Towards understanding the essential role played by the
platinum-support interaction on electrocatalytic activity. ECS Trans. 2013, 45, 25–33. [CrossRef]

213. Ma, J.; Habrioux, A.; Guignard, N.; Alonso-Vante, N. Functionalizing effect of increasingly graphitic carbon
supports on carbon-supported and TiO2–carbon composite-supported Pt nanoparticles. J. Phys. Chem. C
2012, 116, 21788–21794. [CrossRef]

214. Matter, P.H.; Zhang, L.; Ozkan, U.S. The role of nanostructure in nitrogen-containing carbon catalysts for the
oxygen reduction reaction. J. Catal. 2006, 239, 83–96. [CrossRef]

215. Wang, D.; Xin, H.L.; Hovden, R.; Wang, H.; Yu, Y.; Muller, D.A.; DiSalvo, F.J.; Abruña, H.D.
Structurally ordered intermetallic platinum–cobalt core–shell nanoparticles with enhanced activity and
stability as oxygen reduction electrocatalysts. Nat. Mater. 2013, 12, 81–87. [CrossRef] [PubMed]

56



Catalysts 2016, 6, 145

216. Wang, D.; Xin, H.L.; Wang, H.; Yu, Y.; Rus, E.; Muller, D.A.; DiSalvo, F.J.; Abruña, H.D. Facile synthesis of
carbon-supported Pd–Co core–shell nanoparticles as oxygen reduction electrocatalysts and their enhanced
activity and stability with monolayer pt decoration. Chem. Mater. 2012, 24, 2274–2281. [CrossRef]

217. Wang, D.; Xin, H.L.; Yu, Y.; Wang, H.; Rus, E.; Muller, D.A.; Abruña, H.D. Pt-decorated PdCo@Pd/C
core–shell nanoparticles with enhanced stability and electrocatalytic activity for the oxygen reduction
reaction. J. Am. Chem. Soc. 2010, 132, 17664–17666. [CrossRef] [PubMed]

218. Lee, J.-S.; Park, G.S.; Lee, H.I.; Kim, S.T.; Cao, R.; Liu, M.; Cho, J. Ketjenblack carbon supported amorphous
manganese oxides nanowires as highly efficient electrocatalyst for oxygen reduction reaction in alkaline
solutions. Nano Lett. 2011, 11, 5362–5366. [CrossRef] [PubMed]

219. Cui, C.; Gan, L.; Heggen, M.; Rudi, S.; Strasser, P. Compositional segregation in shaped Pt alloy nanoparticles
and their structural behaviour during electrocatalysis. Nat. Mater. 2013, 12, 765–771. [CrossRef] [PubMed]

220. Chhina, H.; Campbell, S.; Kesler, O. An oxidation-resistant indium tin oxide catalyst support for proton
exchange membrane fuel cells. J. Power Sources 2006, 161, 893–900. [CrossRef]

221. Millington, B.; Whipple, V.; Pollet, B.G. A novel method for preparing proton exchange membrane fuel cell
electrodes by the ultrasonic-spray technique. J. Power Sources 2011, 196, 8500–8508. [CrossRef]

222. Malacrida, P.; Escudero-Escribano, M.; Verdaguer-Casadevall, A.; Stephens, I.E.L.; Chorkendorff, I.
Enhanced activity and stability of Pt-La and Pt-Ce alloys for oxygen electroreduction: The elucidation
of the active surface phase. J. Mater. Chem. A 2014, 2, 4234–4243. [CrossRef]

223. Escudero-Escribano, M.; Verdaguer-Casadevall, A.; Malacrida, P.; Grønbjerg, U.; Knudsen, B.P.; Jepsen, A.K.;
Rossmeisl, J.; Stephens, I.E.L.; Chorkendorff, I. Pt5Gd as a highly active and stable catalyst for oxygen
electroreduction. J. Am. Chem. Soc. 2012, 134, 16476–16479. [CrossRef] [PubMed]

224. Hernandez-Fernandez, P.; Masini, F.; McCarthy, D.N.; Strebel, C.E.; Friebel, D.; Deiana, D.; Malacrida, P.;
Nierhoff, A.; Bodin, A.; Wise, A.M.; et al. Mass-selected nanoparticles of PtxY as model catalysts for oxygen
electroreduction. Nat. Chem. 2014, 6, 732–738. [CrossRef] [PubMed]

225. Jeon, M.K.; McGinn, P.J. Carbon supported Pt–Y electrocatalysts for the oxygen reduction reaction.
J. Power Sources 2011, 196, 1127–1131. [CrossRef]

226. Nishanth, K.G.; Sridhar, P.; Pitchumani, S. Enhanced oxygen reduction reaction activity through spillover
effect by Pt–Y(OH)3/C catalyst in direct methanol fuel cells. Electrochem. Commun. 2011, 13, 1465–1468.
[CrossRef]

227. Xu, J.; Gao, P.; Zhao, T.S. Non-precious Co3O4 nano-rod electrocatalyst for oxygen reduction reaction in
anion-exchange membrane fuel cells. Energy Environ. Sci. 2012, 5, 5333–5339. [CrossRef]

228. Unni, S.M.; Mora-Hernandez, J.M.; Kurungot, S.; Alonso-Vante, N. CoSe2 supported on nitrogen-doped
carbon nanohorns as a methanol-tolerant cathode for air-breathing microlaminar flow fuel cells.
ChemElectroChem 2015, 2, 1339–1345. [CrossRef]

229. Zhu, S.; Xu, G. Single-walled carbon nanohorns and their applications. Nanoscale 2010, 2, 2538–2549.
[CrossRef] [PubMed]

230. Kasuya, D.; Yudasaka, M.; Takahashi, K.; Kokai, F.; Iijima, S. Selective production of single-wall carbon
nanohorn aggregates and their formation mechanism. J. Phys. Chem. B 2002, 106, 4947–4951. [CrossRef]

231. Guo, D.-J.; Jing, Z.-H. A novel co-precipitation method for preparation of Pt-CeO2 composites on
multi-walled carbon nanotubes for direct methanol fuel cells. J. Power Sources 2010, 195, 3802–3805. [CrossRef]

232. Wang, X.; Li, W.; Chen, Z.; Waje, M.; Yan, Y. Durability investigation of carbon nanotube as catalyst support
for proton exchange membrane fuel cell. J. Power Sources 2006, 158, 154–159. [CrossRef]

233. Wu, G.; More, K.L.; Xu, P.; Wang, H.-L.; Ferrandon, M.; Kropf, A.J.; Myers, D.J.; Ma, S.; Johnston, C.M.;
Zelenay, P. A carbon-nanotube-supported graphene-rich non-precious metal oxygen reduction catalyst with
enhanced performance durability. Chem. Commun. 2013, 49, 3291–3293. [CrossRef] [PubMed]

234. Jaouen, F.; 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. [CrossRef]

235. Li, Q.; Xu, P.; Gao, W.; Ma, S.; Zhang, G.; Cao, R.; Cho, J.; Wang, H.-L.; Wu, G. Graphene/graphene-tube
nanocomposites templated from cage-containing metal-organic frameworks for oxygen reduction in Li–O2

batteries. Adv. Mater. 2014, 26, 1378–1386. [CrossRef] [PubMed]

57



Catalysts 2016, 6, 145

236. Estudillo-Wong, L.A.; Vargas-Gómez, A.M.; Arce-Estrada, E.M.; Manzo-Robledo, A. TiO2/C composite
as a support for Pd-nanoparticles toward the electrocatalytic oxidation of methanol in alkaline media.
Electrochim. Acta 2013, 112, 164–170. [CrossRef]

237. Xiong, L.; Manthiram, A. Synthesis and characterization of methanol tolerant Pt/TiOx/C nanocomposites
for oxygen reduction in direct methanol fuel cells. Electrochim. Acta 2004, 49, 4163–4170. [CrossRef]

238. Andrew Lin, K.-Y.; Hsu, F.-K.; Lee, W.-D. Magnetic cobalt-graphene nanocomposite derived from
self-assembly of MOFs with graphene oxide as an activator for peroxymonosulfate. J. Mater. Chem. A
2015, 3, 9480–9490. [CrossRef]

239. Guo, D.-J.; Cui, S.-K.; Sun, H. Preparation of Pt–CeO2/MWNT nano-composites by reverse micellar method
for methanol oxidation. J. Nanoparticle Res. 2009, 11, 707–712. [CrossRef]

240. Von Kraemer, S.; Wikander, K.; Lindbergh, G.; Lundblad, A.; Palmqvist, A.E.C. Evaluation of TiO2 as catalyst
support in Pt-TiO2/C composite cathodes for the proton exchange membrane fuel cell. J. Power Sources 2008,
180, 185–190. [CrossRef]

241. Sun, Z.; Wang, X.; Liu, Z.; Zhang, H.; Yu, P.; Mao, L. Pt–Ru/CeO2/carbon nanotube nanocomposites:
An efficient electrocatalyst for direct methanol fuel cells. Langmuir 2010, 26, 12383–12389. [CrossRef]
[PubMed]

242. Ma, J.; Habrioux, A.; Luo, Y.; Ramos-Sanchez, G.; Calvillo, L.; Granozzi, G.; Balbuena, P.B.; Alonso-Vante, N.
Electronic interaction between platinum nanoparticles and nitrogen-doped reduced graphene oxide: Effect
on the oxygen reduction reaction. J. Mater. Chem. A 2015, 3, 11891–11904. [CrossRef]

243. Sreekuttan, M.U.; Campos-Roldan, C.A.; Mora-Hernandez, J.M.; Luo, Y.; Estudillo-Wong, L.A.;
Alonso-Vante, N. The effect of carbon-based substrates onto non-precious and precious electrocatalytic
centers. ECS Trans. 2015, 69, 35–42. [CrossRef]

244. Lee, C.-L.; Huang, C.-H.; Huang, K.-L.; Tsai, Y.-L.; Yang, C.-C. A comparison of three carbon nanoforms as
catalyst supports for the oxygen reduction reaction. Carbon 2013, 60, 392–400. [CrossRef]

245. Liu, Z.-T.; Huang, K.-L.; Wu, Y.-S.; Lyu, Y.-P.; Lee, C.-L. A comparison of physically and chemically defective
graphene nanosheets as catalyst supports for cubic Pd nanoparticles in an alkaline oxygen reduction reaction.
Electrochim. Acta 2015, 186, 552–561. [CrossRef]

246. Thanh Ho, V.T.; Pillai, K.C.; Chou, H.-L.; Pan, C.-J.; Rick, J.; Su, W.-N.; Hwang, B.-J.; Lee, J.-F.; Sheu, H.-S.;
Chuang, W.-T. Robust non-carbon Ti0.7Ru0.3O2 support with co-catalytic functionality for Pt: Enhances
catalytic activity and durability for fuel cells. Energy Environ. Sci. 2011, 4, 4194–4200. [CrossRef]

247. Timperman, L.; Alonso-Vante, N. Oxide substrate effect toward electrocatalytic enhancement of platinum
and ruthenium–selenium catalysts. Electrocatalysis 2011, 2, 181–191. [CrossRef]

248. Scotti, G.; Kanninen, P.; Matilainen, V.-P.; Salminen, A.; Kallio, T. Stainless steel micro fuel cells with enclosed
channels by laser additive manufacturing. Energy 2016, 106, 475–481. [CrossRef]

249. Wang, R.; Xu, Z. Recycling of non-metallic fractions from waste electrical and electronic equipment (WEEE):
A review. Waste Manag. 2014, 34, 1455–1469. [CrossRef] [PubMed]

250. Cadena, L.E.S.; Arroyo, Z.G.; Lara, M.A.G.; Quiroz, Q.D. Cell-phone recycling by solvolysis for recovery of
metals. J. Mater. Sci. Chem. Eng. 2015, 3, 52–57. [CrossRef]

251. Xiao, Z.; Feng, C.; Chan, P.C.H.; Hsing, I.M. Monolithically integrated planar microfuel cell arrays.
Sensors Actuators B: Chem. 2008, 132, 576–586. [CrossRef]

252. Cha, S.-W.; O’Hayre, R.; Lee, S.J.; Saito, Y.; Prinz, F.B. Geometric scale effect of flow channels on performance
of fuel cells. J. Electrochem. Soc. 2004, 151, A1856–A1864. [CrossRef]

253. Lu, Y.; Reddy, R.G. Performance of micro-PEM fuel cells with different flow fields. J. Power Sources 2010, 195,
503–508. [CrossRef]

254. Hockaday, R.; Navas, C. Micro-fuel cells TM for portable electronics. Fuel Cells Bull. 1999, 2, 9–12. [CrossRef]
255. Mex, L.; Ponath, N.; Müller, J. Miniaturized fuel cells based on microsystem technologies. Fuel Cells Bull.

2001, 4, 9–12. [CrossRef]
256. Breakthrough in micro fuel cell design, architecture. Fuel Cells Bull. 2002, 1. Available online:

http://thirdworld.nl/breakthrough-in-micro-fuel-cell-design-architecture (accessed on 15 September 2016).
257. Micro fuel cell developed at llnl. Fuel Cells Bull. 2002, 4. Available online: http://thirdworld.nl/

breakthrough-in-micro-fuel-cell-design-architecture (accessed on 15 September 2016).
258. Lee, S.J.; Chang-Chien, A.; Cha, S.W.; O’Hayre, R.; Park, Y.I.; Saito, Y.; Prinz, F.B. Design and fabrication of

a micro fuel cell array with “flip-flop” interconnection. J. Power Sources 2002, 112, 410–418. [CrossRef]

58



Catalysts 2016, 6, 145

259. Blum, A.; Duvdevani, T.; Philosoph, M.; Rudoy, N.; Peled, E. Water-neutral micro direct-methanol fuel cell
(DMFC) for portable applications. J. Power Sources 2003, 117, 22–25. [CrossRef]

260. Yu, J.; Cheng, P.; Ma, Z.; Yi, B. Fabrication of miniature silicon wafer fuel cells with improved performance.
J. Power Sources 2003, 124, 40–46. [CrossRef]

261. Choban, E.R.; Markoski, L.J.; Wieckowski, A.; Kenis, P.J.A. Microfluidic fuel cell based on laminar flow.
J. Power Sources 2004, 128, 54–60. [CrossRef]

262. Choban, E.R.; Spendelow, J.S.; Gancs, L.; Wieckowski, A.; Kenis, P.J.A. Membraneless laminar flow-based
micro fuel cells operating in alkaline, acidic, and acidic/alkaline media. Electrochim. Acta 2005, 50, 5390–5398.
[CrossRef]

263. McLean, G.F.; Niet, T.; Prince-Richard, S.; Djilali, N. An assessment of alkaline fuel cell technology. Int. J.
Hydrogen Energy 2002, 27, 507–526. [CrossRef]
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Abstract: Platinum-based materials are accepted as the suitable electrocatalysts for anodes and
cathodes in direct methanol fuel cells (DMFCs). Nonetheless, the increased demand and scarce
world reserves of Pt, as well as some technical problems associated with its use, have motivated a
wide research focused to design Pd-based catalysts, considering the similar properties between this
metal and Pt. In this review, we present the most recent advancements about Pd-based catalysts,
considering Pd, Pd alloys with different transition metals and non-carbon supported nanoparticles, as
possible electrodes in DMFCs. In the case of the anode, different reported works have highlighted the
capacity of these new materials for overcoming the CO poisoning and promote the oxidation of other
intermediates generated during the methanol oxidation. Regarding the cathode, the studies have
showed more positive onset potentials, as fundamental parameter for determining the mechanism
of the oxygen reduction reaction (ORR) and thus, making them able for achieving high efficiencies,
with less production of hydrogen peroxide as collateral product. This revision suggests that it is
possible to replace the conventional Pt catalysts by Pd-based materials, although several efforts must
be made in order to improve their performance in DMFCs.

Keywords: palladium catalysts; direct methanol fuel cells; methanol oxidation; oxygen reduction;
non-Pt content

1. Introduction

Direct methanol fuel cells (DMFCs) are alternative energy sources being employed in portable and
electronic devices, considering the evident increase of energy price during the last years. Methanol is
the fuel used in these devices, which has been recognized due to its high energy density and its easy
handling [1]. Therefore, many research articles have been devoted to the study of them, in order to
promote their entrance into the market. However, the high price of DMFCs is the main factor avoiding
its commercialization, in spite of the progress in prototypes and mass production design, which does
not have a direct relationship with the materials costs [2]. The high cost of these devices comes from the
use of platinum and platinum alloys for methanol oxidation and oxygen reduction, the electrochemical
reactions performed on anode and cathode, respectively. Some possible alternatives focused in the
use of low platinum contents have been studied [3], particularly in the case of the cathode, suggesting
materials including heat treated transition metals macrocycles [4,5], ruthenium chalcogenides [6,7] and
palladium alloys [7,8]. Particularly, replacement of platinum and its alloys in the anode require more
investigation, being the best solution the use of non-platinum catalysts in alkaline electrolytes [9,10].
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Within this context, palladium has been suggested for substituting the platinum in anodes and
cathodes of DMFCs because of the similarities between these metals, as well as the major abundance
and low cost of Pd [11]. Mining sources of palladium are more abundant than those for Pt, a fact
that makes Pd cheaper ($654.1 per oz.) than Pt ($1796.9 per oz.) [12]. Furthermore, in the case of the
anode, palladium has displayed high tolerance towards CO poisoning [13] and high catalytic activity
for alcohols oxidation in alkaline medium [12,14,15]. Regarding the cathode, Pd-based catalysts have
also arisen as an alternative to perform the oxygen reduction reaction (ORR), especially if this metal is
combined with other transition metals, which induce changes in the Pd electronic structure, and thus,
increasing its activity [16].

In this work, a review of the progress of Pd-based catalysts for both anodes and cathodes in DMFCs
is presented, considering two categories: carbon-supported and non-carbon-supported catalysts.
The effect of second metals and novel supports in the catalytic activity is discussed, in order to explain
why these Pd catalysts could be suggested as electrodes for direct methanol fuel cells.

2. Methanol Oxidation on Pd-Based Catalysts

2.1. Carbon-Supported Pd-Alloys

The role of carbon materials as support for catalysts in all the categories of polymer electrolyte
membrane fuel cells is well known, and is related with different factors: (1) enhancement of high
electroactive area, caused by a better dispersion of nanoparticles [17]; (2) improved electroactive species
diffusion through the porous structure of carbon support [17]; and (3) promotion of the electronic
transfer, either for the presence of surface functional groups or the decrease in Fermi level of the
catalysts [18]. Therefore, a way for increasing the activity of catalysts is upgrading the electrical
and morphological properties of carbon supports, a fact applied for both Pt-based and non Pt-based
electrocatalysts. In this sense, graphene has been suggested as a good alternative to support Pd
nanoparticles in order to improve the performance of anodic catalysts during the methanol oxidation
reaction (MOR). Zhang and co-workers have found enhanced electrocatalytic activity for methanol
oxidation when these kinds of materials are employed as anode catalysts, which was attributed
to the large electrochemically active surface area (ECSA) generated by the large amount of active
edge sites present in the graphene. These sites are able to anchor the Pd nanoparticles and modify
the electronic properties of them, obtaining high currents in the forward scan and thus improved
efficiency toward the production of CO2 as principal product during the methanol oxidation [19]. In
other work [20], the synthesis of ultrafine Pd nanoparticles (NPs) supported on N- and S-modified
graphenes was reported. In this case, the effects caused by the high surface area of graphene were
represented in the increased electrocatalytic performance during the methanol electro-oxidation, as well
as the catalytic stability in comparison with the corrosion resistance displayed by Pd nanoparticles
supported on both, undoped graphene and Vulcan XC-72R carbon black. Another example of the
remarkable benefits in the catalytic activity caused by graphenes can be seen in a recent work reported
by Zhang et al. [21], which prepared hybrid composites between graphitic carbon nitride and reduced
graphene oxides as support for Pd nanostructures. These materials displayed high forward peak
current densities, which were explained from: (1) the large ECSA; (2) the presence of planar groups
that modified interactions between the support and the nanoparticles; and (3) the long-term stability of
the composites. In fact, the current densities overcame those observed for Pd nanoparticles supported
on reduced graphenes and a commercial Pd catalyst supported on activated carbon. Table 1 displayed
some electrochemical parameters determined for catalysts supported on graphenes.
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Table 1. Electrochemical properties of Pd catalysts supported on graphenes, doped graphenes, RGO,
reduced graphene oxide.

Catalyst
Electrochemical Parameter

ReferenceOnset Potential
(V vs. RHE)

Anodic Peak Potential
(V vs. RHE)

Anodic Peak Current
(mA mg−1 Pd)

Pd/CNNF-G 0.420 0.800 1780

[19]

Pd/C3N4-RGO 0.450 0.800 1550
Pd/RGO 0.570 0.810 860
Pd/CNT 0.570 0.850 700
Pd/AC 0.580 0.870 550

Pd/C3N4 0.780 0.870 80

Catalyst
Onset Potential

(V vs. RHE)
Anodic Peak Potential

(V vs. Hg/HgO)
Anodic Peak Current

(mA cm−2)
Reference

Pd/NS-G 0.472 0.880 12.5
[20]Pd/G 0.600 0.880 7

Pd/C 0.520 0.890 5.6

Generally, Pd-based catalysts are supported on carbon blacks, bearing in mind its high
conductivity and low cost. An example of these catalysts are the Pd-M alloys (M = Ag, Ni, Rh,
and Au), which have displayed different activities towards the methanol oxidation. Incorporation
of Ag into the crystalline structure of Pd is one of the most studied non-Pt alloys, because of its high
performance. Yin et al. [22] reported upper activities for Pd-Ag catalysts supported on Vulcan XC-72
carbon black, especially at Pd:Ag atomic ratios close to 65:35 and 46:54. In other work, Wang et al. [23]
supported Pd-Ag nanoparticles on carbon blacks, varying the Ag content and finding the Pd:Ag 1:1
atomic ratio as the most efficient composition in terms of electrocatalytic activity in alkaline medium.
Ag induced a decrease in the methanol oxidation onset potential (0.436 V vs. RHE), in comparison with
that observed for a Pd/C catalyst (0.536 V vs. RHE). Furthermore, the authors reported that addition
of Ag promoted the easy removal of COads, increasing the number of active sites able to adsorb and
oxidize methanol. The causes associated with the activity enhancement by Ag presence in the alloy
were explained from a displacement in the d-band center of Pd, affecting the electronic properties of
this metal and the activation of water at lower potentials in comparison with those required for Pd,
which participates in the oxidation of COads. Although the authors demonstrated that presence of Ag
in these carbon black-supported materials is profitable for the activity of Pd, the major increase in the
activity of this noble metal was achieved for the Pd-Ag alloy supported on carbon nanotubes (CNTs).
They demonstrated that catalysts supported on CNTs possessed bigger electroactive surface and better
catalytic activity than Pd-Ag/C Vulcan XC-72R, possibly because of high specific surface area and
big pore volume of CNTs. The Pd-Ag/CNTs exhibited more remarkable current densities during the
electrochemical oxidation of methanol than Vulcan XC-72R-supported catalysts. Reduced graphene
oxides have also been used as supports for Pd-Ag nanoparticles, displaying good performances,
particularly for the oxidation of the intermediates generated during the MOR. It is well known that
the novel properties of graphenes are principally related with the elevated conductivity caused by
its graphite plane structure [24]. A work reported by Li and co-workers [25] showed an improved
oxidation of intermediates on Pd-Ag/ reduced graphene oxide (RGO), by means of the oxidation peaks
generated during the forward (If) and reverse scans (Ib), which appeared in the methanol oxidation
cyclic voltammetries. The oxidation of these chemisorbed intermediates was efficiently performed
in the backward scan, as they are not totally oxidized during the forward scan. The highest ratio
between these forward and backward currents was displayed by the catalyst Pd-Ag (1:1.5)/RGO,
indicating a high conversion of methanol to CO2 with a low production of intermediates. However,
the authors considered Pd-Ag (1:1)/RGO as the best catalyst, because of the highest current densities
displayed during the methanol oxidation. As mentioned above, the improved performance of these
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graphene-supported materials was attributed to the presence of Ag and its synergistic effect with Pd
for methanol electro-oxidation. In general, the role of Ag, with independence of the employed carbon
support, is related to its oxophilic character, which promotes the OHads adsorption, making easy the
methanol dehydrogenation and COads oxidation steps.

CH3OH � CH3OHads (1)

CH3OHads → COad+4H++4e− (2)

H2O → OHad+H++e− (3)

COad+OHad → CO2+H++e− (4)

In this mechanism, after adsorption of methanol (Equation (1)), its deprotonation is carried
out (Equation (2)) forming COad which is oxidized by OHad (produced from water dissociation in
Equation (3)), generating CO2 and liberating the catalytic surface (Equation (4)). As demonstrated
in a recent differential electrochemical mass spectrometry (DEMS) study [26], these factors produce
obtaining large CO2 current efficiencies at low oxidation potentials and lower potentials for COads
oxidation, as well as a displacement of the methyl formate forming potential towards more positive
potentials, guaranteeing the complete oxidation of methanol. The effects attributed to graphene are
related to high surface area, high electrical conductivity, upgraded electronic transference and the
obtaining of more small and stable metal nanoparticles [25]. Table 2 displays some electrochemical
performances and parameters obtained during the electrochemical oxidation of methanol on
carbon-supported Pd-Ag catalysts.

Table 2. Electrochemical properties of Pd-Ag catalysts supported on different carbon materials.

Catalyst
Electrochemical Parameter

Reference
Onset Potential

(V vs. RHE)

Anodic Peak
Potential

(V vs. RHE)

Anodic Peak Current
(mA mg−1 Pd or Pt)

Pd/C 0.545 0.915 210.5

[22]
Pd80Ag20/C 0.475 0.904 691.6
Pd65Ag35/C 0.435 0.865 629.6
Pd46Ag54/C 0.475 0.855 453.4
Pt/C TKK 0.475 0.925 689.3

Catalyst
Onset Potential

(V vs. RHE)

Anodic Peak
Potential

(V vs. RHE)

Anodic Peak Current
(mA cm−2)

Reference

Pd/C 0.536 0.928 0.557

[23]
Pd-Ag(2:1)/C 0.446 0.886 0.635
Pd-Ag(1:1)/C 0.436 0.856 0.678

Pd-Ag(1:1)/CNTs 0.436 0.886 0.950
Pd-Ag(1:1.5)/C 0.446 0.856 0.707

Catalyst
Anodic Peak Potential

(V vs. RHE)

Anodic Peak
Current

(mA mg−1 Pd)

Ratio Between Forward
and Backward Anodic

Currents
Reference

Pd/C 0.915 311 1.41

[25]

Pd-Ag(1:1)/GO 0.865 225 1.50
Pd-Ag(1.5:1)/RGO 0.915 334 1.42
Pd-Ag(1:1)/RGO 0.875 630 3.15
Pd-Ag(1:1.5)/RGO 0.895 585 6.55
Pd-Ag(1:1)/RGO-SB 0.870 545 1.48
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Carbon black-supported Pd-Ni is another widely reported alloy useful for carrying out the
methanol oxidation. Different studies have demonstrated that presence of NiO in Pd catalysts can
reduce the onset potential for the MOR, as well as increase the oxidation current densities [27]. It seems
that nickel produces a similar effect to that for ruthenium in terms of the capacity to form OHads at lower
potentials than Pd. Furthermore, Ni can induce changes in the electronic properties of Pd, similarly to
the silver effect cited above [28]. These facts are reflected in the elevated currents associated with the
hydrogen adsorption/desorption process and the resistance towards the carbonaceous intermediates
poisoning during the methanol oxidation [29]. In order to elucidate the origin of the improved activity
in Pd-Ni catalysts supported on carbon blacks, Amin et al. determined the Ni surface coverage in
these alloys, trying to correlate the presence of Ni oxides and hydroxides with the methanol oxidation
current densities [30,31]. The authors found enhanced current densities at big Ni coverages, due to
the Ni oxophilic character and its capacity to generate adsorbed Ni hydroxides at low potentials.
Another conclusion from these works was the ability of the NiOH and NiOOH for oxidizing the COads
generated during the methanol oxidation, which occupies active Pd sites. Besides the incorporation of
oxygenated species by Ni, it has also been suggested the appearance of some defects on palladium
crystalline lattice, with a major activity towards the methanol oxidation [32]. Atomic ratio between Pd
and Ni also played a key role in the activity of these carbon black-supported catalysts, as demonstrated
by Calderon et al. in a recent work [33]. They synthesized Pd-Ni catalysts supported on chemically
treated carbon blacks, which contained surface oxygen and nitrogen groups. The metal contents
of these catalysts was close to 25 wt %, whereas the studied Pd:Ni atomic ratios were near 1:1
and 1:2. Although no evident effects related to the presence of O- and N-surface functional groups
were observed, these catalysts exhibited a higher CO poisoning tolerance than that observed for a
Pd/C catalyst, which was explained from the increased amount of OHads formed on surface Ni atoms,
while the methanol oxidation produced higher current densities in the catalysts with Pd:Ni = 1:2,
in comparison with current densities generated with the catalysts with the atomic ratio close to 1:1
and the catalysts without any content of Ni (catalyst Pd/C), being this fact a proof of the beneficial
effects of Ni in this reaction. Regarding other novel carbon materials as supports for Pd-Ni catalysts,
Singh et al. [34] synthesized PdNi alloys supported on multi-walled carbon nanotubes (MWCNTs),
finding remarkable activities toward the methanol oxidation, which were explained from the increased
electroactive area of these composites, promoted by the use of MWCNTs and the electronic properties of
the alloys, as described above. All of the authors coincided in the change of these electronic properties,
also promoted by Ni oxides and hydroxides, being crucial factors for enhancing the electrochemical
activity of the catalysts.

Other authors have suggested the doping of MWCNTs, as a plausible alternative for improving
the activity, using for instance MnO2 to cover the surface of carbon materials [35]. The presence
of MnO2 upgraded the electrocatalytic activity of Pd/MWCNTs and the tolerance to carbonaceous
species poisoning, considering the high current values in the forward anodic peak current density (If).
This value indicated a more effective removal of the poisoning species from the catalyst
surface, oxidizing them to carbon dioxide. The authors suggested that the better activity for the
Pd-MnO2/MWCNT catalyst could be explained from the synergetic effect between Pd and MnO2,
promoting the adsorption of OHad species able to convert the poisoning species to CO2. Table 3
present some catalytic parameters determined for the MOR performed on Pd-Ni catalysts supported
on carbon materials.

Rh is another metal recently proposed to be alloyed with Pd. This metal is known for applications
as exhaust systems in automobiles [36] and CO-tolerant electrode for the oxidation of H2 in high
temperature-proton exchange membrane fuel cells if hydrogen comes from a gas reformate process [37].
Studies related with the ethanol oxidation on Pt-Rh alloys in acidic and alkaline media have also been
reported, displaying good methanol conversions to CO2 [38–41], and generating efficiencies explained
from the high Rh oxophilicity. About the methanol oxidation, Jurzinsky and co-workers [42] prepared
Pd-Rh catalysts supported on carbon blacks, observing lower onset potentials and higher mass current
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densities than those exhibited by a Pd/C catalyst. The principal properties conferring to this Pd-Rh a
high catalytic activity are related with: (1) capacity to form OHads at low potential; and (2) high stability
of these OHads. The authors suggested that addition of Rh increased the tolerance of Pd towards the
poisoning caused by different intermediates and CO. By means of some DEMS experiments, they also
demonstrated that Pd-Rh/C catalysts can increase the efficiency in the oxidation of methanol to CO2.
DMFCs single test demonstrated enhanced power densities when these catalysts were used as anodes,
in comparison with the performances obtained with Pd/C and Pt/C as anodes. The behavior of Pd-Rh
alloys supported on graphenes meant an enhancement of the methanol oxidation currents, as was
reported by Hsieh et al. [43]. The enhanced catalytic activity was attributed to the well-dispersed
nanoparticles supported on the graphenes, resulting in a high active surface area and more active sites
than those formed when the alloys are supported on carbon blacks. Another important advantage for
the use of graphenes as support could be related with the major conductivity of this material due to
their graphite plane structure.

Table 3. Electrochemical properties of Pd-Ni catalysts supported on different carbon materials.

Catalyst
Electrochemical Parameter

ReferenceOnset Potential
(V vs. RHE)

Anodic Peak Current
(mA cm−2)

–

Pd/C 0.555 14 –

[27]

Pd-NiO(8:1)/C a – 51 –
Pd-NiO(6:1)/C a – 61 –
Pd-NiO(4:1)/C a – 74 –
Pd-NiO(2:1)/C 0.535 63 –

Pt/C 0.525 18 –

Catalyst
Anodic Peak Potential

(V vs. RHE)
Anodic Peak Current

(mA cm−2)
– Reference

Pd-Ni(1:1)/C 0.914 7,64 – [30]
Pd-Ni(1–5wt

%)/MWCNTs 0.969 341,68 – [34]

Catalyst
Onset Potential

(V vs. RHE)
Anodic Peak Potential

(V vs. RHE)
Anodic Peak Current

(mA cm−2)
Reference

Pd/C 0.611 1.006 1.41
[32]Pd-Ni(1:1)/C 0.421 0.941 1.50

Pt/C 0.441 1.006 1.48

Catalyst
Onset Potential

(V vs. RHE)
Anodic Peak Current

(mA cm−2)
Reference

Pd-Ni/CB 1:1 0.452 0.912

[33]

Pd-Ni/CBO 1:1 0.556 0.397
Pd-Ni/CBN 1:1 0.511 0.536
Pd-Ni/CB 1:2 0.498 1.100

Pd-Ni/CBO 1:2 0.458 1.126
Pd-Ni/CBN 1:2 0.551 0.815

Pd/C 1:1 0.600 0.310
a Data not provided by the authors.

Cerium is another metal tested as a component of palladium alloys. A work reported by Alvi
and co-workers [44] reported the synthesis of Pd-Ce nanoparticles supported on carbon nanofibers
synthesized by electrospinning. They employed these materials as catalysts for the methanol oxidation,
obtaining materials with crystalline structure and highly-dispersed Pd-Ce nanoparticles on the carbon
nanofibers surface. Regarding the catalytic activity, these materials displayed an acceptable efficiency
toward the methanol oxidation, with enhanced current densities depending of the increase in the
methanol concentration. Regarding the use of Pd-Au catalysts, recently He and co-workers reported
the deposition of Au@Pd core-shells on reduced graphene oxide, synthesized by chemical reduction
in presence of cetyltrimethylammonium chloride and iodide ions [45]. This catalyst showed high
catalytic activity and tolerance to carbonaceous species poisoning generated during the methanol
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oxidation, overcoming those observed for Pd nanoparticles supported on reduced graphene oxide
and commercial Pd/C in alkaline media. This behavior was explained from the strong interactions
between reduced graphenes and Au@Pd nanostructures. Some electrochemical properties reported by
different authors, regarding to different palladium alloys are reported in Table 4.

Table 4. Electrochemical properties of Pd-alloys supported on different carbon materials.

Catalyst
Electrochemical Parameter

ReferenceOnset Potential
(V vs. RHE)

Anodic Peak Current
(mA mg−1 Pd)

Pt/C (HiSPECTM 3000) 0.475 669.9

[42]

Pd/C 0.585 543.8
Rh/C 0.504 177.6

PdRh3/C 0.500 369.2
PdRh/C 0.445 933.9
Pd3Rh/C 0.497 955.7

Catalyst
Onset Potential

(V vs. RHE)
Anodic Peak Current

(mA mg−1 Pd)
Reference

Pd/GO 0.260 73

[43]
Pd75Rh25/GO 0.280 100
Pd50Rh50/GO 0.370 35
Pd25Rh75/GO 0.310 31

Catalyst
Onset Potential

(V vs. RHE)
Anodic Peak Current

(mA mg−1 Pd)
Reference

Pd/C 0.510 190
[35]Pd/MWCNTs 0.510 285

Pd-MnO2/MWCNTs 0.460 420

Catalyst
Onset Potential

(V vs. RHE)
Anodic Peak Current

(mA cm−2)
Reference

Au@Pd/RGO 0.500 28
[45]Pd/RGO 0.700 4

Pd/C 0.640 10

In terms of the palladium amount employed in some alloys, the mentioned works indicate that
Pd-Rh materials generate the highest performances in terms of the current densities produced during
the methanol oxidation. Particularly, the work of Jurzinsky and co-workers [42] highlights the catalyst
PdRh/C, supported on Vulcan carbon black XC-72R, with a metal content of 20 wt % and an atomic
ratio Pd:Rh close to 1:1. This material exhibited the highest current density (close to 1 A mg−1 Pd),
being one of the most promising catalysts because of its low Pd content. Silver seems to be other metal
with a remarkable behavior due to the formation of OHads, which play a key role in the oxidation
of methanol. According to the work of Yin et al. [22], the better performance was showed for the
catalyst Pd80Ag20/C, also supported on Vulcan carbon black XC-72R, with current densities close
to 700 mA mg−1 Pd, although in this case, higher metal and Pd contents (close to 30 wt % and Pd:Ag
of 80:20) were necessary for achieving this performance. Therefore, it is possible to postulate rhodium
as the suitable metal to be alloyed with Pd, in carbon-supported catalysts for anodes in DMFCs.

2.2. Non Carbon-Supported Pd-Alloys

Although carbon materials have been traditionally used as supports for catalysts in low
temperature fuel cells, some problems associated with its corrosion suggest the necessity for design
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novel supports able to supply the properties of carbon materials. In the carbon corrosion process,
carbon surface (Cs) is oxidized, forming intermediates and electrons (Equation (5)) [46]:

Cs → Cs
++e− (5)

These electroactive species are susceptible to be hydrolyzed (Equation (6)):

Cs+H2O → CsO + 2H++e− (6)

The final step of the corrosion process is the formation of carbon dioxide (Equation (7)):

2CsO + H2O → CsO + CO2(g)+2H++e− (7)

Accordingly, some possible alternatives for substituting the carbon materials have been explored,
looking for improving the activity of electrodes in fuel cells. For instance, Pd nanoparticles supported
on Ni foam, with different Pd contents (Pd-2-Ni and Pd-4-Ni) were synthesized by galvanic
replacement of Ni with PdCl42− and PdCl62− [47]. The activities of these materials were better than that
exhibited by a commercial Pd/C, possibly due to the re-arrangement of Pd atoms and their improved
utilization, which depended of the employed precursor during the synthesis. Moreover, a major
exposition of Ni atoms probably promoted the oxidation of methanol, considering the above-mentioned
role of this metal in this reaction.

On the other hand, titanium oxides have demonstrated attractive properties as low cost,
commercial availability and high stability [48–50]. Since TiO2 is recognized by its semiconductor
properties, it is important to improve its electronic conductivity by means of the introduction of
electron-donor dopants [51]. Nonetheless, there are few reports about the use of TiO2 as support for
Pd-based catalysts. In this sense, some researchers attempted to deposit Pd nanoparticles on TiO2

nanotubes, finding remarkable catalytic activities in comparison with those observed for a pure Pd
electrode and those Pd-nanostructures supported on TiO2 nanoparticles [52]. The authors justified
this improved activity from the well-dispersed nanoparticles on titanium tubes, which possessed a
small diameter, thus promoting the obtaining of high specific surface areas. In these catalysts, the CO
poisoning was also diminished, possibly due to some modifications in the Pd electronic structure
induced by TiO2, improving the CO oxidation process. In other work, Hosseini et al. [53] prepared Pd
nanoparticles supported on an auto-assembled TiO2 nanotubes/titanium support with a highly porous
structure. This composite favored the diffusion of electroactive species toward the Pd nanoparticles,
enhancing the methanol oxidation currents and conferring high stability. Another important property
displayed by this support was its low electrochemical charge transfer resistance during the methanol
oxidation activation stage.

Regarding the Pd-alloys supported on these TiO2 supports, the most recent progresses are
related with the presence of Ni and Ag on them, in agreement with some reports from Ju and
co-workers. In the case of nickel [54], they supported Pd-Ag nanoparticles on TiO2 nanotubes
by surface reductive deposition of PdCl2 and NiSO4 on TiO2 nanotubes. Large surface area and
porous structure was observed for the Ti supports, improving the dispersion of Pd-Ni nanoparticles,
whereas the electrochemical characterization exhibited high hysteresis peaks in the forward and
backward scans, being this fact a proof of the high efficiency for the methanol intermediates oxidation.
Again, the authors suggested the synergistic effect between Pd-Ni alloy and the TiO2 nanotube support
as responsible of the improved activity of these materials. On the other hand, the Pd-Ag alloys [54]
showed remarkable electrocatalytic activity with high tolerance to the poisoning when tested towards
the methanol electrochemical oxidation, although in this case, no hysteresis peaks were observed.
Moreover, the dispersion of Pd-Ag nanoparticles was worse than that of Pd-Ni nanoparticles. In a
recent work, Cao et al. [55] prepared nanoporous catalysts conformed by Pd, CuO and TiO2, following
a chemical dealloying process of amorphous Cu-Pd alloy ribbons in 5 M hydrochloric acid solution.
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Then, they deposited TiO2 nanoparticles, forming composites as np-Pd/CuO/160TiO2 (with 160 as the
TiO2 moles present in the composite), which exhibited high activity toward the methanol oxidation
and enhanced current densities (close to 2.86 mA cm−2). The improved activity of this material was
attributed to the ability of TiO2 nanoparticles to form oxygen species able to promote the oxidation of
methanol poisoning intermediates. Furthermore, these materials presented an outstanding long-term
stability. The effect of some TiO2 supports in the catalysis of methanol oxidation can be verified
through the kinetic parameters shown in Table 5.

Table 5. Kinetic parameters for the methanol oxidation on Pd-based catalysts supported on
TiO2 materials.

Catalyst
Electrochemical Parameter

ReferenceOnset Potential
(V vs. RHE)

Anodic Peak Current
(A)

Pd (pure) 0.22 1.0
[52]Pd/TiO2 (nanoparticles) 0.22 4.5

Pd/TiO2 (nanotubes) 0.23 9.0

Catalyst
Onset Potential

(V vs. RHE)
Anodic Peak Current Density

(mA cm−2)
Reference

np-Pd/CuO/80TiO2 0.55 1.5

[55]
np-Pd/CuO/160TiO2 0.51 2.8
np-Pd/CuO/240TiO2 0.55 1.4

np-Pd/CuO 0.60 0.8
np-Pd 0.55 0.7

From the works described above, it is possible to conclude that novel supports as nickel foams
and TiO2 nanotubes offer good properties to increase the performance of palladium nanoparticles
toward the MOR. Basically, Ni foam facilitates the formation of OHads, and thus, increases to the CO
poisoning tolerance, as reported by Niu et al. [47], who employed a surface metal loading of Pd close
to 1 mg cm−2, obtaining current densities close to 180 mA mg−1 Pd. In the case of the TiO2-supported
catalysts, the nanotube structure displayed the better performance [52] as a consequence of the
improved diffusion of electroactive species toward the nanoparticles. The main drawback of this
material is related with the low conductivity of this support, a fact that encourages the researches
toward the doping of this support with other metals in order to increase its conductivity.

3. Oxygen Reduction on Pd-Based Catalysts

3.1. Carbon-Supported Pd-Alloys

Essentially, it is possible to consider similar problems in the cathode in comparison with those
observed for the anode, in terms of cost issues and activity/technical limitations. This reaction
starts with the adsorption of oxygen on catalyst surface, but different pathways can be followed (see
Figure 1), as the direct forming process of water, which implies the maximum production of electrons
(four electrons). However, production of hydrogen peroxide is also possible, a fact that results in the
increase of the corrosive operation conditions of the DMFCs and the decrease in their performance,
considering the production of two electrons during the reduction from molecular oxygen to H2O2 [56].
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Figure 1. Mechanism and pathways for the oxygen reduction reaction.

Other typical drawbacks in the cathodes of direct methanol fuel cells are related with the
adsorption of oxygen on the catalytic nanoparticles, the kinetics associated with the O-O cleavage,
the crossover of methanol and the reduction of surface metal oxides once the oxygen has been
transformed in water [56]. In this sense, significant progress has been achieved by researchers
studying the ORR reaction on ruthenium chalcogenides [6,7,57], heat-treated macrocyclic compounds
of transition metals [58–60], and palladium-based catalysts [8,61,62]. Regarding the catalyst supported
on carbon materials different than carbon blacks, Zheng et al. supported palladium nanoparticles on
carbon nanofibers and activated carbons in order to determine the influence of the carbon support
on the ORR [63]. They found that this reaction is controlled by surface phenomena if the catalyst is
supported on activated carbons, whereas diffusion of electroactive species is the factor controlling
this reaction if the catalyst is supported on carbon nanotubes. Furthermore, carbon supports played
a crucial role in the onset potentials for the ORR, being the Pd nanoparticles supported on activated
carbons which displayed the most negative onset potential (0.50 V vs. RHE in acid media), whereas
the catalysts supported on carbon nanofibers displayed values close to 0.70 V for the fishbone carbon
nanofibers and 0.72 V for the platelet carbon nanofibers. In other study, Chakraborty and co-workers
synthesized spherical and rod-like shapes nanosized Pd particles supported on multiwall carbon
nanotubes (MWCNTs) [64] employing an electroless procedure. The results of this study indicated
that these MWCNT-supported nanoparticles have remarkable catalytic activity towards the oxygen
reduction, controlled by the surface morphology and coverage of particles on the carbon nanotubes,
with a reaction mechanism that promoted the formation of hydrogen peroxide. The most important
facts related with the electrocatalytic activity of these materials were related with the positive onset
potentials for the ORR, the high stability of the catalysts as well as the definition of several peaks,
which indicated the production of H2O2 in the first step of the ORR mechanism. Subsequently, this
hydrogen peroxide is reduced to H2O (second stage of the mechanism). Following the line of the
shaped-controlled synthesis of Pd nanoparticles, Lusi et al. [65] recently reported the preparation
of Pd nanocubes supported on Vulcan carbon black, finding several sizes such as 30, 10 and 7 nm.
The authors assessed the electrocatalytic activity of these materials towards the ORR in alkaline media,
and observed a four-electron pathway with the transfer of the first electron to adsorbed O2 as the
rate-limiting step. Furthermore, the specific activity of these nanocubes overcame that of the spherical
Pd nanoparticles, finding a correlation between the enhanced activities and the increase of the particle
size. Although this study demonstrated the achievement of high efficiencies in the ORR with big
particle sizes, another recent research also suggested that it is possible to obtain high performances
with ultra small thiolate-protected Pd nanoclusters [66], with ORR onset potential of −0.09 V (vs.
Ag/AgCl) in alkaline media and improved durability. The authors verified the effects of thiolated
ligands removing, finding a more positive onset potential (close to −0.02 V) and higher mass activity
than that of a Pt/C catalyst, a fact explained from an activation of the nanoclusters after the thiolated
ligands removing process.

Another study about the catalysis of the ORR in acid and alkaline media on Pd nanoparticles
supported on MWCNTs was reported by Jukk and co-workers [67]. In this work, they employed
Nafion® and polyvinylpyrrolidone as surfactants during the synthesis procedure. These surfactants
conditioned the final performance of the materials, with the Nafion®-synthesized material exhibiting
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higher current densities and more positive onset potentials during the ORR tests, whereas the catalyst
prepared in presence of polyvinylpyrrolidone displayed an equivalent behavior to that of a bulk Pd
electrode. The authors suggested that these surfactants modified the amount and morphology of the
as-formed Pd oxides, altering the adsorption oxygen and the reaction pathway.

Regarding the Pd alloys, Pd-Ni supported on carbon blacks exhibited high activity, as shown
by Li and co-workers, who found high ORR activities, even better than those produced for a Pd/C
catalyst [68]. The number of transferred electrons was also calculated, and it was demonstrated that a
high content of surface Ni atoms promote the yielding of H2O2. This behavior was modified with a heat
treatment at 800 ◦C, which induced the segregation of Pd atoms to the nanoparticles surface, generating
a major number of produced electrons and thus, promoting the formation of water and increasing the
current densities. Ramos-Sánchez et al. [69] also synthesized these nanoparticles supported on Vulcan
carbon black by a borohydride reduction in THF. These materials developed power densities close
to 120 mW cm−2 when used as cathodes in a direct methanol fuel single cell. Other works from the
same authors reported bigger activities for the ORR on Pd-Ni catalysts compared with those obtained
for Pd/C catalysts, with onset potential shifts of 100 mV towards positive values [70]. About other
carbon supports different than carbon blacks, recently Calderon et al. supported Pd-Ni nanoparticles
on previously chemically-treated carbon nanofibers [71]. The metal contents were close to 25 wt %,
with 1:2 as Pd:Ni atomic ratio. The carbon nanofibers were enriched with surface oxygen and/or
nitrogen groups after the chemical treatment. Although the onset potentials for ORR were more
negative than that of the commercial catalyst Pd/C E-TEK, as well as this material displayed the
highest diffusional current densities, higher mass activities ik were determined for the Pd-Ni materials
at 0.85 V, indicating the suitability of this alloy as possible replacement of Pt in DMFC cathodes. On the
other hand, the catalyst supported on the carbon nanofibers with surface nitrogen groups displayed
low production of hydrogen peroxide, suggesting an inhibiting effect of these functional groups toward
the formation of this intermediate. The opposite behavior was observed for the catalysts supported on
the O-modified carbon nanofibers (catalyst Pd-Ni/CNFO).

Similar to the case of platinum cathodes, cobalt has also been alloyed with palladium for cathode
electrode applications in DMFCs. A recent work from Arroyo-Ramírez et al. [72] reported the
use of organometallic complexes as precursors for synthesizing palladium-cobalt nanoparticles on
Vulcan XC-72R carbon black, obtaining different ratios between Pd and Co (Pd2Co/C and PdCo2/C).
A thermal reduction method was employed, which produced catalysts with high activity towards
the ORR, even overcoming the performances of the commercial Pd/C catalyst. On the other hand,
the tolerance to the methanol crossover of the synthesized materials was also higher than that of a
Pt/C catalyst. The small particle diameters were obtained with the chemical reduction, being a crucial
factor that conditioned the activity of the as-synthesized catalysts. Golmohammadi and co-workers
proposed a novel alternative carbon support, consisting of the mixture between Vulcan XC-72R carbon
black (VC) and multiwalled carbon nanotubes (MWCNTs), for supporting Pd3Co nanoparticles [73].
The lowest potential drops and highest power densities were achieved with a MWCNTs/VC mass ratio
close to 25:75. Presence of MWCNTs generated high surface area, major conductivity, and thus, fast
ORR kinetics. Durability of membrane electrode assembly (MEA) with the mentioned mass ratio in the
carbon support was also evaluated, finding both, high stability and improved durability, concluding
that synergism between MWCNTs and VC contributed to the high performance of this catalyst.

Pd-Cu alloys are another promising alternative for carry out this reaction. Wu et al. [74] reported
the wet chemical synthesis of PdnCu100-n nanoalloys with controlled composition, finding that size,
Pd/Cu ratio and phase structure of the nanoparticles are the key factors in the electrocatalytic activity
and stability of these materials. The observed crystalline domains of the catalysts depended on the
preparation method and influenced the performance of the catalysts, being the PdnCu100-n catalysts
with a Pd/Cu ratio close to 50:50, the most efficient toward the ORR, a fact explained from the
body-centered cubic type ordered domains. The results from the structural and electrochemical
characterizations suggested different correlations between the catalytic activity, atomic-scale structure
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and composition of the materials, bearing in mind the changes presented for Pd50Cu50/C after the
durability potential cycling. Other work reported the preparation of ternary catalyst with Pd, Cu and
Co, increasing their activity and durability with the incorporation of gold traces [75] this noble metal
galvanically replaced Co and Cu and entered into the Pd-Co-Cu lattice. The catalyst with the major
durability (close to 100 h) was the Au-Pd6CoCu/C, according with the results displayed by the single
fuel-cell test, a result attributed to the homogeneous distribution of gold into the nanoparticles and the
enhanced charge transfer between Pd and Au.

Fe is another metal with interesting properties in the catalysis of oxygen reduction. Neergat et al.
investigated Pd-Fe alloys supported on carbon black, obtaining materials with high activity toward
the ORR in comparison with the behavior observed for a Pd/C. Particularly, the Pd3Fe/C catalyst
displayed a half-wave potential more positive (>100 mV compared with that from Pd/C) and even
similar than that of Pt/C with the same noble metal content [76]. Moreover, this catalyst showed both,
a similar hydrogen peroxide production than that of Pt/C, but lower than that from Pd/C. The high
tolerance to the methanol poisoning was also observed, making it useful in an eventual methanol
crossover condition. Another example of this alloy could be the study made by Abo-Zeid et al. [77],
who synthesized Pd-Fe alloys by a combined ethylene glycol-sodium borohydride procedure in
presence of PDDA ionic polycation. Some heat treatments at 300, 500 and 700 ◦C were applied to
these catalysts, which exhibited a better performance in terms of activity and stability. In fact, the
most important improvements were obtained with an aging temperature of 300 ◦C. The effects of heat
treatment were associated with the increase of crystallite sizes and alloying degrees. Within the context
of Pd-Fe alloys, Rivera and co-workers studied the activity of Pd, PdFe, PdIr and PdFeIr alloys toward
the ORR [78]. Main results indicated that insertion of Fe and Ir in the Pd lattice enhanced the activity
toward the ORR, as well as increased the methanol tolerance, depending of the redox state of the
transition metals. For example, the RDE tests demonstrated that absence of Ir and presence of Fe2+ and
Fe3+ and Ir3+ and Ir4+ coincide with a promoted activity in presence of methanol. This behavior was
verified with the membrane electrode assembly tests performed for a cathode containing the PdFeIr/C
catalyst, which yielded the highest performance. Thus, material surface structure has a high impact on
the activity of catalysts, as well as the iridium introduction into the Pd alloy promoted the methanol
tolerance and inhibited the water dissociation, diminishing the oxidation of catalyst surface.

Finally, we can cite a very recent work regarding an alloyed Pd-W catalysts and its performance
toward the ORR [79]. This material showed a good dispersion of their nanoparticles on Vulcan XC-72R
carbon black support, a fact that increased the electrochemical activity, as demonstrated from the
electrochemical tests performed for Pd19W/C, which displayed a two-fold superior mass activity in
comparison with that of Pd/C This result postulated this catalyst as hopeful for cathode application in
DMFCs. Table 6 summarizes the ORR onset potential values determined for some carbon-supported
Pd-based catalysts.
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Table 6. Onset potential values for the ORR performed on carbon-supported Pd-based catalysts.

Catalyst Onset Potential (V vs. RHE) Reference

Pd/AC 0.584
[63]Pd/CNFfisbone 0.624

Pd/CNFplatelet 0.764

Pd/MWCNTs 1.014 [64]

Pd/MWCNTs-Nafion composite 0.900
[67]Pd/MWCNTs-PVP composite 0.870

Pdnanocubes/Vulcan XC-72R 1.000 [65]

Pdnanoclusters/XC-72R (Ligand on) 0.897
[66]Pdnanoclusters/XC-72R (Ligand off) 1.017

Pt/XC-72R 0.987

Pd/C 1.085

[68]
Pd-Ni(3:1)/C 1.085
Pd-Ni(1:1)/C 1.105
Pd-Ni(1:3)/C 1.005

Pd/C E-TEK 1.050

[71]
Pd-Ni/CB 1:2 0.960

Pd-Ni/CNF 1:2 0.955
Pd-Ni/CNFO 1:2 0.960
Pd-Ni/CNFN 1:2 0.940

Pd/C (commercial) 0.728

[72]
Pd2Co/C 0.735
PdCo2/C 0.731

PtCo/C (commercial) 0.836
Pt/C (commercial) 0.844

Pd-Cu(36:64)/C 0.799

[74]
Pd-Cu(54:46)/C 0.919
Pd-Cu(75:25)/C 0.799

Pd/C (commercial) 0.879

Pd-Fe/C (non-heat treated) 0.655

[77]
Pd-Fe/C (300 ◦C) 0.865
Pd-Fe/C (500 ◦C) 0.815
Pd-Fe/C (700 ◦C) 0.805

Pd/C 0.940

[79]
Pd19W/C 0.950
Pd9W/C 0.950
Pd3W/C 0.950
JM Pt/C 0.950

From the data presented in the Table 6, it is possible to conclude that the more active palladium
catalysts toward the ORR are those alloyed with nickel, bearing in mind they showed the more
positive onset potentials for this reaction [68]. The metal content of these materials was close to 12
wt %, suggesting that a small content of Pd is enough for achieving a good performance. The most
positive onset potential was presented by the catalyst Pd-Ni (1:1)/C, demonstrating that composition
is a determining factor to produce high ORR current densities with the most positive onset potential.
Moreover, alloys between palladium and tungsten also presented positive onset potentials (values close
to 0.95 V vs. RHE) [79], especially in the case of the catalyst Pd19W/C. Only a few amount of
tungsten alloyed with palladium was enough to obtain a remarkable increase in the catalytic activity in
comparison with the results displayed for the Pd/C catalyst. Therefore, Ni and W are suitable metals
to be alloyed with palladium to be used as cathodes for DMFCs.
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3.2. Non Carbon-Supported Pd-Alloys

Pd catalysts supported on non-carbonaceous materials for the ORR have also been investigated,
reaching an increased interest because of the possibilities for obtaining materials with novel properties
and synergistic effects between metal nanoparticles and support, enabling the activity and the
performance of cathodes in DMFCs. One alternative could be the doping of perovskites with Pd
atoms at different oxidation states, as exposed by Zhu et al. [80], who reported that incorporation
of the rare Pd3/4+ oxidation state favorably affects the catalytic activity of perovskites. This fact
resulted in the obtaining of a mass activity 2.5—higher than that of a Pt/C commercial catalyst.
Moreover, this material displayed better durability and tolerance to methanol crossover. The authors
suggested that this increase can be attributed to the reduction in the atomic distances between the
atoms conforming the perovskite and the modifying of the d-band center, generating a decrease in the
electron density, a weak linking between Pd and OHads and the availability of more active sites.

In the previous section, we mentioned some works related with the use of TiO2 as support in
Pd-alloyed anode catalysts. Some reports indicate that TiO2 could be also employed as support for
cathode catalysts. Lo Vecchio and co-workers [81] reported the preparation of Pd catalysts supported
on titanium sub-oxides with formula Pd/TinO2n-1. This support conferred to the catalyst high stability
and resistance after 1000 potential cycles, as well as better tolerance to the methanol poisoning,
as corroborated by means of the onset potential shifts, which were displaced toward negative values
for the Pt/C catalyst in presence of methanol, whereas in the case of the Pd/TinO2n-1 this potential
was constant.

Tungsten and molybdenum have also been employed for design supports. Ko et al. [82]
synthesized mesoporous tungsten carbide in order to test them as catalysts and also as support for Pd
nanoparticles. The materials were built in a CH4/H2 atmosphere using tungsten nitride nanoparticles
as starting material, varying the temperatures (700, 800 and 900 ◦C). The authors detected a correlation
between the pore structures and the reaction temperature, considering that 900 ◦C was the temperature
that produced the tungsten carbide with the best electrocatalytic properties (most positive onset
potentials, highest oxygen reduction current densities and lowest production of hydrogen peroxide).
When the Pd nanoparticles were supported on these materials, the new catalysts displayed high
durability and stability after 2000 cycles. In fact, the corrosion resistance was higher than that of a
Pt/C catalyst with the same metal contents. In the case of molybdenum, Yan and co-workers [83]
synthesized bimetallic carbide Fe2MoC for anchoring Pd nanoparticles with high activity and stability
compared to a Pd/C and a commercial Pt/C in the ORR. The authors attributed the remarkable
performance of Pd/GC-Fe2MoC to an electron-donating effect from the Fe2MoC to the supported Pd
nanoparticles, which promoted the linkage strength between them. The Koutecky-Levich analysis of
this material suggested water as major product during the ORR, after finding a four-electron transfer.
In other kind of composites, Zuo et al. [84] prepared MoS2/Pd catalysts by a sonochemical method.
This method consisted of the ultrasonic exfoliation of bulk MoS2 into single and few layers nanosheets,
which then were employed as support for Pd nanoparticles. Electrochemical measurements made
by cyclic voltammetry and rotating disk electrode showed a direct four-electron pathway for the
ORR, with high electrocatalytic activity and long operation stability than a commercial Pt/C catalyst.
In fact, mass and specific activities of this composite overcame that from the commercial catalyst.
Catalysts containing Ti also have been synthesized from dealloying processes, displaying good results
in the ORR. Chen and co-workers [85] applied this method for developing a nanoporous PdCuTiAl
(np-PdCuTiAl) electrocatalyst with a three-dimensional network conformed by ultrafine channels.
This composite displayed a half-wave potential more positive than those exhibited by Pd/C and
Pt/C catalysts, with a four-electron reaction pathway. Moreover, the tolerance toward the methanol
poisoning was major than that observed for the carbon supported-Pd and Pt catalysts.

Unsupported Pd-Ni alloyed catalysts have also been prepared and tested towards ORR.
Xu et al. [86] dealloyed a PdNiAl precursor alloy to make a rich-nanoporous PdNi alloy.
The as-synthesized electrode displayed a uniform structure with an interconnected network of hollow
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channels with a 5 nm-diameter approximately. The electrochemical tests for this material demonstrated
a high activity towards the ORR, in terms of the bigger specific and mass activities in comparison with
a commercial Pt/C, besides a longer durability and tolerance to methanol. The characteristics of the
three-dimensional network and the synergistic effect between Ni and Pd were stated by the authors as
key factors for the improved performance of this material. Dealloying process was also employed by
Chen et al. [87], who fabricated a nanoporous PdNi catalyst by electrochemical dealloying. The starting
material was a Pd20Ni80 alloy, which was putted in an acid solution to be dealloyed, obtaining a
final Ni content of 9 at %. This material displayed higher electrocatalytic performances during the
oxygen reduction than both, a commercial Pd/C and nanoporous Pd catalysts, with more positive
onset potentials and enhanced mass activities. As mentioned above, the remarkable behavior of this
alloy was attributed to the bimetallic synergistic effect and the well-connected porosity of the material.
Within the line of the non-supported materials, Xiong and co-workers [88] synthesized a self-supported
Pd-Cu catalyst with 3D porous structure, using an electrochemical deposition of copper from a CuSO4

solution in acid media, in order to promote a galvanic replacement with the Pd2+ present in a Na2PdCl4
solution. The most important properties of the electrochemically synthesized catalyst were related with
its long-term stability and the high oxygen reduction current densities, overcoming those of a Pt/C
catalyst. The onset potentials on these materials were close to 1.0 V vs. RHE, while Pt/C exhibited a
value closer to 0.9 V. Table 7 shows some of the parameters observed during the ORR on non-carbon
supported catalysts.

The onset potential differences between the commercial catalysts and those tested during the
ORR indicated that the alloying process of PdNi catalysts is a promising technique to obtain cathodes
for fuel cells. Xu et al. [86] demonstrated that it is possible to dealloy PdNiAl composites to obtain
PdNi structures with similar activity to a Pt/C commercial catalyst, this fact representing a decrease in
the overall production costs of DMFCs. The three dimensional nanostructure and the changes induced
by Ni in the electronic structure of palladium seems to be the factors influencing the outstanding
performance of these materials.

Table 7. Onset potential values for the ORR performed on non-carbon-supported Pd-based catalysts.

Catalyst Onset Potential (V vs. RHE) Reference

Pd/LF 0.662

[80]
Pd/LFP0.05 0.792

Pd/LFP0.05-R 0.722
Pd/LFP0.05-RO 0.772

Pd/WC-700-m 0.692
[82]Pd/WC-800-m 0.812

Pd/WC-900-m 0.872

Pt/C 1.08

[83]
Pd/C 0.92

Pd/C-MoC 0.95
Pd/C-Fe2MoC 1.08

Pt/C (commercial) 1.04
[86]PdNi dealloyed 1.04

Pd dealloyed 0.90

Pt/C (commercial) 0.90
[88]Pd-Cu(nanodendrites) 1.00

4. Conclusions

In this review, a revision about the state of the art of Pd-based catalysts has been described, in terms
of the efficiency and performance towards both the methanol oxidation and oxygen reduction reactions,
as fundamental chemical processes in direct methanol fuel cells (DMFCs). The most important
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conclusion in the case of the catalysts suggested as anodes for DMFCs is related with the role of second
metal in the forming of OHads, bearing in mind its importance in the oxidizing of CO and others
intermediates generated during the oxidation of methanol. Different authors have reported that these
metals (Ag, Ni, and Rh) are able to form OHads at lower potentials than those determined for Pd or
Pt, whereas novel carbon materials increase the diffusion of electroactive species and facilitate the
electronic transference. On the other hand, novel non-carbon materials as supports create synergistic
effects that improve the performance of anodes, basically by means of some changes in the electronic
structure of catalytic metals, favoring the oxidation of methanol and the other species related with this
reaction. In the case of the cathode Pd-based catalysts, the decrease of the onset potentials and the
enhance current densities detected during the ORR were the most important parameters considered
to assess the performance of the catalysts. In this sense, the low content of surface Pd oxides and
the structure of support were started as crucial factors to obtain good values for the mentioned
parameters. Crystalline structure also seems to promote the formation of more active sites and upgrade
the tolerance of methanol towards the methanol crossover. Pd-Ni and Pd-W seems to be the most
promising cathode catalysts, bearing in mind their positive onset potentials (some of them, overcoming
those observed for commercial Pd and Pt catalysts), indicating the beneficial effects of the second metal
incorporation on the structure of palladium. From the works here cited and revised, it is possible to
conclude that replacement of platinum in the electrodes for direct methanol fuel cells could be carried
out, using Pd and Pd-alloys catalysts supported on both, carbon materials and non-carbon materials,
in order to decrease the consumption of this metal as catalytic phase in direct methanol fuel cells.
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The following abbreviations are used in this manuscript:

DMFC Direct Methanol Fuel Cells
CNT Carbon Nanotubes
MWCNT Multi-Walled Carbon Nanotubes
RGO Reduced Graphene Oxide ( by sodium borohydride)
MOR Methanol oxidation reaction
MEA Membrane electrode assembly
DEMS Differential Electrochemical Mass Spectrometry
ORR Oxygen Reduction Reaction
VC Vulcan Carbon
TKK Tanaka Kikinzoku Kogyo®
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Abstract: Low temperature fuel cells (LTFCs) are considered as clean energy conversion systems
and expected to help address our society energy and environmental problems. Up-to-date, oxygen
reduction reaction (ORR) is one of the main hindering factors for the commercialization of LTFCs,
because of its slow kinetics and high overpotential, causing major voltage loss and short-term
stability. To provide enhanced activity and minimize loss, precious metal catalysts (containing
expensive and scarcely available platinum) are used in abundance as cathode materials. Moreover,
research is devoted to reduce the cost associated with Pt based cathode catalysts, by identifying
and developing Pt-free alternatives. However, so far none of them has provided acceptable
performance and durability with respect to Pt electrocatalysts. By adopting new preparation strategies
and by enhancing and exploiting synergetic and multifunctional effects, some elements such as
transition metals supported on highly porous carbons have exhibited reasonable electrocatalytic
activity. This review mainly focuses on the very recent progress of novel carbon based materials
for ORR, including: (i) development of three-dimensional structures; (ii) synthesis of novel
hybrid (metal oxide-nitrogen-carbon) electrocatalysts; (iii) use of alternative raw precursors
characterized from three-dimensional structure; and (iv) the co-doping methods adoption for novel
metal-nitrogen-doped-carbon electrocatalysts. Among the examined materials, reduced graphene
oxide-based hybrid electrocatalysts exhibit both excellent activity and long term stability.

Keywords: oxygen reduction reaction; low temperature fuel cells; non-precious carbon-based
electrocatalysts; hybrid electrocatalysts; macro-mesoporous structure; co-doping

1. Introduction

The design and the development of highly efficient, stable and low cost oxygen reduction reaction
(ORR) electrocatalysts is one of the main determining steps for the fabrication of more commercially
viable electrochemical devices (fuel cells, electrolyzers, metal-air batteries, etc.).
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During the last two decades, a joint effort has been made by the international research community
towards: (i) the development of low-loading precious metal electrocatalysts; (ii) the development of
non-Pt electrocatalysts; (iii) the development of new supporting materials; and (iv) the investigation of
novel preparation methods [1].

Among the various developed non-Pt electrocatalysts, Ir- and Pd-based ones have attracted
much more attention, as they exhibited comparable activity with Pt-based electrocatalysts, though
in the presence of methanol or ethanol due to alcohol crossover, they exhibited much lower stability
and less activity than Pt-based ones [1]. Moreover, different supports such as tungsten carbides,
carbon nanotubes, and nitrogen-modified carbon were investigated and adopted, but without the
expected results [2].

During the last decade, along with the development of alkaline membranes, their promising
performance, in major cases better than that of the acidic membranes, significantly boosted further
investigation on the non-Pt electrocatalysts [3]. Among the non-Pt electrocatalysts, heteroatom-doped
carbon materials are currently considered as the most potential Pt substitutes for the oxygen reduction
reaction (ORR) [4]. Various heteroatoms, such as N [5–8], B [7,8], S [9–11], Fe [12,13], and P [7,14–16],
with different electronegativity, have been doped for nanotubes [17], graphene [18], graphite [19], etc.

The doped-carbons show excellent ability to adsorb and bond OOH•, significantly enhancing
the formation of H2O2. This facile ORR activity has been attributed to the fact that carbon atoms next
to heteroatoms are the catalytically active sites and to the modification of carbon electronegativity.
For instance, in N-doped carbon, a charge separation occurs due to the different electronegativity
values, in which the positive pole is favorable for oxygen adsorption, enhancing the ORR. In terms
of alcohol crossover, the carbon-based catalyst shows an extremely high selectivity to the ORR and
inactivity to alcohol oxidation reaction. The reason mostly lies in the high activation energy for the
chemical dissociative adsorption of the hydrocarbon compounds on such catalysts.

Furthermore, it has been observed that co-doping with two heteroatoms creates a higher number
of catalytically active sites than single-doped counterparts. Thus, many of the ORR investigations in
the last two years were devoted to N-doped carbon catalysts with another element [8]. For example,
Fe-N doped carbon systems have shown excellent ORR performance in both alkaline and acid
electrolytes, due to the metal-nitrogen synergetic effect [13]. The significant contribution of nitrogen
when being doped in carbon has been reported since 2009. Niwa et al. [20] investigated different
electronic structures of nitrogen (pyridinic, graphitic, pyrrolic, oxidic, proposing that graphitic-like
nitrogen is the main reason for the enhanced ORR activity of N-doped carbon electrocatalysts.

The mesoscopic morphology, the high surface area, the pore size and the order degree reflect the
available active sites of a carbon material, and consequently affect its electrocatalytic activity. Most of
the synthesis strategies of doped carbon material with high surface area include multi-step chemical
processes, with some of them to be of high cost. Consequently, sometimes due to the complexity of
the synthesis procedure of hetero-atom doped carbon materials it is difficult to designate the nature
of catalytically active sites for ORR, which is of high importance for understanding the whole ORR
process [21].

The key issue to obtain optimal ORR activities by using doped-carbons lies in: (i) uniform
doping of heteroatoms (ii) unique nanostructure with high surface area; and (iii) suitable mesopore
distribution. In most of the preparation methods, carbon support is either post-treated with heteroatom
substances [7,8,15], or obtained through direct co-pyrolysis of the heteroatom-containing organic
compounds with carbon under inert gas atmosphere [22,23].

However, a sufficiently doped and finely controlled structure is rather difficult to be
simultaneously achieved. Therefore, a uniform distribution of dopants into a well-designed carbon
matrix with significantly enhanced ORR performance still remains a challenging goal. A second target
to be achieved concerns the choice of the appropriate precursor in combination with the pyrolysis
conditions, to obtain large surface area, high nitrogen content and, thus, high performance to
be attained.
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The deliberated defects on carbon structures lead to the destruction of its conductivity, which is
the most essential characteristic in electrocatalytic processes [4]. For this reason, in the last years,
researchers have turned their attention to carbons with graphitic structure, such as graphene;
the conductivity of which is not influenced by introducing heteroatoms.

The current review focuses on different strategies very recently developed by different research
groups in order to enhance the activity of non-precious metal, namely carbon based electrocatalysts
towards ORR. Mainly, four strategies have been distinguished: (i) the fabrication of 3D structure
including interconnected networks by modifying carbon structure; (ii) the development of novel
hybrid materials; (iii) the adoption of alternative precursor for a more homogeneous distribution of
the heteroatoms into carbon matrix; and (iv) the co-doping technique of two heteroatoms, mainly into
highly ordered mesoporous materials.

2. 2D and 3D Doped-Carbon Electrocatalysts

Two-dimensional (2D) and three-dimensional (3D) porous structures with controllable
compositions can provide high activity and stability for ORR due to their interconnected open-pore
structure, which can facilitate electron and mass transfer. In addition, the offered large active area of
mesopore structure that can provide more active sites, in combination with microporous structure
that reduces the electrolyte diffusion distances to the interior surfaces and serves as an electrolyte
buffering reservoir, significantly enhances the ORR activity [24,25]. The addition of nitrogen at this
advantageous carbon structure further facilitates ORR.

Recently, it has been reported that hierarchically porous materials offer greater active surface area
via their interconnected macro-porosity [26]. Liu et al. [27], for the N-doped hierarchically porous
carbon pyrolysed at 1000 ◦C, reported a kinetic-limiting current density (Jk) of 20.0 mA·cm−2 at 0.853 V
(vs. RHE), a half wave-potential (E1/2) of 0.773 V (vs. RHE), an excellent methanol tolerance (0.5 M)
and 8.1% of current loss after 3.5 operational hours at −0.5 V vs Ag/AgCl. The observed high ORR
activity was attributed to the existence of 3D-hierarchically interconnected porous frameworks with
high surface area, large pore volume and high conductivity.

N-doped hierarchically macro/mesoporous carbon pyrolysed at the optimal temperature (850 ◦C)
was also examined by Tao et al. [28]. By the aid of rotating disk electrode (RDE) measurements,
they recorded a limiting current density close to 4.4 mA·cm−2 (1600 rpm), and a half-wave potential
of 0.753 V (vs. RHE); in the presence of 3.0 M methanol in 0.1 M KOH the activity was almost
unchanged. Chronoamperometric test at −0.55 V vs. Ag/AgCl reveals that after 12.5 h durability test,
the electrocatalyst lost only 5% of its activity, while a dramatic degradation of 15% was observed for
Pt/C after 2.5 h.

The 3D dual-doped highly ordered macro-mesoporous structure is observed to provide more
active ORR electrocatalysts than the single-doped one. Namely, 3D Co and N-doped highly ordered
macro-mesoporous carbon electrocatalyst with the optimum content of cobalt displayed high activity
towards ORR due to the presence of a large number of active sites. According to linear sweep
voltammetry curves (LSV), a limiting current density of 5.8 mA·cm−2 in oxygen saturated alkaline
environment and a half-wave potential (E1/2) of 0.83 V (vs. RHE), was observed [29]. The kinetic
current density at 0.70 V vs. RHE was calculated close to 23.2 mA·cm−2, while in the presence of
1.0 M of methanol, its ORR activity remained satisfactorily stable, indicating its high tolerance to the
methanol. Additionally, after 25 h of continuous operation at 0.5 V vs. RHE, there was negligible
current loss, in comparison with Pt (20 wt %)/C that lost ~50% of its initial activity when examined
under the same experimental conditions. [29].

Transition metal oxides, especially the doped-ones, have shown very good ORR activity [30].
The role of Ni-doping in MnO2 nanoneedles for the ORR in alkaline media was recently investigated
by Hao et al. [31]. The increment of Mn(III), which serves as electrochemical active site, according to
the authors, is the main reason for its higher activity, in comparison to the other samples. The ORR
activity is enhanced when transition metals are adopted in 3D hierarchical porous spinel hollow
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nanospheres, especially those with spinel structure [32,33]. Hollow structure also contributes to the
increment of the number of active sites. More precisely, CoFeO2 3D hollow nanospheres benefited the
formation of a large three-phase boundary (solid–liquid–gas), which is necessary for the transfer of
reactants and products. The yielded limiting current density (5.3 mA·cm−2) decreased by 34% after
12-h durability test; whereas the Pt/C electrocatalyst decreased by 54% under the same experimental
conditions [34]. The enhanced stability was attributed to the combination of its hollow morphology
with the hierarchically porous structure. However, according to LSV curves, its half-wave potential
was 0.58 V vs. RHE, negatively shifted by ~0.30 V compared with Pt. In general, even without
a special 3D structure, transition metal spinel oxide nanoparticles (NPs) have shown really good ORR
performance [35–37]. 3D hollow-structured NiCo2O4/C NPs with interconnected pores as bifunctional
electrocatalysts, which are transformed from solid NiCo2 alloy NPs, have also been investigated for
ORR [35]. From the RDE measurements, a limiting current density of 5.7 mA·cm−2 and a half-wave
potential of 0.68 V vs. RHE were recorded (Table 1). In addition, NiCo2O4/C showed a superior
long-term stability over Pt/C electrocatalyst. At a constant potential of 0.6 V vs. RHE, a current decay
of only 9% after 10 h occurred, whereas a gradual decrease of 52% was recorded for Pt/C under the
same conditions.

Table 1. Non-precious 2D and 3D-structured doped-carbon ORR (oxygen reduction reaction) electrocatalysts.

Catalyst Preparation Method and Experimental Conditions
Limiting Current (Jd; d = disc),
Kinetic Current Density (Jk),
Half Wave Potential (E1/2))

Reference

N-HCS (hierarchically
mesoporous spheres)-900

Nanocasting method, 0.1 M KOH, oxygen saturated
20 mV·s−1, 1600 rpm

Jd = 4.7 mA·cm−2

Jk = 20.0 mA·cm−2 @ 0.3 V vs.
Ag/AgCl sat. KCl (0.85 V vs. RHE)
E1/2 = 0.748 V vs. RHE

[27]

3D-HPC-N
(N-doped-3D-hierarchically
porous carbon materials)-850

Hierarchically macro/mesoporous silica as a hard
template followed by a simple N-doping procedure
and 0.1 M KOH, oxygen saturated
5 mV·s−1, 1600 rpm (0.1 M KOH + 3.0 M MeOH)

Jd = 4.4 mA·cm−2

(Inactive in MeOH presence)
E1/2 = 0.753 V vs. RHE

[28]

3D Co-N-OMMC-0.6
(Co(NO3)2·6H2O) (ordered
macro-mesoporous carbon)

Dual-templating synthesis approach in a one-pot
controllable procedure by the use of silica colloidal
crystal (opal) as a macroporous mold and triblock
copolymer Pluronic F127 as a mesoporous template
and 0.1 M KOH, oxygen saturated; 5 mV·s−1,
1600 rpm (0.1 M KOH + 1.0 M MeOH)

Jd = 5.8 mA·cm−2

(Inactive in MeOH presence),
Jk = 23.2 mA·cm−2 @ 0.7 V vs. RHE,
E1/2 = 0.83 V vs. RHE

[29]

3D hierarchical
porous-CoFe2O4 hollow
nanospheres

Hydrothermal method and 0.1 M KOH,
oxygen saturated, 10 mV·s−1, 1600 rpm

Jd = 5.3 mA·cm−2

E1/2 = 0.58 V vs. RHE
[34]

3D hollow NiCo2O4/C
Transformation from solid NiCo2 alloy nanoparticles
through the Kirkendall effect and 0.1 M KOH,
oxygen saturated, 5 mV·s−1, 1600 rpm

Jd = 5.7 mA·cm−2

E1/2 = 0.68 V vs. RHE
[35]

3D Nanosheet
Co3O4-doped-graphene

Microwave argon-plasma synthesis approach and
0.1 M KOH, oxygen saturated, 5 mV·s−1, 1600 rpm

Jd = 5.7 mA·cm−2

Jk = 34mAcm−2 @ 0.75 V vs. RHE
E1/2 = 0.832 V vs. RHE

[38]

2D-CoAl-LDH@ZIF-67-800
(LDH: layered double
hydroxides, ZIF: zeolitic
imidazolate framework)

In situ nucleation and directed growth of MOFs
arrays on the surface of LDHs nanoplatelets
followed by a subsequent pyrolysis process and
0.1 M KOH, oxygen saturated
10 mV·s−1, 1500 rpm (0.1 M KOH + 2.0 M MeOH)

Jd = 5.2 mA·cm−2

(Inactive in MeOH presence)
E1/2 = 0.675 V vs. RHE

[39]

3D-NCNT-900 (N-doped
carbon nanotubes)

PPy nanotubes were synthesized by the chemical
oxidative polymerization of pyrrole, in the presence
of FeCl3 as an oxidant, and p-toluene sulfonic acid
(TsOH) as a dopant and 0.1 M KOH,
oxygen saturated, 10 mV·s−1, 1600 rpm
(0.1 M KOH + 5.0 M MeOH)

Jd = 5.2 mA·cm−2

(Inactive in MeOH presence)
E1/2 = 0.707 V vs. RHE

[40]

3D-N-doped-TTF-700
(thermalized triazine-based
framework)

A nitrogen-containing molecule, terephthalonitrile,
as the basic building block and through first
trimerization into a 2D covalent triazine-based
framework and 0.1 M KOH, oxygen saturated;
10 mV·s−1, 1600 rpm

Jd = 4.0 mA·cm−2

E1/2 = 0.767 V vs. RHE
[41]

Among all carbon materials, graphene is the most promising for accommodating various
nanoparticles to achieve high electron transport rate, electrolyte contact area and structural stability,
all of which lead to markedly improved ORR performance. Replacing carbon with graphene in
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3D structures combined with M-N-doped-carbon further enhances their electrocatalytic activity and
stability (M-N-doped-3D graphene). The effective dispersion of Co3O4 nanosheets among 3D graphene
sheets was made via argon-plasma synthesis. The Co3O4 nanosheets formed strong bonds with
graphene sheets enhancing its electrical conductivity and electrochemical activity. The kinetic analysis
resulted a kinetic current density of 34 mA·cm−2 at −0.75 V vs. RHE and a half-wave potential of
0.832 V vs. RHE. Additionally, a high stability was obtained as after 5.5 operational hours only 2%
of its initial limiting current density was lost, while in the case of Pt (20 wt %)/C, ca 21% loss was
detected [38].

The kinetic parameters (the available ones) of the electrocatalysts reported in the current review,
along with the respective preparation methods are summarized in Table 1. It is observed that most of
the electrocatalysts have also been investigated for the ORR in presence of methanol, as its crossover
to cathode has been considered as one of the major reasons for the decay of ORR activity [3]. It is
remarkable that each of them shows excellent tolerance to methanol, considering that just few years
ago the main disadvantage of the non-precious electrocatalysts was related with their instability due
to alcohol crossover [1,3].

It should be pointed out that the data given in literature are often problematic or misleading.
For example, the limiting current density from RDE measurement varies considerably under the same
conditions. According to Levich equation, the steady-state limiting current density for the 4e− ORR is
ca 6.0 mA·cm−2 in a diluted electrolyte aqueous solution. The deviation observed in Table 1 should
possibly be originated from several reasons. A negative deviation is caused by at least, but not limited,
to the following reasons: (i) the poor quality of the fabricated electrode with an incomplete coverage
of the electrocatalyst on the substrate; (ii) a mixed reaction pathway with both 2e− and 4e− charge
transfer processes; (iii) poor electrocatalytic activity, and not mass transfer controlled steady state.
A positive deviation, the other side of the coin, can also be found in literature (see Table 2), which is
understandable as follows. The loading of the non-precious metal catalyst is generally pretty high,
and thereby, the thickness of the “thin-film” electrode cannot be neglected any more. As such, the radial
mass transfer should be considered for such “column-like” electrodes. Therefore, the comparison is
sometimes tricky and should be cautious in practice. In our opinion, the normalized kinetic current
density, other than the mass transfer-controlled current, should be used to benchmark the activity in
future. Nevertheless, the data are summarized in this review (Tables 1–3), which are phenomenally
used for reference.

On 2016, porous N-doped carbon nanotubes (NCNTs) with high surface area (>1000 m2·g−1) are
fabricated by KOH activation and pyrolysis of polypyrrole nanotubes. They exhibited excellent ORR
electrocatalytic (those annealed at 900 ◦C) performance and yielded a more positive onset potential,
higher current density, and long-term operation stability in alkaline media, when compared with
a commercially available 20 wt % Pt/C catalyst; this behaviour is mostly due to the synergetic effect
between the dominant pyridinic/graphitic-N species and the porous tube structures. These metal-free
porous nitrogen-doped carbon nanomaterials could be considered as potential alternatives to Pt/C
catalysts, for electrochemical energy conversion and storage [40].

2D materials, as the 3D ones, have also attracted increased interest, with graphitic carbon nitride
(g-C3N4) as a derivative graphene to be identified also as a good ORR electrocatalyst. More precisely,
the development of porous organic networks, which stems from the polymerization of rigid organic
molecules, offers the opportunity of 3D controllable structured electrocatalysts preparation [42].
Recently, Hao et al. [41] exploited the 2D structure of triazine-based framework (metal organic)
and convert it to a 3D porous electrocatalyst. Its stability at 0.6 V vs. RHE was excellent as kept
stable by 100% for 11 h of operation, as well as its tolerance in presence of 3.0 M methanol. Moreover,
its catalytic performance is considered high compared with the results reviewed in the present work,
as its half-wave potential reached 0.767 V vs. RHE.

Zeolitic imidazolate framework (ZIF) constitutes another precursor used often for the preparation
of 2D/3D controllable structures More precisely, this is a zeolite-type nanoscale metal-organic
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framework (MOF), which is used as a self-sacrificing template as well as both carbon and nitrogen
source [43]. A 2D carbon-based network electrocatalyst (Co-Al-LDH@ZIF67-800 ◦C), consisting of
well-defined metal-organic framework (MOF) arrays on layered double hydroxides (LHDs) exhibited
a limiting current density of 5.2 mA·cm−2, with half-wave potential of 0.675 V vs. RHE; no reaction was
observed in the presence of 2.0 M methanol [39]. Moreover, the as-prepared electrocatalyst presented
superior durability as it lost only 1% of its activity after 5.5 h of operation at −0.5 V vs. RHE; under the
same operation conditions, Pt/C lost 40% of its activity [39].

Miner et al. [44] using as MOF hexa-iminotriphenylene (HITP) synthesized a tunable highly
ordered 2D-structured ORR electrocatalyst material, Ni3(HITP)2. However, according to RDE results
it did not reach a plateau when examined in oxygen saturated 0.1 M KOH solution, at 2000 rpm.
Therefore, for the enhancement of its ORR activity further investigation should be carried out.

In Figure 1, the long term stability comparison between the above-mentioned electrocatalysts is
depicted. All the examined electrocatalysts are characterized by relatively good stability; after 10 h,
they lose less than 8% of their initial current density. Longer-term stability for 25 h is observed for
3D-structured Co-N-doped highly ordered macro-mesoporous carbon electrocatalyst [29]. To the best
of our knowledge, this is the highest value of long-term stability, which is mostly attributed to the 3D
as well as to the macro and mesoporous structures.
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Figure 1. Comparison of stability of 3D-structured non-precious carbon based electrocatalysts:
(1) NHCs (N-doped hierarchically carbon) (at 0.5 V vs. RHE) [27]; (2) 3D-HPC-N (N-doped-3D-
hierarchically porous carbon materials)-850 (at 0.55 V vs. RHE) [28]; (3) 3D Co-N-OMMC-0.6
(Co(NO3)2·6H2O) (ordered macro-mesoporous carbon) (at 0.6 V vs. RHE) [29]; (4) 3D hierarchical
porous-CoFe2O4 hollow nanospheres (at 0.56 V vs. RHE) [34]; (5) MnxCo3xO4 (x = 0.4) [36];
(6) Nanosheet Co3O4-doped-graphene-3D [38]; (7) 2D-CoAl-LDH@ZIF-67-800 (LDH: layered double
hydroxides, ZIF: zeolitic imidazolate framework [39]; and (8) 3D-N-doped-TTF (thermalized
triazine-based framework)-700 (at 0.6 V vs. RHE) [41].

The half-wave potential (E1/2) is conventionally used for the comparison of the ORR activity
between different electrocatalysts [36]. To evaluate the catalytic activities of the electrocatalysts
listed in Table 1, the half-wave potentials are depicted in Figure 2. As can be seen, 3D-structured
Co-N-doped highly ordered macro-mesoporous carbon electrocatalyst [29] and 3D nanosheet
Co3O4-doped-graphene [38] exhibit the same half-wave potential values (~0.83 V vs. RHE). The specific
half-wave value is almost the same as that of Pt (ca 0.8 V vs. RHE). However, they differ in their
kinetic current values: the 3D nanosheets Co3O4-doped-graphene [38] exhibited a kinetic current
density of 34 mA·cm−2 at 0.75 V vs. RHE, while the 3D-structured Co-N-doped highly ordered
macro-mesoporous carbon of 23.2 mA·cm−2.
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Figure 2. Comparison of half-wave potential (V vs. RHE). (References from left to right column: [38],
[29], [27], [41], [28], [40], [35], [39], [34]).

3. Hybrid (Metal Oxide-Nitrogen-Carbon) Electrocatalysts

Despite the fact that, in acidic media, the transition metal oxides exhibit very low ORR activity and
insufficient stability, in alkaline media, they exhibit high activity, mostly due to the oxygen-containing
groups [45]. The key for their enhanced activity is the amplification of their conductivity by integrating
their conductive matrix, forming the as-called hybrid materials; metal oxide-N-C [46].

In Table 2, along with their respective kinetic parameters, the most active ORR hybrid
electrocatalysts are listed. Most of them seem to present higher ORR activity than the 2D or 3D
electrocatalysts (Table 1). Characteristic is that all authors report higher limiting current and more
positive onset and half-wave potential values than Pt/C electrocatalyst (Table 2). Additionally, most of
those that were examined for methanol tolerance were found totally unaffected by methanol’s presence.

Table 2. Non-precious hybrid ORR electrocatalysts.

Catalyst Preparation Method and Experimental Conditions
Limiting Current (Jd; d = disc),
Kinetic Current Density (Jk),
Half Wave Potential (E1/2))

Reference

Co0.03@CoO-N-doped
graphene carbon
shells-800

Introduction of metal precursor (cobalt nitrate) to
sucrose and urea followed by pyrolyzing and
0.1 M KOH, oxygen saturated, 10 mV·s−1, 1600 rpm,
(0.1 M KOH + 0.5 M MeOH)

Jd = 4.1 mA·cm−2

(Inactive in MeOH presence)
E1/2 = 0.81 V vs. RHE

[47]

BCN-2.5 at. %-1000

CVD synthesis of BCN sheets by thermally
decomposing solid B C- and N-containing precursors
at normal pressure and 0.1 M KOH, oxygen saturated,
10 mV·s−1, 1600 rpm, (0.1 M KOH + 2.0 M MeOH)

Jd = 6.0 mA·cm−2

(Inactive in MeOH presence)
E1/2 = 0.707 V vs. RHE
Jk = 26.62 mA·cm−2

[48]

CoAl-LDHs (layered
double hydroxide)/rGO
(reduced graphene
oxide)

Grow CoAl-LDHs on the surface of GO in-situ via
coprecipitation and subsequently hydrothermal
treatment and 0.1 M KOH, oxygen saturated,
10 mV·s−1, 1600 rpm

Jd = 4.8 mA·cm−2

E1/2 = 0.853 V vs. RHE
[49]
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Table 2. Cont.

Catalyst Preparation Method and Experimental Conditions
Limiting Current (Jd; d = disc),
Kinetic Current Density (Jk),
Half Wave Potential (E1/2))

Reference

CoII-A-rG-O
(hybrid-ammonium)
hydroxide-reduced
graphene)

Synthesis at room temperature of archetypical hybrid
materials consisting of cobalt-based organometallic
complexes ([Co(acac)2], acac = acetylacetonate)
coordinated to N-doped graphenes and 0.1 M KOH,
oxygen saturated, 10 mV·s−1, 1600 rpm

Jd = 5.4 mA·cm−2

E1/2 = 0.81 V vs. RHE
Jk = 8.9 mA·cm−2 at 0.8 V vs. RHE

[50]

Co/N-HCOs
(Co/N-co-doped
hollowed-out carbon
octahedrons)

Octahedral Co(II) complex with
2,6-bis(benzimidazol-2-yl)pyridine (BBP) as the
precursor and 0.1 M KOH, oxygen saturated,
10 mV·s−1, 1600 rpm

Jd = 4.9 mA·cm−2

E1/2 = 0.81 V vs. RHE
[51]

Co(OH)2-nanoplate/
N-RGO (N-doped
reduced graphene oxide)

Hydrothermal method and 0.1 M KOH,
oxygen saturated, 5 mV·s−1, 1600 rpm

Jd = 4.7 mA·cm−2

E1/2 = 0.66 V vs. RHE
[52]

N/Co-doped
PCP(porous carbon
polyhedron)/NRGO

Pyrolysis of graphene oxide-supported cobalt-based
zeolitic imidazolate-framework and 0.1 M KOH,
oxygen saturated,
5 mV·s−1, 1600 rpm (0.1 M KOH + 3.0 M MeOH)

Jd = 7.8 mA·cm−2

(Inactive even after of 48h)
Jk = 11.6 mA·cm−2 at 0.7 V vs. RHE
E1/2 = 0.93 V vs. RHE

[53]

CoCN@CoOx(18)/NG
(cobaltcarbonitride/
nitrogen doped
graphene)

High temperature ammonia nitridation method and
0.1 M KOH, oxygen saturated, 10 mV·s−1, 1600 rpm,
(0.1 M KOH + 1.0 M MeOH)

Jd = 5.9 mA·cm−2

(Inactive in MeOH presence)
E1/2 0.763 V vs. RHE

[54]

C-CZ-4(N-CNTs)-1000

In situ growth of metal–organic frameworks (ZIF-8) on
carbon nanotubes, followed by pyrolysis and 0.1 M
KOH, oxygen saturated, 5 mV·s−1, 1600 rpm (0.1 M
KOH + 1.0 M MeOH)

Jd = 6.0 mA·cm−2

(Inactive in MeOH presence)
E1/2 = 0.887 V vs. RHE

[55]

Bamboo-like CNT/Fe3C
nanoparticle hybrids-800

Annealing a mixture of PEG-PPG-PEG Pluronic P123,
melamine, and Fe(NO3)3 at 800 ◦C in N2 and
0.1 M KOH, oxygen saturated, 10 mV·s−1, 1600 rpm

Jd = 4.0 mA·cm−2

E1/2 = 0.861 V vs. RHE
[56]

Co3O4/NG
(nitrogen-doped
graphene)

Hydrothermal reaction of GO, MR, and CoCl2
followed by a two-step heat treatment and 0.1 M KOH,
oxygen saturated, 10 mV·s−1, 1600 rpm

Jd = 4.6 mA·cm−2

E1/2 = 0.74 V vs. RHE
[57]

CoNPs@NG
(nitrogen-doped
graphene)

Thermal condensation of biomass and corresponding
metal salts and 0.1 M KOH, oxygen saturated,
10 mV·s−1, 1600 rpm (0.1 M KOH + 1.0 M MeOH)

Jd = 7.2 mA·cm−2

E1/2 = 1.01 V vs. RHE
[58]

C(PANI)/Mn2O3
Surface protected calcination processes and
0.1 M KOH, oxygen saturated, 10 mV·s−1, 1600 rpm

Jd = 5.61 mA·cm−2

E1/2 = 0.784 V vs. RHE
[59]

In general, Metal-N-doped carbon (especially graphene)-based electrocatalysts are preferred as
conductive matrix materials. They are more positive than the others’ hybrid materials, and half-wave
potential as well as onset potential (Figure 3) make them more plausible candidate for cathodes.
Namely, N/Co-doped graphene-type electrocatalyst (CoNPs@NG) [58] performed half-wave potential
(E1/2) of 1.01 V vs. RHE; about 0.19 V more positive than Pt/C’s, the value of which is usually around
0.8 V vs. RHE. Its high activity was attributed to the growth of N-Co nanocrystal through the graphene
plane and not at its edges, permitting the formation of a higher amount of active sites available to
the reactants. Its special structure also offered very good stability performance as it is indicated from
Figure 4. After ca 10 h of operation, only about 8% of current decay was observed. Remarkably,
the same catalyst also presented good long-term stability in acidic environment, preserving 91% of its
initial activity after 8.5 h of operation.

A novel hybrid electrocatalyst with reduced nitrogen-doped graphene/cobalt embedded porous
carbon polyhedron was developed by Hou et al. [53]. A four-electron pathway was activated,
performing E1/2 = 0.93 V vs. RHE. Except for its excellent activity, this catalyst exhibited also a good
durability, as after 5.5 h operation, its initial activity decreased by 14.5% in comparison with Pt/C,
whose initial activity was reduced more than 30% for the same operation period. Its excellent activity
was mainly attributed to the following factors: (i) the doping effect of N and Co; (ii) the porous
structure; and (iii) the good contact between N/Co-doped carbon polyhedron and nitrogen-doped
reduced graphene oxide.
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Figure 4. Long-term stability curves of hybrid materials: (1) Co0.03@CoO-N-doped graphene
carbon shells-800 (at −0.4 V vs. SCE) [47]; (2) Two-dimensional materials based on ternary system
of B, C and N (B(2 at%)N(5 at%)G-1000 ◦C) [48]; (3) N/Co-doped PCP//NRGO (at −0.25 V
vs. Ag/AgCl) [53]; (4) CoCN@CoOx(18)/NG (cobalt carbonitride/nitrogen doped graphene) [54];
(5) Co3O4/NG (nitrogen-doped graphene) (at −0.36 V vs. SCE) [57]; (6) CoNPs@NG (nitrogen-doped
graphene) [58]; (7) C(PANI)/Mn2O3 (hybrid) (at 0.8 V vs. RHE) [59]; and (8) CoO/MnO2/RGO
(reduced graphene oxide) (at 0.66 V vs. RHE) [60].

N-containing metal organic frameworks, like in the case of three-dimensional category, can
deliver really good ORR electrocatalytic activity. An in in-situ grown metal-organic framework
(MOF)/carbon nanotube (CNT) composite, instead of a surface grown one, was prepared and tested
by Ge et al. [55], using ZIF-8 as precursor and by pyrolyzing the catalyst at 1000 ◦C. The as-prepared
electrocatalyst reached a half-wave potential of 0.887 V vs. RHE and a limiting current of 6.0 mA·cm−2,
remaining stable even in the presence of 1 M CH3OH.
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Yang et al. [56] used, in their turn, melamine as natural source of nitrogen, synthesizing
bamboo-like carbon nanotube Fe3C NPs hybrid electrocatalyst, which also exhibited E1/2 = 0.861 V
vs. RHE as well as excellent tolerance towards methanol. The Co/N-doped graphene hybrid catalyst,
prepared by using urea as natural nitrogen source, in combination with sucrose and cobalt nitrate
performed a half-wave potential of 0.81 V vs. RHE [47]. Moreover, the as-prepared electrocatalyst after
10 h operation at 0.4 V lost only 8% of its initial activity.

Urea with boric acid and polyethylene glycol were used for the preparation of B-N-co-doped
graphite layers [48]. The obtained ORR kinetic current density was ca 27.0 mA·cm−2, while its
half-wave potential was very satisfactory; ca 0.707 V vs. RHE. Its activity remained unaffected in the
presence of methanol (2.0 M) and its stability was very good, unchanged for 8.5 h, at 0.853 V vs. RHE,
while Pt (20 wt %)/C, examined under the same experimental conditions, decreased by 20%.
In hybrid-BCNs the extra electrons of nitrogen and the empty orbital of boron are connected into the
carbon matrix, changing the electron density distribution of carbon [60–62].

Moreover, sandwich-like hybrid porous Co3O4 nanospheres and N-doped graphene using
melamine as precursor were prepared by Zhang et al. [57]. By using melamine instead of urea
or ammonia as nitrogen source, nitrogen NPs helped being attached not only at the edges of the
graphene, but also in its inert areas; cobalt in each turn is intruded in the inert part of graphene
providing much more active area. However, Co3O4/NG (nitrogen-doped graphene) exhibited good
and close to Pt’s half-wave potential, ca 0.74 V vs. RHE, indicating that it possesses high ORR activity.
Meanwhile, its stability was good since after 5.5 h durability test at 0.913 V vs. RHE lost only 6% of its
activity, while Pt/C lost 30% [57].

Additionally, Chao et al. [51] tried to make more environmentally friendly the
preparation processes of hybrid materials by using inexpensive Co(CH3COO)2·4H2O and
2,6-bis(benzimidazol-2-yl)pyridine (BBP) as raw materials. As described above, most of the fabrication
methods of hybrid materials include multiple and relatively expensive processes. The result was
a hollowed-out octahedral Co/N-co-doped carbon electrocatalyst that also performed a half-wave
potential close to 0.81 V vs. RHE, and a limiting current density of 4.9 mA·cm−2. Its activity remained
almost constant even after 8000 cycles from 0 to 1.2 V, showing additionally remarkable methanol
tolerance [51].

Among the investigated N-containing precursors, polyaniline (PANI) is commonly used for the
preparation of N-doped carbon electrocatalysts. The combination of PANI’s aromatic rings and the
N-containing groups result in highly efficient ORR hybrid materials [63]. Recently, Cao et al. [59]
reported half-wave potential of 0.784 V vs. RHE and 23 h long-term stability, at mesoporous hybrid
shell of carbonized polyaniline Mn2O3 (CPANI/Mn2O3) electrocatalyst. Their high activity and excellent
stability was believed to be related with: (i) the high specific surface area; (ii) the surface oxidation state
of Mn; and (iii) the composition codependent behavior (Mn2O3 and CPANI are strongly dependent on
each other). Hybrid materials have also been developed in order to improve the density of N-doped
carbon electrocatalysts. The low density, observed in many N-doped carbons, leads to a thick electrode
layer with reduced mass transfer ability [63,64]. By increasing the density of the carbon structure the
volumetric ORR activity increases too.

Recently, N-doped reduced graphene oxide materials have attracted much interest due to their
ability to increase electrocatalytic activity of the simple N-doped graphene electrocatalyst [65–67].
In N-doped graphene, it has been found that oxygen groups are responsible for the formation of the
C-N bonds, increasing the conductivity of carbons. The reduction of N-doped graphene increases the
oxygen groups and consequently the electronic-conductivity; reduced graphene oxide exhibit n-type
electron doping behavior.

The introduction of metal oxides into N-doped graphene sheets, in order to form the hybrid
material, can be processed through the following two-ways: (i) on the surface of the sheets;
or (ii) through the plane of the graphene nanosheets. The second approach results in a better
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dispersion and higher stability of the NPs, giving the opportunity of exploiting both sides of graphene
sheet [67,68].

According to Figure 3, CoII-A-rG-O (hybrid-ammonium hydroxide-reduced graphene) performed
the same ORR activity, giving also 0.81 V vs. RHE half-wave potential. Han et al. [50] proved that
the high hybrid materials’ activity toward ORR is attributed to the coordination of the modified
carbon with the organometallic molecules. More precisely, the Co atom is coordinated in a square
planar arrangement and an additional N-atom (or N containing aromatic ring) at an axial position,
to two acetylacetonate ligands.

Co3Mn-CO3-LDH/RGO electrocatalyst exhibited that its relative activity maintained 87% of its
initial value, while in the case of Pt/C at 82% [60].

A different geometrical hybrid electrocatalyst was developed by Zhan et al. [52], compounding
hexagonal Co(OH)2 nanoplates with nitrogen-doped reduced graphene oxide. According to the
authors, its good performance (0.66 V vs. RHE) is attributed to the nanosizing of Co(OH)2 and the
synergistic interaction between Co(OH)2 and N-rGO. After 4 h of operation at (−0.7 V), its activity
remained stable and the same with that of (20 wt %) Pt/C.

Additionally, the combination of layered double hydroxides (LDHs) with metal oxides results
in highly efficient ORR electrocatalysts. The LDHs’ more positive charge and their good long-term
stability in alkaline environment make them advantageous and promising. The CoAl-LDHs on reduced
graphene oxide support at the optimum ratio (wCoAl-LDHs/wGO = 1:5) performed 0.853 V vs. RHE
half-wave potential, presenting no reaction in the presence of methanol (3.0 M) [49]. Moreover,
it exhibited very stable behavior after 2.5 h operation at −0.4 V without losing its activity. It was found
that the presence of LDHs improved the electrons transfer, while the reduced graphene oxide has been
considered as the hydrogen peroxide cleaner. Thus, the synergetic effect of those two factors lead to
a really effective ORR electrocatalyst [49].

Zhao et al. [69] prepared and tested, a new type of cost-effective artificial oxygen-evolving
complex (OEC) rather active for the ORR catalysts based on cobalt-phosphate (Co-Pi). More precisely,
Co-Pi OEC anchoring on reduced graphite oxide (rGO) nanosheet is shown to possess dramatically
improved electrocatalytic activity. It was suggested that rGO serves as “peroxide cleaner” in enhancing
the electrocatalytic behavior.

A new hybrid catalyst in the form of core-shell type, CoCN(carbonnitirde)@CoOx NPs, supported
on N-doped graphene was designed for the ORR in an alkaline solution [54]. The oxide 2 nm thin
layer (CoOx) played a protective role preventing the oxidation corrosion of CoCN. This electrocatalyst
presented a low half-wave potential (E1/2 = 0.763 V vs. RHE) compared to the other hybrid materials,
but significantly high stability, losing only 10% of its initial reduction activity after 20 h of operation;
under the same operational conditions, Pt/C lost ~30% of its activity. Its methanol tolerance was also
high, as no any reaction was observed in 1.0 M methanol concentration.

By comparing Figures 1 and 4, it can be deduced that hybrid materials exhibit a higher
long-term stability performance during the ORR process. Among the examined hybrid electrocatalysts,
the mesoporous hybrid shell of carbonized polyaniline Mn2O3 (CPANI/Mn2O3) [59] and the
CoCN(carbonnitirde)@CoOx supported on the graphene maintained more than 90% of their initial
activity for about 20 h of operation [54]; both electrocatalysts have mesoporous core-shell structure
offering more active sites and mass transfer. Thus, the strategy of intervening in carbon nanostructure
by deliberately introducing in its main structure metal-organic frameworks develops hybrid
materials/electrocatalysts. This strategy, according to the current review, has proven the most efficient
one. Another, third, strategy of improving electrocatalytic activity of the non-precious metals concerns
with the use of different nitrogen sources, as will be discussed below.

4. Alternative Raw Materials

Increasing homogeneity by the aid of doping constitutes another strategy adopted for the
improvement of the characteristics of non-precious metal electrocatalysts. However, the control
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of the homogeneity is not easy since most of the synthesis procedures include multiple chemical steps.
Especially when a precursor that includes an inbuilt homogeneous source of heteroatoms is adopted,
the synthesis of a homogeneous doped carbon matrix is easier and more successful [70–72].

In Table 3, the electrochemical ORR activities in terms of half-wave potential (vs. RHE) for this
class of electrocatalysts is reported. Among them, Prussian-blue, polyaniline (PANI), soya plant and
others, have been investigated as alternative-raw precursors in order to facilitate the preparation
procedure of electrocatalysts as well as to include a ready 3D-structure framework into the carbon
matrix. These precursors contain M-N ready bonds responsible for the electrocatalysts activity
enhancement [73].

Table 3. Non-precious alternative precursors’ ORR electrocatalysts.

Catalyst Preparation Method and Experimental Conditions
Limiting Current (Jd; d = disc),
Kinetic Current Density (Jk),

Half Wave Potential (E1/2)
Reference

C-2PANI
(polyaniline)/PBA
(prussian blue analogue),
2-aniline/(aniline + PBA)

Mixing and pyrolysis & 0.1 M KOH, oxygen saturated,
10 mV·s−1, 1600 rpm

Jd = 6.1 mA·cm−2

E1/2 = 0.85 V vs. RHE
[73]

AFC-600 (ammonium
ferric citrate, 600:
treatment temperature)

A single-source molecular precursor containing
carbon, nitrogen and transition metal & 1.0 M NaOH,
oxygen saturated, 10 mV·s−1, 2500 rpm

Jd = 2.6 mA·cm−2

E1/2 = 0.881 V vs. RHE
[74]

N(okara source)-C-800
Nitrogen-doped carbon by okara treatment using also
FeCl3 & 0.1 M KOH, oxygen saturated, 5 mV·s−1,
1600 rpm

Jd = 4.0 mA·cm−2

E1/2 = 0.86 V vs. RHE
[75]

Fe/N-gCB (co-doped
graphitic carbon bulb)

Prussian blue (PB) as the only precursor & 0.1 M KOH,
oxygen saturated, 10 mV·s−1, 1600 rpm

Jd = 5.0 mA·cm−2

E1/2 = 0.81 V vs. RHE
[76]

FePhen@MOF-ArNH3

Encapsulation synthesis and heat treatment in
ammonia & 0.1 M KOH, oxygen saturated, 20 mV·s−1,
1600 rpm

Jd = 5.6 mA·cm−2

E1/2 = 0.86 V vs. RHE
[77]

S-P-N-doped graphitized
carbon-1000

Soya (plant) as carbon source-graphitized product as
support & 0.1 M KOH, oxygen saturated, 5 mV·s−1,
1600 rpm (0.1 M KOH + 1.25 M MeOH)

Jd = 3.7 mA·cm−2

(MeOH tolerant)
E1/2 = 0.79 V vs. RHE

[78]

YS-Co/N-PCMs
(yolk-shell/porous
carbon microspheres)

Template-free hydrothermal method and a subsequent
pyrolysis & 0.1 M KOH, oxygen saturated, 10 mV·s−1,
1600 rpm

Jd = 5.0 mA·cm−2

E1/2 = 0.706 V vs. RHE
Jk = 16.0 mA·cm−2 at 0.3 V vs. SCE

[79]

N-S-co-doped-graphite

Pyrolysis of homogeneous mixture of exfoliated
graphitic flakes and ionic liquid 1-butyl-3-
methylimidazoliumbis(trifluoromethanesulfonyl)
imide & 0.1 M KOH, oxygen saturated, 10 mV·s−1,
2500 rpm

Jd = 6.5 mA·cm−2

E1/2 = 0.768 V vs. RHE
[80]

According to the literature review, the composition of single-source molecular precursor affects
the properties of any adopted metal and carbon and consequently the ORR electrocatalyst’s activity.
For example, Fe/Fe3C NPs encapsulated in nitrogen-doped carbon using ammonium ferritic citrate
as single molecular precursor exhibited the highest according to half-wave potential, E1/2 = 0.881 V
vs. RHE (Figure 5), ORR activity as well as an excellent methanol tolerance [74]. The conversion of
amorphous carbon to graphitic carbon and the encapsulation of the iron nanoparticles into carbon’s
matrix were the main factors of its high ORR performance.

Another biomass product, okara, has been used as an alternative precursor, namely as nitrogen
source. Okara is a byproduct from tofu and soy milk production, commonly used as feed for livestock or
as a natural nitrogen fertilizer. The okara-derived nitrogen-doped carbon electrocatalyst exhibited the
second highest activity, among the investigated samples, showing 0.86 V vs. RHE half-wave potential.
This electrocatalyst was characterized by the high content of sp2C, pyridinic-N and graphitic-N [75].
However, it is noted that such okara-derived catalysts are not easy to be reproduced as the composition
of biomass varies considerably in reality, depending also on the factories and on the kind of soy beans.

Prussian blue is another precursor with ordered three-dimensional framework, which is consisted
of coordinative bonded transition metal cations and cyanide groups. Such precursors contain M-N
bonds and they are more active for ORR [76,77]. The observed high ORR activity 0.85 V vs. RHE is
mainly attributed to the coordination of metal structure MNx [73]. Fe/N co-doped graphitic carbon
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bulb electrocatalyst was prepared using only Prussian blue as precursor; exhibiting 0.81 V vs. RHE
half-wave potential [76].
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Figure 5. Comparison of half-wave potential of modified-alternative raw electrocatalytic materials.
(Ref. from left to right bar: [74], [75], [77], [73], [76], [78], [80], [79]).

On the other hand, it has been also reported [77] a high ORR activity (Figure 5) for FePhen@MOF
(metallic organic framework)-ArNH3 electrocatalyst, with 0.86 V vs. RHE half-wave potential,
without observing any direct coordination of iron with nitrogen. Its high activity was attributed
also to the encapsulation of Fe into N-doped carbon’s matrix and its synergetic effect with nitrogen via
stabilizing the peroxide intermediate. Another kind of alternative-precursor, soya plant, which is rich
in proteins, can lead to multiheteroatom-doped (S-N-P) carbon electrocatalysts after the appropriate
treatment [78]. More precisely, the as prepared electrocatalyst exhibited 0.79 V vs. RHE half-wave
potential for ORR and was inactive in presence of 1.25 M methanol. Additionally, at 0.4 V vs. RHE,
its current density remained stable for almost one hour, while the corresponding commercial Pt/C’s
current density reduced more than 10%.

By pyrolyzing a homogeneous mixture of exfoliated graphitic flakes and ionic liquid, a very active
ORR electrocatalyst was fabricated performing 0.768 V vs. RHE [80]. The great ORR activity was
ascribed to the exfoliated graphite flakes which aid to the increased nitrogen doping and consequently
the increased active surface area as well as to the co-doping of nitrogen and sulfur.

Hierarchically porous carbon materials are appropriate for accommodating more active sites and
are synthesized via chemically complicated routes. A template-free and easier preparation method
via using melamine, formaldehyde and cobalt acetate in combination with pyrolysis were adopted
to prepare hierarchically structured yolk-shell Co and N co-doped porous carbon microspheres by
Chao et al. [79]. This structure combined the high surface of the micropores, the active sites of Co-Nx

and graphitic N, yielding 0.706 V vs. RHE.
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5. Dual Hetero-Atom Doped Electrocatalysts

Doping nitrogen can facilitate 4e− ORR process leading to water formation, while boron, sulfur,
and phosphorus are more prone to enhance 2e− ORR process leading to hydrogen peroxide formation
Besides, nitrogen-doped carbon materials are cheaper and also offer long durability; for this reason,
in the last 2–3 years, they have been studied more intensively. Among the investigated N-doped
carbon materials ordered mesoporous carbon (OMC) attracts much more attention due to the unique
regular arrays of uniform mesopores [81–83].

Sheng et al. [84] recently reported a highly active N-OMC electrocatalyst which exhibited 0.853 V
vs. RHE half-wave potential (Figure 6). Furthermore, it presented very good stability, as after 5 h
operation at −0.4 V vs. Ag/AgCl, its relative current density decreased only by 10% (Figure 7).
The well-defined ordered mesoporous framework consisting of interconnected N-doped carbon rods
with uniform size was the reason for the high ORR activity.
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electrocatalysts: (1) NCNT-900 (N-doped carbon nanotubes) (at −0.4 V vs. SCE) [40]; (2) S-P-N-doped
graphitized carbon-1000 (at −0.3 V vs. SCE) [78]; (3) NOMC (N-doped ordered mesoporous) (at −0.3 V
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(5) shell core structural boron and nitrogen co-doped graphitic carbon/nanodiamond (BN-C/ND) [87];
(6) Fe-N/C-800 (at −0.3 V vs. Ag/AgCl) [88]; (7) SiN-CNTs (at −0.3 V vs. Ag/AgCl) [90];
and (8) S-doped/CNTs-900 (at −0.3 V vs. Ag/AgCl) [93].
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The doping of N-doped-carbon materials with a second element such as silicon, boron,
phosphorus, etc. favors the synergetic effect between the second element and the N-doped carbon.
The resulting materials exhibit a better ORR activity than single N-doped carbon materials.

For instance, phosphorus has lower electronegativity than nitrogen and sulfur, leading to a higher
modification extent of carbon and having as a result a more efficient electrocatalyst towards ORR.
Wu et al. [85] prepared phosphorus-doped carbon hollow spheres (P(2 at.%)-CHS) electrocatalysts,
which exhibited more positive than Pt’s half-wave potential, 0.883 V vs. RHE (Figure 6). Its special
structural design offered higher triple phase (solid–liquid–gas) area and consequently enhanced ORR
activity. Moreover, the as-prepared electrocatalyst operating at −0.25 V for almost 17 h lost only 5% of
its initial activity (Figure 7). On the contrary, under the same operation conditions, the activity loss on
Pt/C recorded almost 20%.

Iron encapsulation into carbon’s matrix, as preparation method of ORR electrocatalysts’
fabrication, has been adopted from other research groups too [74,78,86]. According them, the observed
enhanced ORR activity was attributed to the iron’s encapsulation, which stabilized the produced
peroxide intermediate, and to the coordination of iron with nitrogen.

Niu et al. [88] tried to enlarge the active surface area of N-doped mesoporous carbon by
embedding rigid templates within precursor matrices. They fabricated Fe-N/C catalysts by the aid
of controlled pyrolysis of a poly(2-fluoroaniline) (P2FANI) matrix, within which FeO-(OH) nanorods
were homogeneously embedded. They obtained a half-wave potential value of 0.8 V vs. RHE, the same
with Pt’s one. The Fe-N/C pyrolysed at 800 ◦C exhibited, additionally, remarkable long-term stability
keeping 93.3% of its initial activity for 2.8 h; while under the same experimental conditions Pt/C lost
half of its initial activity.

It is worth to be noticed that it is surprising that in some cases Pt/C is so much unstable compared
to non-noble metal catalysts. Part of this difference (sometimes higher than 20%) could be due to the
comparison of “normalized current” at different potentials. However, we could conclude here that
most of the examined non-noble catalysts exhibit at least similar stability with Pt/C one.

Iron has been also investigated as a second co-doped with nitrogen element. A novel
nitrogen-doped-graphene nanoplatelets of Fe@N-graphene nanoplatelet-embedded carbon nanofibers
was proposed by Ju et al. [94], delivering half-wave potential value 0.8 V vs. RHE (Figure 6), which is
the same as Pt. Its high activity was due to the high number of functional groups.

Sulfur constitutes another element that has been investigated a lot as a second element in N-doped
electrocatalysts. According to Figure 6, sulfur-nitrogen-doped CNTs [92] and sulfur-nitrogen-doped
reduced graphene oxide [91] electrocatalysts exhibited 0.685 and 0.703 V vs. RHE half-wave potential,
respectively. According to the authors of both works, the synergetic effect between N and S favors
the 4e− ORR pathway. Additionally, S-N-CNTs electrocatalyst exhibited excellent methanol tolerance
(10 wt %) even after 2.5 h operation at −0.3 V vs. Hg/HgO [93]. The advantages of the ordered
mesoporous structure and of the co-doping method were exploited by Jiang et al. [92], fabricating
a S-N-ordered mesoporous electrocatalyst. The authors also stated very good long-term stability,
as the electrocatalyst maintained 91.6% of its relative current density after 2.5 h operation, while Pt/C
maintained only 70% of its owns; excellent methanol (1.0 M) tolerance was recorded.

Additionally, silicon doped into nitrogen-doped carbon nanotubes (SiN-CNTs) matrix exhibited
a very good activity, E1/2 = 0.753 V vs. RHE (Figure 6), remaining also inactive in presence of
1.0 M methanol. Moreover, for the first operational seconds its initial relative current decayed by 8%
and it remained stable for 2.8 h, at −0.3 V vs. Ag/AgCl, while over Pt/C, the measured current decay
was 30% [90].

Boron and nitrogen co-doping mostly on graphene and carbon nanotubes has been investigated
thoroughly in international literature [95–98]. Liu et al. [87], recently proved that synergetic effect of
co-doping and doping one by one element was the main factor for enhancing ORR activity. As depicted
in Figure 6, the B-N co-doped over core shell graphitic carbon nanodiamonds electrocatalysts exhibited
high half-wave potential, E1/2 = 0.805 V vs. RHE [87].
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Finally, some research groups turned their attention to halogen doped-nitrogen carbon
materials. By introducing a halogen element into graphene structure, its electronic structure
changes, accommodating more active sites [89]. F-, Cl-, Br- and I-co-doped reduced graphene oxide
electrocatalyst, according to LSV measurements, exhibited a half-wave potential of 0.773 V vs. RHE;
just a little more negative from Pt’s. After 2000 s, its current density remained the same, while for Pt/C
it was decreased by 10%.

Taking into consideration the results listed in Table 4, a common characteristic of the dual-doped
electrocatalysts is the hollow carbon nanospheres, as well as the mesoporous structure. According to
Figure 7, the highest long-term stability was displayed by phosphorus-doped hollow sphere
electrocatalyst, ca 18 h, maintaining 90% of its initial activity [85]. It has been stated that the hollow
structure offers efficient mass transfer of the reactants. Finally, the development of ORR electrocatalysts
with alternative precursors, by the aid of simpler preparation methods, is still of great challenge as
deduced during the current review.

Table 4. Non-precious dual-doped carbon ORR electrocatalysts.

Catalyst Preparation Method and Experimental Conditions
Limiting Current (Jd; d = disc),
Kinetic Current Density (Jk),
Half-Wave Potential (E1/2))

Reference

N-OMC (N-doped ordered
mesoporous)

Two-step nanocasting method (DHN as precursors) &
0.1 M KOH, oxygen saturated 10 mV·s−1, 2500 rpm

Jd = 5.8 mA·cm−2

Jk = 22 mA·cm−2 (at 0.4 V vs.
Ag/AgCl)
E1/2 = 0.853 V vs. RHE

[84]

P(2 at. %)-CHS
(phosphorus-doped
hollow spheres)

Hydrothermal method using glucose as a carbon
source, tetraphenylphosphonium bromide as a P
source and anionic surfactant sodium dodecyl sulfate
as a soft template & 0.1 M KOH, oxygen saturated
10 mV·s−1, 1600 rpm

Jd = 5.7 mA·cm−2

E1/2 = 0.883 V vs. RHE
[85]

Fe3C/N-G(nano graphitic
layers)-800

Pyrolysis of poly (1,8-diaminonapphthalene) (PDAN)
using precursors of 1,8-diaminonaphthalene (DAN)
and FeCl3 & 0.1 M KOH, oxygen saturated, 5 mV·s−1,
1600 rpm, (0.1 M KOH + 1.0 M MeOH)

Jd = 5.8 mA·cm−2

E1/2 = 0.86 V vs. RHE
(Inactive in MeOH presence)

[86]

Shell core structural B and N
co-doped graphitic
carbon/nanodiamond
(BN-C/ND)

One-step heat-treatment of the mixture with
nanodiamond, melamine, boric acid and FeCl3
& 0.1 M KOH, oxygen saturated, 10 mV·s−1, 1600 rpm
(0.1 M KOH + 1.0 M MeOH)

Jd = 6.0 mA·cm−2

E1/2 = 0.22 V vs. Hg/HgO (0.805 V
vs. RHE)
(Inactive in MeOH presence)

[87]

Fe-N/C-800
Thermally removable nanoparticle templates &
0.1 M KOH, oxygen saturated (0.1 M KOH +
1.0 M MeOH)

Jd = 4.9 mA·cm−2

E1/2 = 0.80 V vs. RHE
(Inactive in MeOH presence)

[88]

F, Cl, B and I–doped RGO in
presence of NaF

Halogenations of reduced graphene oxide (RGO) with
simultaneously fluorine, chlorine, bromine and iodine
by electrochemical exfoliation of GO and obtained
XRGO in presence of IL and halogen salts (X = F, Cl,
Br, I) & 0.5 M KOH, oxygen saturated, 10 mV·s−1,
1600 rpm

Jd = 5.7 mA·cm−2

E1/2 = 0.773 V vs. RHE
[89]

SiN-CNTs

Thermolysis of 3-aminopropyl-triethoxysilane and
dimethylsilicone oil, respectively, using FeMo/Al2O3
as catalysts & 0.1 M KOH, oxygen saturated 5 mV·s−1,
1600 rpm (0.1 M KOH + 1.0 M MeOH)

Jd = 6.12 mA·cm−2

E1/2 = 0.753 V vs. RHE
(Inactive in MeOH presence)

[90]

S-N-RGO (reduced
graphene oxide)

Single-step non-hydrothermal chemical route Reflux in
ethylene glycol at 180 ◦C for 3 h & 0.1 M KOH,
oxygen saturated, 5 mV·s−1, 1600 rpm

Jd = 5.1 mA·cm−2

E1/2 = 0.703 V vs. RHE
Jk = 7.7 mA·cm−2 (at 0.6 V vs.
Hg/HgO)

[91]

S1N5-OMC (dual doped
with S and N ordered
mesoporous carbon)

Polythiophene (PTh) and polypyrrole (PPy) as the
precursors, ordered mesoporous silica (SBA-15) as the
hard template, and FeCl3 as the catalyst & 0.1 M KOH,
oxygen saturated, 10 mV·s−1, 1600 rpm, (0.1 M KOH +
0.5 M MeOH)

Jd = 4.6 mA·cm−2

E1/2 = 0.685 V vs. RHE
(Inactive in MeOH presence)

[92]

6. Conclusions

The present review mainly focuses on novel carbon based materials for ORR, including:
(i) the development of three-dimensional structures; (ii) the synthesis of novel hybrid
(metal oxide-nitrogen-carbon) electrocatalysts; (iii) the use of alternative raw precursors
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characterized from three-dimensional structure; (iv) the adoption of co-doping methods for novel
metal-nitrogen-doped-carbon electrocatalysts.

Hybrid-materials exceed the other types of electrocatalysts in terms of ORR activity as well
as long-term stability. Among them, nitrogen-doped-reduced graphene oxide with mesoporous
structure is the most efficient support. However, the greatest challenge of those electrocatalysts is the
simplification of their synthesis procedure. Towards this direction, non-precious ORR electrocatalysts
via one step process utilizing alternative precursors, mainly Prussian-blue and/or polyaniline,
were prepared. The main advantage of these kinds of alternative precursors is their ready (from their
nature) three-dimensional structures offering enriched M-N bonds, which, after pyrolysis, form MNx

ORR active sites. The same precursors can serve also as carbon or nitrogen sources. This class of
electrocatalysts exhibits very good ORR electrochemical activity; however, their main drawback is
their short stability over time.

In their turn, dual-doped ORR electrocatalysts succeed to change the ORR mechanism in N-doped
electrocatalysts from 2e− to 4e− process. The most efficient dual-doped electrocatalysts: (i) are
characterized by either ordered mesoporous or hollow mesoporous graphene structure; (ii) have been
prepared by co-doping metals; and (iii) the doped-metals have been embedded throughout carbon
matrix and not at its edges. In terms of long-term stability, it can be deduced that they are less stable
than hybrids, but more stable than the alternative precursors’ electrocatalysts.

Finally, 3D interconnected structures facilitate electron and mass transfer. The key for the
development of the most active electrocatalyst (3D Co-N-OMMC) was the combination of: (i) co-doping
of the two metals; (ii) highly ordered macro-mesoporous graphene’s structure; and (iii) synergetic
effect of the two metals with the support. Typically, their ORR activity is still lower than the other
as-reported electrocatalysts. The degradation of their structure and, consequently, the much lower
stability are the main challenges that need to be overcome in future.
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Abstract: The H2/air-fed proton exchange membrane fuel cell (PEMFC) has two major problems:
cost and durability, which obstruct its pathway to commercialization. Cell reversal, which would
create irreversible damage to the fuel cell and shorten its lifespan, is caused by reactant starvation,
load change, low catalyst performance, and so on. This paper will summarize the causes,
consequences, and mitigation strategies of cell reversal of PEMFC in detail. A description of potential
change in the anode and cathode and the differences between local starvation and overall starvation
are reviewed, which gives a framework for comprehending the origins of cell reversal. According to
the root factor of cell starvation, i.e., fuel cells do not satisfy the requirements of electrons and protons
of normal anode and cathode chemical reactions, we will introduce specific methods to mitigate or
prevent fuel cell damage caused by cell reversal in the view of system management strategies and
component material modifications. Based on a comprehensive understanding of cell reversal, it is
beneficial to operate a fuel cell stack and extend its lifetime.

Keywords: PEMFC; cell reversal; starvation; mitigation strategies

1. Introduction

At present, the proton exchange membrane fuel cell is the most promising energy system used
in commercialized electric vehicles; it has the following advantages: low-temperature operation
(50–100 ◦C), high power density (40%–60%), nearly zero pollutants compared to conventional internal
combustion gasoline vehicles, simple structure, and so on [1,2]. However, during the PEMFC
technological development, there are two primary barriers to commercialization—durability and
cost [3].

Cell polarity reversal occurs frequently in standard fuel cell operating conditions. In such a
condition, there is some irreversible damage to fuel cell stack material, including flow field plate,
membrane electrode assembly (MEA), and other constructional elements, which seriously affects the
durability of PEMFC. There are two principal approaches to solving this problem. The first is a system
control strategy whereby specially designed software would monitor anode and cathode outlet exhaust
gas composition, cell voltage, and local density variation response. The software would then regulate
fuel/air stoichiometry, cell temperature, current density, water management, and any other operating
parameters to minimize fuel cell reversal damage [4–6]. Although the system control strategy can be
an effective and efficient method to extend a fuel cell’s lifespan, it would require a peripheral sensor to
monitor and feedback information, and even to regulate the system parameters for steady operation.
In fact, it does not take long for cell reversal damage to occur. The extra equipment involved would
not only increase system complexity and decrease cost efficiency, but also cannot address cell reversal
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in time. Therefore, there is a second more direct strategy, system hardware material modification.
Because all forms of cell reversal damage eventually lead to system material degradation, optimized
materials would minimize cell reversal and improve fuel cell durability in nature. This paper presents
the causes, types of damage, and improvement approaches related to cell reversal in a fuel cell.

2. PEMFC Cell Reversal Description

In a single fuel cell or fuel cell stack system, electrode potential drives chemical reactions,
including hydrogen oxidation reaction (HOR), oxygen reduction reaction (ORR), carbon corrosion,
and water electrolysis. In normal operations, there are excess hydrogen and air supplied to the anode
and cathode, respectively. HOR and ORR take place in the anode and cathode, respectively, to produce
sufficient amounts of electrons and protons. Nevertheless, there are many extreme operations or
conditions, such as insufficient supply of reactant [5–7], low catalyst performance, uneven gas
distribution, drastic current load change, and startup or shutdown operations [8], which would
result in potential change. In PEMFC cell reversal, the experiment polarity curve shows that the anode
potential increases and the cathode potential decreases, narrowing the electric potential difference
and even reversing for several seconds. The fuel cell stack cannot work normally anymore and will
consume energy instead of supplying energy. As a result, hydrogen and oxygen would be present in
the wrong electrode components of fuel cell, which induces a corresponding potential change. In each
cavity, all kinds of matter spontaneously recombine and react with each other to make the system right.
However, because of the wrong initial conditions, the result cannot match what the fuel cell should be.

As shown in Figure 1, the fuel cell was subjected to cell reversal test experiment (hydrogen
starvation). Figure 1 illustrates the time-dependent change in the anode and cathode potentials versus
RHE in hydrogen starvation. The cell terminal voltage quickly changed to a negative voltage, from 1.0
to −2.0 V [6]. This will be discussed in more detail in Section 3.1.1.

Figure 1. Anode and cathode potential change experienced cell reversal caused by hydrogen starvation.
Reproduced with permission from [6]. Copyright Elsevier, 2004.

In the case of air starvation, there is another type of cell reversal detected in currency to voltage
(I–V) image. In Figure 2, we can see that cell voltage decreased rapidly to become negative when the
cell reversal experiment started (air starvation). After the initial drop, the anode potential, cathode
potential, and cell voltage all reached constant values but remained near zero [5].
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Figure 2. Anode and cathode potential change in cell reversal caused by oxygen starvation.
Reproduced with permission from [5]. Copyright Elsevier, 2008.

Fuel starvation results in a markedly different level of cell reversal compared to air starvation.
Cell terminal voltage is much larger with low fuel feed compared to low air feed. The damage to
material under low potential is less serious than the high potential caused by hydrogen starvation.
From this point, we can understand that the damage of fuel starvation could be caused by gas supply
and flow field diffusion. In view of keeping reactant diffusion steady, and considering gas diffusion
layer design, flow field design, and membrane gas permeation, the assembly of different layers should
attract more attention. In the meantime, how to eliminate interface effect is also a point to be researched.
Steadier system operation conditions will mean a longer lifetime.

Due to the carbon corrosion in cell reversal, polarity curve, gas chromatography (GC) and
differential electrochemical mass spectrometry (DEMS) can be the main in situ measurements to
analyze the extent of carbon corrosion, the exhaust gas compositions, and the anode or cathode outlet
contents [9–11]. These techniques can realize online detection of carbon dioxide generated by carbon
corrosion. After cell reversal, energy dispersive X-ray analysis (EDX), transmission electron microscopy
(TEM) [6], scanning electron microscopy (SEM), X-ray diffraction (XRD), electrochemical impedance
spectrum (EIS), inductively coupled plasma (ICP), and Raman Spectroscopy are the main means used to
characterize the status of the catalyst layer (CL), catalyst nanoparticles sintering, and carbon corrosion
extent [10,12–15]. These methods analyze CL morphology, catalyst distribution, elemental content,
atomic structure, and impedance, respectively.

In a fuel cell reversal system experiment, there is a three-step protocol to test and categorize the
electrode’s reversal tolerance [16]. The point of this protocol is to build fuel starvation by replacing H2

content with humidified N2 to measure the performance of MEA after cell reversal. Specifically, Step 1,
MEA should be in the condition of cell reversal for a long time, with a period of H2 supply. Step 2,
MEA is in the cycle between cell reversal and normal H2 supply every 30 s. Step 3, MEA would be in
cell reversal until the cell potential is −2.0 V. In the whole test procedure, the anode outlet air would
be measured for the concentration of CO2 and O2.

To simulate and design cell reversal experiment, sub-stoichiometric reactant feeding is the first
step. Then, regulating the fuel and air ratio should take a more important place for cell reversal data
image. The data collection should include I–V image, different electrode potential of time-dependent
like Figures 1 and 2, localized current and potential change across the electrode plane, and so on.
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3. Causes and Consequences of Cell Reversal

3.1. Causes of Cell Reversal

The main cause of cell polarity reversal is that the fuel cell cannot satisfy the requisition of the
electron and proton from the normal anode and cathode chemical reactions [17]. This key factor occurs
in some improper or nonstandard operations, such as fuel and air sub-stoichiometric feeding, rapid
load change, low catalyst performance, control module failure, and so on. During a sudden load
change or incorrect operation, such as start-up or artificial reasons, fuel and oxidant starvation would
occur. Li et al. [18] found that the cell performance loss was induced by the rapidly changing load
frequencies resulting in catalyst particles’ growth and agglomeration in the anode. This is a typical
example where the mass transfer rate cannot match the load change rate.

In the fuel cell stack or galvanostatic operation of a single cell, other cells with sufficient reactant
or the single cell system would electrolyze the sick cell for the specified electron and proton or location
of saturated fuel supply electrolyze sub-saturated area. There are three key points to define the sick
fuel cell: (1) low electrode performance; (2) low fuel supply; (3) low air or oxygen supply. By filling
the current requirements, the sick cell would be self-abandoned to conduct some different reaction
under high potential, like carbon oxidation, water oxidation in an anode, or hydrogen evolution in a
cathode [17]. Hydrogen evolution occurs in the cathode catalyst layer, close to the proton exchange
membrane; hydrogen re-oxidization is in the other part of the cathode catalyst layer; and ORR occurs
between the cathode catalyst layer and the cathode gas diffusion layer.

Sanyo Electronics previously studied the performance degradation of fuel cell caused by fuel
starvation [19]. Then, Kim et al. [20] researched the effect of stoichiometry on the dynamic behavior of
a PEMFC during load change, and found a vacuum effect in fuel starvation. Hydrogen utilization was
significant to overshoot or undershoot behaviors. Taniguchi et al. [6] designed an experiment using a
single cell to simulate cell reversal in a stack.

An abrupt change in oxygen demand at the cathode, like start-up operation, load change, or water
management failure, would induce air starvation. Rao et al. [21] developed a distributed dynamic
model including three layers (the gas flow channel, the diffusion layer, and the reaction layer) in a
cathode to discuss the problem of gas starvation. There are many reports about current distribution
and degradation caused by air starvation [5,22,23]. In these papers, current distribution is relevant to
matter diffusion. The different reactant combinations in different layers have various reactant reaction
modules. Due to reaction spontaneity and external drive, electron transfer and high potential occur at
the same time.

All of the experiments reported above show that reactant starvation would change anode or
cathode reaction conditions and lead to abnormal chemical reactions in high potential. These reasons
would complicate the situation of the electrode surface. The following section will discuss in detail the
specific situation, causes, and effects in view of a PEMFC anode and cathode.

3.1.1. PEMFC Anode

Compared to air starvation, complete hydrogen starvation will induce high potential to lead to
carbon corrosion. Generally speaking, its impact on fuel cell is more far-reaching and thorough. So we
pay more attention to cell reversal caused by hydrogen starvation.

In normal operations, excess hydrogen and air are supplied to the anode and cathode, respectively,
whereby hydrogen and air distribution in the two compartments meet the mass transportation
requirement. However, local fuel starvation induced by heterogeneous fuel distribution and
complete fuel starvation in the whole anode have different effects in the whole anode. These two
hydrogen-deficient conditions are similar but the damage to the fuel cell is completely different,
and in fact heterogeneous fuel distribution cannot cause cell reversal but current reversal [24].
Local fuel starvation, or partial hydrogen coverage, damages the air electrode and induces oxygen
migration across the membrane from the cathode [25,26]. There are two mathematical guides to help us
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distinguish between and get a clear picture of these two situations by demonstrating electron diffusion
and gas flow.

Complete hydrogen starvation:
N < I/(2F) (1)

Equation (1) depicts the practical status of fuel cell operations in the whole fuel starvation. In this
equation, N is the molar flow of hydrogen, I is the practical current, and F is Faraday’s constant.
Without enough hydrogen to support the required current, the cell has to oxidize other cell system
materials such as water and carbon at the fuel electrode to produce electrons and protons. Obviously,
the fuel cell must be a single cell during galvanostatic operation or in a fuel cell stack where other cells
have excess hydrogen supply.

Partial hydrogen coverage:

N > I/(2F) but
I
A

> Ilim (2)

Equation (2) shows the local hydrogen starvation. Here, A is the active area and Ilim is the limiting
current density on active area. According to the equation, enough hydrogen is fed to the anode to
satisfy the necessary current, but the fuel distribution is uneven in the gas distribution layer (GDL).
Finally, the partial electrode area is not fed with adequate fuel. Oxygen in the cathode is permitted to
migrate to the anode across the membrane to form the potential in some fuel-deficit areas to produce
electrons, resulting in the average current value being higher than the limiting current. Some active
areas have the same cell potential difference as a normal fuel cell, about 0.8 V. Nevertheless, other
negative regions’ cell potential is lower than 0.8 V but more than 0. This potential difference between
the anode and cathode can be due to partial pressure discrepancy. So this situation cannot induce
cell reversal but it will cause current reversal. Patterson and Darling studied the damage caused by
local fuel starvation to the cathode catalyst [27]. The experiment showed that the situation of local fuel
starvation is not similar to cell reversal caused by fuel starvation.

Only when the low hydrogen stoichiometry is less than 1 can the fuel cell polarity be reversed in
the condition of a single-cell galvanostatic operation or a fuel cell stack where other cells have excess
hydrogen supply. Obviously, all mechanisms and consequences of local fuel starvation would also
occur at some location of the CL during overall fuel complete starvation [15]. In fact, the relationship
between local fuel starvation and complete hydrogen starvation is just a qualitative change induced by
a different hydrogen degree.

Different fuel flow fed to the anode provokes different phenomena on its electrode surface.
Fuel starvation induced uneven currency diffusion, which had an increasing trend in the anode inlet
and a decreasing trend in the outlet [4]; hydrogen oxidation reaction and water oxidation occurred at
different regions of the electrode simultaneously. Due to the lack of hydrogen supply, which cannot
satisfy the fuel cell system’s electron requirements, the fuel cell system would spontaneously increase
the anode potential as a result of an abnormal reaction or cell performance degradation, such as water
oxidation, carbon corrosion, and so on, to obtain extra electrons [28]. In a galvanostatic operation or
fuel cell stack, it will decompose the electrode material or the sick cell, like an electrolytic cell.

Therefore, in this condition, oxygen is simultaneously reduced in the cathode while oxygen is
produced in the anode. The final consequence is that oxygen is pumped from cathode to anode while
water moves in the opposite direction. The cell is similar to an “oxygen pump”. We can use GC to test
the anode production online [23]. The electrode half reactions and the overall reaction are listed below:

Anode: 2H2O (a) → O2 (a) + 4H+ + 4e− (3)

Cathode: O2 (c) + 4H+ + 4e− → 2H2O (c) (4)

Overall: O2 (c) + 2H2O (a) → 2H2O (c) + O2 (a) (5)
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Water oxidation is the initial main reaction in a fuel cell, caused by fuel complete starvation in the
anode. While the cell reversal experiment proceeds, the cell voltage becomes more and more negative.
In Figure 1, we can see that the anode potential could be more than 1.5 V and the cathode is about
0.85 V at the first decreased stage. So the cell voltage is less than −0.65 V. At the next stage, the anode
potential would become so high that carbon could be corroded gradually, especially with a platinum
(Pt)-based catalyst, which would promote carbon corrosion. Finally, the cell voltage would get close to
−2.0 V until the fuel cell cannot function.

According to Equations (3), (10), and (11), corrosion in the anode, water oxidation, and carbon
would produce heat to dehydrate the anode ionomer and membrane electrolyte. When the cell voltage
reaches −2.0 V, the membrane would be completely degraded by dielectric breakdown [16]. We can
judge which cell reversal strategy is best based on the time it takes the cell to reach −2.0 V in order to
avoid cell reversal causing irreversible damage. The better strategy should have a longer time to reach
−2.0 V of cell potential.

Aside from the cell polarity change, local current density and temperature also have special
distribution across the CL in cell reversal. Zhang and his team analyzed dynamically the local current
densities and temperatures in proton exchange membrane fuel cells during reactant starvations [7].
The dynamic variations of local current densities with cell voltage and local temperatures during
hydrogen starvation are studied. In this experiment, the hydrogen flow rate was held at 50 NmL·min−1

(equal to average current density of 450 mA·cm−2). In the average current controlled operation, it
was set to increase from 440 to 470 mA·cm−2 to mimic fuel starvation. We can see that at the initial
stage in this experiment, about 10 to 20 s, carbon corrosion is less than water oxidation, as indicated
by a relatively stable current density variation. Then the local current densities began to diverge.
The closer the location is to the anode inlet, the larger the current density. The outlet area had the
completely opposite case. The local temperature variation was similar to local current density. Without
a stable −0.2 V cell voltage during fuel starvation [16,29], current density and temperature would be
so divergent that the MEA would fail. The temperature and current density show a relatively clear
picture to explain the electrode reaction.

In addition, cell reversal caused by hydrogen starvation would induce an abnormal oxidation
reduction reaction at the electrode surface plane. There are different situations in different hydrogen
feeding stoichiometry.

Akira Taniguchi et al. discussed and analyzed electrocatalyst degradation in PEMFC caused
by cell reversal during fuel starvation [6]. The ruthenium dissolution occurred in the anode catalyst
layer and the outlet had more severe degradation. There was also surface activity area loss in the
cathode. The standard potential of transition metal couple is smaller than the electrode surface
potential. Hence, some transition metal dissolution and redeposition are likely to occur. This is why
the catalyst particle size becomes bigger than before cell reversal. In fuel starvation, the anode reaction
is complex, involving hydrogen oxidation, water oxidation, carbon corrosion, and oxygen reduction.
All of these reactions involve proton and electron transfer, which promote potential difference across
the electrode plane. Reaction correspondence cannot be executed across the anode plane. It would
simply get worse and worse until the system is dead.

Liang et al. focused their attention on a single cell under different degrees of fuel starvation [30].
They measured some electric parameters, such as cell voltage, current distribution, cathode and
anode potentials, local interfacial potentials between anode and membrane, and so on, by means of a
specially constructed segmented fuel cell. Experimental results showed that the current distribution
was extremely uneven during fuel cell reversal, due to starvation or high local interfacial potential
near the anode outlet. Hydrogen and water were oxidized at different areas of the anode. Anode
carbon corrosion was proven to occur by monitoring its outlet’s CO2 concentration. Figure 3 shows
that the anode potential became higher and higher with the decrease of hydrogen stoichiometry,
and water oxidation gradually took on an important role in the current contribution. Simultaneously,
carbon corrosion was more and more serious than before. The comparison between cell reversal voltage
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and anode potential under different hydrogen conditions is shown in Table 1. Different hydrogen
stoichiometry creates different terminal cell potential.

Figure 3. Changes of the anode potentials over time under different hydrogen stoichiometry. From 1
to 4, hydrogen stoichiometry is 1.09, 0.91, 0.73, and 0.55, respectively. Reproduced with permission
from [30]. Copyright Elsevier, 2009.

Table 1. Different times for cell reversal in different hydrogen stoichiometry.

Hydrogen Stoichiometry Time for Cell Reversal (s) Cell Voltage (V) Anode Potential (V) Reference

0.8 Experiment started About −0.7 1.3
[6]0.8 About 300 −2.0 2.5

1.09 26 −0.718 0.955

[30]
0.91 10 −1.125 1.313
0.73 6 −1.689 1.821
0.55 4 −1.951 2.058

With the change of cell voltage over time, fuel cell system would begin to search reaction balance.
In the anode, a compromise between hydrogen oxidation, water oxidation, and carbon corrosion move
anode reaction from chaos to relative balance. Hydrogen stoichiometry has a different influence on the
anode when it is lower than its satisfied supply. However, the experimental result is also affected by
the fuel cell test device. Taniguchi’s test result was not steady even 300 s after the experiment started,
as compared to Liang’s. It involves support material, test device design, sealing, and so on.

They also proposed that the hydrogen stoichiometry would shift the position of the lowest
current [31]. With a comparatively high hydrogen feed, the position of the lowest current was closer to
the anode outlet, where the fuel feed would encounter the gas drawn back from the outlet manifold
and fuel starvation first occurred. The inadequate hydrogen supplied and “vacuum effect” would
mix in the fuel cell. In this situation, researchers could analyze the area of fuel starvation in the anode
according to the hydrogen stoichiometry to design a catalyst layer of anisotropy to avoid or mitigate
the fuel starvation caused by inadequate fuel feed.

3.1.2. PEMFC Cathode

When the real-time current exceeds the limiting current for ORR, air starvation occurs. In this case,
the cathode voltage approaches the potential of reversible hydrogen due to the existence of hydrogen
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evolution. The potential of the cell is slightly negative in this condition, which is smaller than the
hydrogen starvation. At this comparatively low potential value, it is hard to corrode carbon material.

In the PEMFC cathode, oxidation supply and the obstruction of gas channels caused by water
flooding or freezing are the main causes of cell reversal. The causes also include control system failure
and incorrect operation. Water flooding or ice would block the access of the reactant gases to the
electrocatalyst surface and result in a slower mass transport rate compared to the oxygen reduction
reaction and a relative absence of cathode reactant. There are three ways for the PEMFC cathode
to generate excess water, i.e., humidified hydrogen and air to optimize the interaction between the
interface and reactant, the reaction product in the cathode, and water migrating across the membrane
by electro-osmotic drag with protons [5].

Combined with Figure 2, it is evident that the final cell voltage in cell reversal caused by air
starvation was close to −0.1 V, which is much lower than the fuel starvation including anode and
cathode voltage. Because potential is the driving force of electrochemical reaction, with high potential it
is easier to realize carbon corrosion, catalyst metal dissolution, and sinter. Fuel starvation at the PEMFC
anode results in irreversible damage to the PEMFC after several minutes under higher potential and is
more critical than improper gas supply or distribution at the cathode [15].

When oxidation starvation happens, protons and electrons produced in the anode enter into the
cathode. Simultaneously, hydrogen is consumed in the anode and produced in the cathode. Protons act
as a “hydrogen pump” [23]. The electrode half reactions and the overall reaction are listed below:

Anode: H2 (a) → 2H+ + 2e− (6)

Cathode: 2H+ + 2e− → H2 (c) (7)

Overall: H2 (a) → H2 (c) (8)

Regarding air starvation, researchers have focused on its causes, its dynamic characteristics across
the anode plane, and the relationships between air feed and fuel cell degradation. Tüber et al. focused
on the water flooding phenomenon at the fuel cell cathode caused by an accumulation of H2O [32].
They analyzed the effect of air flow, humidity, temperature, and flow-field type on flooding.

Zhang et al. also detected the dynamic characteristics of local current densities and temperatures
in proton exchange membrane fuel cells during air starvation under current controlled and voltage
controlled operation [7]. Their experimental results were obtained at different times and relative
positions. This paper demonstrated that the local temperature changes followed the local current
density changes during experimental operation. It is similar with hydrogen starvation. Due to reactant
starvation, anode and cathode chemical reactions cannot follow normal operations. It refers that
a mixture of gas evolution, reactant oxidation, and reduction reaction occur in anode or cathode.
According to different reactions’ energy change, there must be a relationship between electrode
temperature and current density.

Taniguchi et al. researched degradation in PEMFC caused by cell reversal during air starvation [5].
They detected catalyst samples by means of cell reversal experiment and analyzed electrochemical
performance, such as electrochemical surface area (ECSA) and current-potential character, using TEM
images to illustrate that the size of catalyst particles increased, agglomerated, and recrystallized.
Obviously, this degradation effect caused by air starvation was smaller than fuel starvation. It is
shown in Figure 4 that ECSA shrinks as a function of time. In high electrode potential, it is easier to
make catalyst particles dissolve and agglomerate. Similarly, it also will impact fuel cell durability and
performance. Improving catalyst electrode surface diffusion is a feasible method to mitigate its sinter.
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Figure 4. Change in the electrochemically active surface by a cell-reversal experiment: (a) before
experiment; (b) after 5 min of experiment; (c) after 10 min of experiment; and (d) after 120 min of
experiment. Reproduced with permission from [5]. Copyright Elsevier, 2008.

Natarajan et al. researched the relationship between cell temperature, anode and cathode gas
streams humidity, and oxidant flow rate and current density distribution in a single-channel PEM fuel
cell using a segmented collector setup [33]. The relationship between various oxidant flow rates and
current densities in segment downstream was studied specifically. However, this setup also had its
limitations in that this result did not include data from when the test temperature is over 55 ◦C. A local
current density map at various test conditions is an accurate experimental measurement. With this
method, we can analyze and understand the chemical reaction situation at the local electrode surface
and the layer interface.

3.2. Consequences of Cell Reversal

There are some specific situations in anode and cathode above. Then, we put more attention on
fuel starvation due to the permanent damage caused to the fuel cell. Hydrogen and air starvation
are the main factors in cell reversal. Compared to air starvation, anode potential is increasing in fuel
starvation. Once anode potential rises over 0.207 V, or further to over 1.23 V with fuel consumption,
water electrolysis and carbon oxidation would occur at the anode to provide the protons and electrons
required for the load and the ORR at the cathode [16].

Anode : 2H2O → O2 + 4H+ + 4e− E0
25 ◦C = 1.23 V (vs. RHE) (9)

Anode : C + 2H2O → CO2 + 4H+ + 4e− E0
25 ◦C = 0.21 V (vs. RHE) (10)

There are some other reactions happening under higher potential, like carbon reacting with
water [34].

Anode : C + H2O → CO + 2H+ + 2e− E0
25 ◦C = 0.52 V (vs. NHE) (11)

As an indispensable component of the fuel cell system, carbon supports tend to corrode with
water to produce CO2 at high potential [28]. Thanks to a large number of micropores, catalyst particles
can be physically segregated by carbon supports to prevent particle sintering and catalyst dissolution,
which can improve catalyst particles’ specific surface area [35,36]. On the other hand, under cell reversal
conditions, the advantages presented above would be reversed due to the degradation of the catalyst
layer structure. Without integrated carbon support structure, three degradation effects would occur:
(1) Pt particle agglomeration and particle growth; (2) Pt loss and redistribution; and (3) poisonous
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effects caused by contaminants [13]. Due to the inherent tendency of catalyst nanoparticles to
agglomerate to reduce the surface energy, without the limit of support carbon it would promote
deterioration of catalyst performance. Low catalyst performance would inhibit electron and proton
production for the anode. With the low chemical reaction rate, the anode would only seize carbon and
water as reactant material for ORR. This creates a vicious cycle that leads to fuel cell degradation and
obsolescence. In the end, the fuel cell would be in a dynamic balance for several chemical reactions on
the cathode and anode plane or interface.

However, in air starvation conditions, because of the lower anode and cathode potential, 0.05 V
at anode and 0.85 or 0.05 V at cathode (localized ORR and HOR, respectively), carbon corrosion is
unlikely to occur [24]. Instead, the mixture of oxygen and hydrogen may damage the fuel cell, due to
the large hydrogen explosion ranging from 4% to 75.6% that is likely to occur at room temperature in a
narrow and airtight space. Elsewhere, with the reduction of water and high cell voltage, the membrane
would be completely degraded and broken apart. Air starvation does not have a direct or serious
effect on electrodes compared to fuel starvation.

4. Mitigation Strategies

In the case of cell reversal, there are many approaches to attenuate or solve this question, such as
system management and material modification. This review will discuss two ways to summarize
cell reversal failures. System strategies mainly monitor operation parameters and feed it back by
adjusting gas flow and load change, and controlling gas humidity and system temperature. Because the
system management method should consider material features, we mainly pay attention to the role of
electrode material and catalyst layer design. The quality and design of fuel cell installation are key to
solving fuel cell system failure. Thus, in terms of materials, we focus on three parts: high performance
catalysts, carbon support materials, and water oxidation reaction. Because the damage caused by
air starvation is less than that caused by fuel starvation, we focus on the design and structure of the
anode CL. For the cathode, researchers [37] adjusted the porosity of GDL to improve gas diffusion and
changed the supported material to optimize the transformation of oxygen and water.

4.1. System Management Strategies

System management mitigates catalyst degradation by regulating fuel cell system operation
parameters such as pressures, cell temperature, humidity levels, and current density [38].
With auxiliary equipment, researchers can detect reverse cell potential by monitoring cell voltages
of individual cells or groups of cells in the stack [39]. Combined with current density distribution
and temperature distribution detected by electrode segmentation technology [40], researchers can
also understand the situation of cell starvation specifically. Furthermore, by setting an alarm value
on the monitored cell voltage, the system can adjust operation parameters such as reactant flow rate,
operation load, and water management data, and so on to avoid cell reversal or system halt situations.
For instance, a sensor in the cell test system activates a switch that plays the role of removing the stack
load the instant the sensor detects a precipitous loss of voltage [41].

Vahidi et al. proposed a fast-responding auxiliary power source to prevent oxygen starvation in
a fuel cell during rapid current transitions [42]. In the oxidation starvation experiment of increasing
stack power, the reactant starvation was less than 1% in the hybrid installation. An image of the hybrid
installation follows. In the schematic, a capacitor was used to provide deficit current when the power
sensor gives a signal. With capabilities of model predictive control, it can mitigate cell reversal damage
in air starvation. However, it is transitory for fuel starvation to make carbon corrosion. This auxiliary
installation cannot support adequate current in fuel starvation.

4.2. System Material Modification

Compared to the system management strategy, the design and composition of a fuel cell structure
are more important, especially in terms of preventing cell reversal. While there are additional accessory
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costs, improving corrosion resistance naturally increases the fuel cell lifespan. Due to the high potential,
slow reaction rate, and reactant transfer rate, which cannot meet current density in fuel cell stacks and
in galvanostatic operations, researchers focused on the three aspects previously discussed—catalyst,
carbon material, and water oxidation reaction.

Specifically, there are four approaches used to attenuate performance degradation and extend
fuel cell lifespan [11,15,37].

1. High catalyst activity and homogenous distribution;
2. Corrosion-resistant support material;
3. Water oxidation catalysts to promote water oxidation instead of carbon corrosion;
4. Increasing anode gas humidity.

4.2.1. High-Performance Catalyst

Low-performance catalysts would induce low anode and cathode reaction rates without sufficient
protons and electrons supported in cell stacks and galvanostatic operations. However, in normal
operation, Pt-based catalysts could meet the requirements of HOR and ORR due to their excellent
catalyst performance [43].

Catalyst dissolution and agglomeration would occur via carbon support material
corrosion [44], Pt loss [13,45], and surface energy reduction during standard fuel cell operations.
Generally, the dissolution of Pt in the anode was more stable than in the cathode because of the
electrode potential; the Pt particles’ dissolution follows Equations (12) and (13) into Pt2+, and the
standard equilibrium potential is +0.88 V vs. RHE [46]. However, in cell reversal, the potential polarity
is changed so that catalyst metals have high ORR potential with carbon support corrosion.

Pt + H2O → PtO + 2H+ + 2e− (12)

PtO + 2H+ + 2e− ↔ Pt2+ + H2O (13)

Pt-based catalyst dissolution is more common during cell reversal in the anode. According
to the metal couple potential, different catalyst metal dissolution and redeposition occur.
Furthermore, the catalyst particle size becomes bigger as a result of the electrochemical surface
area decreasing. Then, it also would induce activity degradation and the potential would grow higher
and higher. Obviously, this is another vicious cycle.

High durability and catalyst activity are the keys to solving this problem. Pt–alloy catalysts have
better activity and stability compared to traditional Pt/C catalysts, like Pt–Co and Pt–Cr–Ni [47].
The different alloy elements and the larger size of catalyst particles show excellent properties [48].
With high catalyst activity to decrease ORR or HOR activity energy, the basic electrode reaction rate
can occur even in poor operating conditions such as bad fuel or air transfer operation. As to the
durability, the non-noble metals in the Pt alloy catalysts are more sensitive to the ionomer phase by
XRD analysis. These non-noble metals can partially lose to induce (111) Pt skin to increase catalyst
activity [49]. It indirectly improves fuel cell catalyst durability.

Various kinds of alloy metals have already proved to be capable in a fuel cell operating
environment, including Co, Cr, Fe, Ni, and V. Due to its advantage of stability, researchers paid
more attention to Pt–Co/C recently [50,51]. Adzic et al. [52] showed that the durability of Pt-based
catalyst could be improved with the addition of gold (Au) clusters. The above reports showed that the
Pt alloy could not only use a second metal to replace unavailable Pt to reduce costs, but also could
use other metals to stabilize the Pt skin and frame structure to increase its lifespan. However, in cell
reversal, catalyst performance only adds brilliance to its present splendor. Its root is reactant supply
and material corrosion resistance.
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4.2.2. Carbon Support Material

As to material corrosion resistance, carbon is commonly used in PEMFC as a catalyst support,
in GDLs, and as a bipolar-plate material [24]. Carbon support has many basic features, such as high
specific surface area, good electrical conductivity, and chemical stability in a fuel cell system [53].
The stronger the interaction between carbon material and catalyst particles is, the better the
performance of catalyst particles that is not prone to sinter is [36]. However, carbon oxidation reaction
(COR) has a direct relationship with electrocatalytic material stability, and thermodynamically the
reaction would happen at the cathode, because the reaction oxidation potential is 0.207 V (vs. RHE at
T = 298 K). In the case of cell reversal, high potential in both the anode and cathode could electrolyze
carbon material. Furthermore, with the existence of Pt-based catalyst, carbon corrosion would be
easier [10,54].

Different kinds of carbon material have an impact on corrosion resistance. As a new carbon
material, graphene has special optical, chemical, and mechanical properties. Due to its high surface
area, high conductivity, and unique graphitized basal plane structure, it has potential to serve as a
fuel cell catalyst support material to overcome the problem of corrosion [55]. Considering the strong
interaction between graphene and nanoparticles with functional groups, it is hard for Pt-based catalyst
nanoparticles to dissolve or sinter [56]. Graphene increases a Pt-based catalyst metal’s dissolution
potential. Guo and Sun developed a facile solution-phase self-assembly method to deposit FePt
NPs on a graphene surface [43]. This experiment mainly shows that graphene as a carbon support
could have an effect on carbon corrosion in harsh conditions. Although graphene has influence on
improving catalyst activity and durability, easily stacking between graphene sheets, the effects of
surface functional groups should be intensively investigated.

Generally, graphitic content is a point to be researched. Luis Castanheira and coworkers proposed
that the structure of carbon material, including high-surface area carbon (HSAC), Vulcan XC72,
or reinforced-graphite (RG) with identical Pt (40 wt %), was the key to carbon corrosion caused by the
hydrogen/air interface [10]. Results showed that there were 60% and 80% ECSA loss for Pt/Vulcan
and Pt/HSAC, respectively. However, Pt/RG only had 25%. Compared to other disorganized carbon
material, graphitic carbon is more robust against carbon corrosion.

Similarly, Artyushkova et al. [57,58] found a relationship between carbon material structure and
chemical parameters. Good electrochemical activity of ORR but poor activity of COR were seen with
high amounts of graphite carbon, small specific surface area, less carbon surface oxides, and many
large-sized pores. In fact, it is a contradiction that graphite carbon has less surface deficit, which makes
it resistant to corrosion, and has weak interaction with catalyst particles. ORR and COR should be
in balance only if we consider carbon material surface factor. Carbon material surface structure and
function can be a method of improving this situation. This paper [58] introduced the relationship
between different carbon material structural features, corrosion resistance, and hydrophobicity or
hydrophilicity. According to this relationship, we have a path to manufacture and synthesize ideal
carbon material.

Carbon surface porosity plays a role in corrosion resistance and wettability. Wlodarczyk [59]
suggested that carbon could show good corrosion resistance with a porosity value in excess of 10%,
because its wettability decreased with the value of porosity.

Apart from graphene, other carbon materials have also attracted researchers’ attention.
Oh et al. [60] focused on the performance of various carbon support materials including carbon
black [44,61], carbon nanofiber [62,63], and carbon nanocage [64]. The electrochemical data about
Pt-based catalyst supported by these three different types of carbon materials before and after corrosion
are shown in Figure 5 and Table 2 [60]. Among these carbon materials, the amorphous carbon black
was more susceptible to corrosion compared to carbon nanofiber (CNF) and carbon nanocage (CNC).
In addition, CNC exhibited better performance than CNF in carbon corrosion resistance and preventing
Pt particle aggregation, because of the balance between hydrophobicity and surface roughness [60].
Different three-dimensional carbon materials also lend corrosion resistance and physical segregation.
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By combining these two points—carbon surface and spatial structure, we can design the desired carbon
material structure to optimize a fuel cell.

Figure 5. Three different types of carbon materials: (a) carbon black; (b) carbon nanofiber; (c) carbon
nanocage. Reproduced with permission from [60]. Copyright Elsevier, 2009.

Table 2. Changes in different types of carbon materials’ electrical data before and after
corrosion experiments.

Condition

Active Surface
Area (m2·g−1)

Membrane
Resistance

Charge Transfer
Resistance

CO2 Emission
(μL) Reference

Before After Before After Before After 30 min@1.4 V

Pt/XC-72
(1200 cycle) 62.2 40.0 – – – – – [44]

Pt/BP2000 59.9 26.7 – – – – – –
Pt/Carbon Black
(up to 4000 cycle) 41.7 15.2 0.016 0.025 0.039 0.328 651 [60]

Pt/CNF 30.1 27.7 0.016 0.016 0.054 0.058 49 –
Pt/CNC 33.6 32.9 0.016 0.016 0.04 0.041 4 –

There are some specific examples to show various kinds of carbon material durability performance.
Vinod et al. made an effort to test graphite carbon support [65]. In the accelerated stress test (AST),
graphite Pt/C catalyst had better carbon corrosion resistance relative to the untreated carbon sample.
They tested ECSA, cell performance, charge transfer resistance by CV, cell polarization, and resistance,
respectively. In the PEMFC cathode, graphite Pt/C catalyst electrical performance deteriorated by 10%
after 70 h AST compared to 77% of untreated carbon support, as shown in Figure 6 [65].

Zhao et al. evaluated the change in nanostructure through the various heat treatments of
carbon materials and their durability for the startup/shutdown operation of PEFC [66]. This paper
had a similar result in that great catalyst support should have a high graphitization degree and
good interaction with the catalyst. It gave an optimum heat treatment temperature of 1600 ◦C for
best durability.

Generally, carbon material corrosion is caused by high electrode potential, which induces a
reaction between carbon material and water. Carbon material surface defects are the most influential
factor in corrosion. The purpose of carbon material graphite is to reduce surface defects for a more
compact surface. Different types of carbon materials, like CNT, CNC, graphene, and so on, due to their
unique surface structures, have different properties that have yet to be fully investigated. To achieve
good ORR activity and carbon corrosion resistance, one must consider the balance between the
graphitic level, the amount of surface oxide, surface roughness, pore size, and hydrophobicity. With the
consideration of the important relationship among catalyst layer effective properties, ORR performance,
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and durability, it would prove useful to set design rules to produce and optimize the structure carbon
material and MEA in order to satisfy various kinds of fuel cell operation conditions.

Figure 6. Steady-state performance curves for PEFCs with (a) Pt/Non-GrC and (b) Pt/GrC cathodes
prior to AST and after 50 or 70 h of AST with H2–O2 at 60 ◦C. Reproduced with permission from [65].
Copyright WILEY-VCH, 2011.

4.2.3. Water Oxidation Reaction

In fuel cell reversal, water oxidation occurs in combination with carbon corrosion among abnormal
reactions. Like the sacrificial anode preventing metal corrosion, water oxidation would occur more
prevalently to minimize carbon oxidation. Some papers [11,37] also propose that the promotion of
water oxidation over carbon through anode structure and component modification would mitigate the
catalyst degradation. Obviously, there are two kinds of approaches to promoting chemical reaction:
(1) increasing the amount of reactant and (2) reducing water oxidation reaction’s activation energy.
In Equations (9) and (10), we can see that reducing the water oxidation reaction’s over-potential and
increasing its kinetic rate instead of the protons and electrons produced by carbon corrosion can protect
the fuel cell system. These two methods are reported in detail as follows.
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Water Oxidation Catalyst

Catalysts can increase or decrease reaction activity energy to promote chemical reactions in
directions we expect. Adding catalysts to boost water oxidation and reduce carbon corrosion would be
an effective method of decreasing cell reversal.

Ralph et al. [16] added 20 wt % RuO2 to 20% Pt and 10% Ru catalysts supported on Vulcan XC
72R with PTFE. The time to achieve −2.0 V increased from 22 to 32 min. As Table 3 shows, three water
oxidation catalysts, RuO2, RuO2–TiO2, and RuO2–IrO2, had different effects on cell reversal with the
increasing reactivity RuO2–IrO2 > RuO2–TiO2 > RuO2.

Table 3. The catalysts effect in anodes on the cell reversal tolerance in Step 3 of the protocol. Reproduced
with permission from [16]. Copyright ECS, 2006.

Anode Design with Different Catalyst Time (min)

20% Pt, 10% Ru/Shawinigan anode catalyst 0.25
Anode Catalyst* + RuO2/Shawinigan 4.5

Anode Catalyst* + RuO2–TiO2 (90:10 atomic ratio Ru/Ti)/Shawinigan 24
Anode Catalyst* + RuO2–IrO2 (90:10 atomic ratio Ru/Ir)/Shawinigan 48
20% Pt, 10% Ru/Shawinigan+ RuO2–IrO2 (90:10 atomic ratio Ru/Ir) 74

40% Pt, 20% Ru/Shawinigan 167
40% Pt, 20% Ru/Shawinigan + RuO2–IrO2 (90:10 atomic ratio Ru/Ir) 1630

Ralph and coworkers made a series of investigations into electrochemical catalyst loading for
water oxidation both unsupported and supported on various kinds of carbon materials. In the
three-step protocol presented above, it is easy to recognize the performance of electrochemical catalysts
according to the time it takes to get −2.0 V of cell potential, as listed in Table 3. The time to get to
−2.0 V can partially demonstrate the effect of a water oxidation catalyst. Combined with CV, TEM,
or SEM imaging before and after cell reversal experiment, we can analyze the morphology of carbon
support and catalyst particles generally.

Jang et al. [67] studied the effect of water oxidation catalyst added into cathode to weaken
carbon corrosion. In Figure 7, compared with commercialized Pt/C catalyst, the electrochemical
carbon corrosion decreased by 76% with 2 wt % IrO2 (0.016 mg·cm−2) under 1.6 V (vs. NHE) and
70 ◦C. CO2 monitoring showed that the water oxidation catalyst had the effect of mitigating carbon
corrosion. Carbon dioxide is produced by carbon corrosion in a fuel cell. The decrease of carbon
dioxide production means the amount of COR is reducing. Theoretically, a water oxidation catalyst
could also be used in anodes to decrease carbon corrosion.

Jang et al. [68] also studied the performance of IrO2 and IrO2/C mixed with Pt/C on cathode
durability during fuel starvation. In an accelerated fuel starvation test, with varying amounts of
IrO2 (2.5, 5, 10, or 20 wt %), the peak power densities of the cell cathode catalyst were decreased by
10.21%, 6.52%, 2.93%, and almost 0, respectively. This shows that IrO2 plays an important role in
maintaining cell performance under extreme operation conditions. However, due to the screening
effect, IrO2 particles in the cathode surface mixed with the commercial Pt/C would reduce the activity
of the Pt-based catalyst. Therefore, IrO2/C was chosen as the mixture of cathode catalyst. As a water
electrolysis catalyst, with the IrO2/C increasing, the durability of the fuel cell became better and better
due to the rapid decomposition of water molecules. According to the screening effect and catalyst
durability, 10 wt % IrO2/C with Pt/C catalyst is a better choice.

In the case of water oxidation, the most important points are the design of catalyst layers mixed
between Pt-based catalysts and water oxidation catalysts. Some papers [16,67,68] proposed that the
water oxidation catalyst has a positive effect on water electrolysis over and above carbon corrosion
and the degradation of carbon support material. It is obvious that water oxidation catalyst improves
the cell reversal tolerance with increasing effect (RuO2–IrO2 > RuO2–TiO2 > RuO2).
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Figure 7. MEA–CO2 mass spectrum (a) without IrO2; (b) with 2 wt % IrO2. Reproduced with
permission from [67]. Copyright American Chemical Society, 2010.

Control Humidity and Holding Water Volume

Enhancing water retention is another way to promote water oxidation over carbon corrosion, due
to the increase of reactant resources. However, humidity has a negative relationship with fuel cell
performance in some ranges. More does not mean better. Some patents and papers [42,69,70] focused
on cell reversal prevention over its performance and lifetime mitigation due to its irreversible damage.
Therefore, a hydrophobic agent is a way to hold more water in the anode when cell reversal occurs
induced by fuel starvation, which is always used in the gas diffusion layer to improve reactant gas
diffusion and water management [71].

Ralph et al. [16] changed the water supply at the anode in their fuel cell reversal mimic
experiment [72], in which the anode was fed with humidified N2 and the cathode fed with O2.
When the cell current was set at 120 A, the current density was 0.5 A·cm−2 and the cell potential
was more than −1.0 V (when the cell potential is less than −2.0 V, the polymer membrane can be
completely degraded by dielectric breakdown). This experiment demonstrated that water supply
played an important role in sustaining the cell potential and preventing MEA deterioration.

Besides increasing fuel humidity, the other method is to add hydrophobic materials into the
catalyst layer, like PTFE. It could slow down the rate of water and increase the water contact angle
by keeping water in the anode without shrinking the contact area between the catalyst layer and the
membrane. Due to its key role in water retention, it is hoped that a hydrophobic agent would promote
water oxidation reactions to solve the issues caused by cell reversal, resulting in less carbon component
oxidation [16]. As Figure 8 depicted, Ralph et al. [16] put four Ballard cell stacks under cell reversal
condition. When the cell potential got to −2.0 V, the one added PTFE was increased to 22 from 3 min,
which is the time the standard anode took.
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Figure 8. The effect of anode catalyst layer structure and composition in Ballard four-cell stack tests.
Reproduced with permission from [16]. Copyright ECS, 2006. The anode contains 20 wt % Pt and
10 wt % Ru supported on Vulcan XC72R at an electrode loading rate of ca. 0.3 mg·Pt·cm−2 with the
water oxidation electrocatalyst added at a loading rate of ca. 0.1 mg·Ru·cm−2.

Numerous research papers have studied the effect of hydrophobic agent content and species,
including polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and fluorinated ethylene
propylene (FEP), in GDL on the performance of fuel cells [73–75]. Given their excellent characteristics,
hydrophobic agents can be used in the anode catalyst layer to hold more water.

5. Conclusions

Fuel starvation, inadequate air supply, water flooding, load change, low catalyst performance, etc.
can induce cell reversal when the current rate exceeds the limiting mass transfer rate. Because these
factors cannot produce sufficient electron and proton feeds to match current stack requirements and
achieve current value balance, the fuel cell voltage could reverse and some other abnormal chemical
reactions might occur to make up for the deficit. In these abnormal operating conditions, there is
irreversible damage to the PEMFC system, including carbon support corrosion, catalyst and sinter
agglomeration, and membrane degradation. In fact, gross fuel starvation is different from localized fuel
starvation in terms of causes, carbon corrosion area, cell voltage, and current phenomena. Generally,
cell reversal caused by overall fuel starvation is more critical than in a cathode and is induced by
improper gas supply, flooding, and any other factors that obstruct the flow field and catalyst layer;
therefore, the design of the anode catalyst layer and the catalytic performance have drawn more
attention to cell reversal. Due to the existence of hydrogen in cathodes or oxygen in anodes, cell
reversal can cause permanent damage to a fuel cell.

To solve this problem or mitigate the harm to fuel cells, two approaches have been used in
recent years. First is the system management strategy, where auxiliary monitoring equipment is used
to determine necessary adjustments to operation parameters to avoid cell reversal, such as adding
reactant flow rate, change operation load, water management, and so on. The second is system material
modification to resist cell reversal. Specifically, there are three approaches to attenuate performance
loss and extend fuel cell lifespan. Researchers have placed attention on high-performance catalysts,
carbon support materials, and water oxidation reactions. In addition, heat-resistant membranes also
attract more attention for their ability to reduce water flooding in a cathode, but they would decrease
the proton transfer rate and catalyst efficiency.
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Obviously, there are still several problems in need of further study, such as (1) understanding
the effects of different types of carbon materials’ surface forms and structure; (2) developing a novel
catalyst layer assembly including a high-performance catalyst, corrosion-resistant carbon material,
a water oxidation catalyst, and hydrophobic agents; and (3) distinguishing the specific electrode
reaction caused by the phenomenon of hydrogen pump and oxygen pump. Compared to a fuel
cell system of water and heat management, this is simpler and more critical to catalyst layer design,
and would make system management more efficient by diminishing several controlling limitations.
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Abstract: Pt(Cu)/C and Pt-Ru(Cu)/C electrocatalysts with core-shell structure supported on Vulcan
Carbon XC72R have been synthesized by potentiostatic deposition of Cu nanoparticles on the
support, galvanic exchange with Pt and spontaneous deposition of Ru species. The duration of the
electrodeposition time of the different species has been modified and the obtained electrocatalysts
have been characterized using electrochemical and structural techniques. The High Resolution
Transmission Electron Microscopy (HRTEM), Fast Fourier Transform (FFT) and Energy Dispersive
X-ray (EDX) microanalyses allowed the determining of the effects of the electrodeposition time on
the nanoparticle size and composition. The best conditions identified from Cyclic Voltammetry (CV)
corresponded to onset potentials for CO and methanol oxidation on Pt-Ru(Cu)/C of 0.41 and 0.32 V
vs. the Reversible Hydrogen Electrode (RHE), respectively, which were smaller by about 0.05 V
than those determined for Ru-decorated commercial Pt/C. The CO oxidation peak potentials were
about 0.1 V smaller when compared to commercial Pt/C and Pt-Ru/C. The positive effect of Cu was
related to its electronic effect on the Pt shells and also to the generation of new active sites for CO
oxidation. The synthesis conditions to obtain the best performance for CO and methanol oxidation
on the core-shell Pt-Ru(Cu)/C electrocatalysts were identified. When compared to previous results
in literature for methanol, ethanol and formic acid oxidation on Pt(Cu)/C catalysts, the present
results suggest an additional positive effect of the deposited Ru species due to the introduction of the
bifunctional mechanism for CO oxidation.

Keywords: core-shell Pt(Cu)/C electrocatalysts; core-shell Pt-Ru(Cu)/C electrocatalysts;
potentiostatic deposition of Cu; Pt deposition by galvanic exchange; Ru spontaneous deposition;
CO oxidation; methanol oxidation

1. Introduction

Direct Methanol Fuel Cells (DMFCs) operating under ambient temperature are gaining interest
due to their safe and profitable use as portable power in the market for mobile phones, laptops and
other portable electric devices [1–3]. However, the attractive low temperature DMFCs possess presents
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certain drawbacks. The anodic electrooxidation of methanol maintains unfavorable slow kinetics,
which coupled with the tendency of methanol to migrate across the proton exchange membrane and
oxidize at the cathode ultimately results in reduced operative capacity [4]. High surface area Pt-based
nanostructured electrocatalysts are commonly employed. However, the methanol electrooxidation is a
self-poisoning reaction because the electrogenerated CO intermediate strongly adsorbs onto the Pt
surface, thus limiting the methanol adsorption [4–7]. CO interacts with the platinum surface in a linear,
bridge and three fold configuration where each CO molecule strongly adsorbs onto one, two and three
Pt atoms, respectively [8]. The carbon supported Pt becomes around 50% less efficient even on trace
levels of CO [5]. Hence, widespread research has been conducted to prepare suitable nanostructured
electrocatalysts to mitigate the problematic slow kinetics and self-poisoning.

CO poisoning can be addressed by alloying Pt with transition metals such as Ru, Mo, Re, W and
others [5–10]. Ru appears between the most interesting ones [2,6,7,10,11]. The high tolerance to
CO exhibited by the Pt-Ru alloys has been explained by two different mechanisms. The first one
considers the favored oxidation of CO adsorbed on Pt by the Ru-OH species, which are formed by
water dissociation on Ru at lower potentials than on Pt (bifunctional mechanism). The second one
establishes the Pt-CO bond weakening via the electronic effect induced by Ru on Pt.

Currently, attention has been focused on synthesizing electrode materials with lower Pt content,
thus allowing decreasing the cost of the catalyst and/or improving the catalyst performance [12–30].
They have been applied for very different reactions of interest including hydrogen, borohydride,
methanol, CO, ethanol and formic acid oxidation and also oxygen reduction. Different nanoparticulate
catalysts have been synthesized by deposition of a core of transition metal on carbon support which
can be partially replaced by Pt through galvanic exchange [14–24,26–28,30]. This method is based on
the displacement of the less noble metal by the nobler one under open circuit conditions. Particularly,
Cu has been often used as the core metal in acidic solutions because the potential of the Cu2+/Cu pair
is sufficiently low but at the same time more positive than the potential of the standard hydrogen
electrode (SHE) [14,16,18,20,24,26–28,30]. The displacement of Cu is not then complicated by hydrogen
evolution. The galvanic exchange of Cu with PtCl62− can be represented as follows:

2Cu + PtCl62− →Pt + 2Cu2+ + 6Cl− (1)

which has a standard cell potential of E◦ = 0.404 V vs. SHE. The most part of the Pt-Cu/C
catalysts in which the galvanic exchange has been used, have been prepared starting from Cu/C
precursors obtained by chemical reduction of Cu2+ [24,26–28,30]. They have been mainly applied
to methanol [24,28], ethanol [27] and formic acid oxidation [25,30] and oxygen reduction [26]
The synthesis of nanoparticle catalysts starting from the electrochemical reduction of Cu2+ is scarcely
found in the literature [18]. There is also an additional interest in studying whether there is a further
positive effect in the introduction of Ru deposited species.

The suitable potential for the potentiostatic deposition of Cu core nanoparticles on carbon Vulcan
XC72R to synthesize Pt(Cu)/C and Pt-Ru(Cu)/C core-shell electrocatalysts with a tentative constant
Cu electrodeposition charge has been studied by us in a previous work [18]. The respective CO
stripping peak potentials were about 0.1 and 0.2 V more negative than those corresponding to Pt/C
and Ru-decorated Pt/C, thus indicating the higher activity of the Pt and the Pt-Ru shells towards
the CO oxidation. This increased activity was explained by the structural effect induced by the
Cu core. Moreover, the use of the Cu cores allowed the Pt economy in these catalysts. The main
objective of this work is to study the effect of the electrodeposition times in the synthesis of these
nanostructured electrocatalysts, i.e. time of Cu electrodeposition, galvanic exchange with Pt and
spontaneous deposition of the Ru species. The morphology, particle size distribution and composition
of the relevant specimens have been determined by means of Transmission Electron Microscopy (TEM),
High Resolution (HR) TEM, Electron Diffraction, Fast Fourier Transform (FFT), and Energy Dispersive
X-ray Spectroscopy (EDS). The electrochemical performance of the catalysts prepared for the CO and
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methanol oxidation has been tested using Cyclic Voltammetry (CV) and Linear Sweep Voltammetry
on a Rotating Disk Electrode (RDE).

2. Results and Discussion

2.1. Charge of Cu Electrodeposition in the Synthesis Sequence i

Different catalysts were obtained starting from Cu electrodeposition at −0.1 V by changing the
electrodeposition charge (qCu) between 20 and 50 mC. The measured deposition efficiencies were
always close to 100%, in agreement with previous results of the authors [18]. The resulting Cu loads
were in the range of 93–232 μgCu cm−2. After each Cu electrodeposition, the different specimens were
prepared following the sequence i. Some examples of the cyclic voltammograms recorded for the
Pt(Cu)/C and the Pt-Ru(Cu)/C electrocatalysts in 0.5 M H2SO4 and for CO stripping are depicted in
Figure 1a and b. The cyclic voltammograms depicted in Figure 1a present the same essential features
as those previously reported for Pt-exposed surfaces [10,18,31]. Thus, the cyclic voltammogram for
Pt(Cu)/C of Figure 1a shows the hydrogen adsorption/desorption region in the potential range
from 0.0 to 0.3 V [31], the Pt oxidation formation about 0.65 V in the anodic sweep and the reduction of
the Pt oxide around the cathodic peak potential of 0.8 V. Figure 1a also shows that the profile of the
cyclic voltammogram for Pt-Ru(Cu)/C was quite similar, although the anodic and cathodic currents
for the hydrogen adsorption/desorption region were smaller due to the partial blocking of the Pt sites
by the Ru species.
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Figure 1. (a) Cyclic voltammograms of Pt(Cu)/C (curve a) and Pt-Ru(Cu)/C (curve b) in deaerated
0.5 M H2SO4 after a Cu electrodeposition charge (qCu) of 30 mC following the sequence i; (b) CO
stripping experiments on Pt(Cu)/C for qCu of 45 (curve a) and 20 mC (curve c) and on Pt-Ru(Cu)/C for
qCu = 45 mC (curve b). Sweep rate 20 mV s−1.
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The nature of the Ru species formed on Pt by spontaneous deposition was determined using
commercial Pt/C [32] and only oxidized Ru species (RuO2 and RuOxHy) were found. Considering that
the atomic hydrogen is not adsorbed on the Ru species [7], the Pt coverage (θ) in the Pt-Ru(Cu)/C
electrocatalyst can be estimated according to the following equation [33]:

θ = (QH,0 −QH,1)/QH,0 (2)

where QH,0 and QH,1 are the mean charges involved in the hydrogen adsorption/desorption, after
substracting the double layer charge, before and after the deposition of the Ru species, respectively.
Note that the anodic and cathodic currents for Pt-Ru(Cu)/C in the potential region between 0.3
and 0.55 V, related to the double layer charge, were relatively greater than for Pt(Cu)/C. This can be
explained by the pseudocapacitive behavior related to the hydroxylation of the Ru species [34,35].
The experimental results showed Ru coverages in the range 0.2–0.35 for qCu values between 20
and 40 mC. These values indicate that more than the half of the Pt surface was free from Ru species,
falling in the suitable range for the best catalytic activity of the Pt-Ru/C catalysts in front of the CO,
methanol and ethanol oxidation, which were about 0.25–0.3 for the Pt-Ru/C catalysts obtained by
spontaneous deposition of Ru species on commercial Pt/C [36].

Figure 1b shows some examples of the CO stripping experiments both, for Pt(Cu)/C (curve a) and
Pt-Ru(Cu)/C (curve b). The anodic sweep always starts at 0.0 V with negligible currents. Adsorbed
hydrogen, if present, would be oxidized in the potential region between 0.0 and 0.3 V. However,
the Pt sites for hydrogen adsorption are now blocked by strongly adsorbed CO, which is oxidized
at potentials in the range of 0.4–0.8 V [36,37]. Pt can be oxidized in the Pt sites where CO has been
removed, between 0.6 and 1.0 V. In the reverse sweep, Pt oxide is reduced to Pt (cathodic peak potential
at about 0.8 V) and in the potential region between 0.3 and 0.0 V, hydrogen can be adsorbed on the
Pt sites. Note that CO oxidation on Pt(Cu)/C (curve a) occurs at more positive potentials than on
Pt-Ru(Cu)/C (curve b) because the Ru species favor the CO oxidation by means of the bifunctional
mechanism [6,7,10]. We have included in this figure curve c, which corresponds to the catalyst
preparation with a Cu electrodeposition charge of only 20 mC. This curve presents an anodic peak
in the potential range 0.2–0.4 V, which is not found for electrodeposition charges of 30 mC or higher.
According to previous work of the authors [18], it is due to the copper oxidation, thus indicating that
there are Cu sites exposed to the electrolyte and therefore, Cu electrodeposition charges of 20 mC
are not adequate to produce the core-shell electrocatalysts studied in this work. Previous work of
Podlovchenko et al. [14,16] about the galvanic exchange between Cu and Pt reported that in some
cases, depending on the amount of deposited Cu, on the solution stirring rate, and on the oxidation
state of Pt in the complex, Pt was not able to completely cover the Cu surface. The reason for this
is not clear. However, we may imagine that for very small Cu nanoparticles, the Pt complex is not
able to sufficiently approach the Cu atoms which are partially occluded by the surface Pt metal atoms
already deposited. Moreover, according to Equation 1, two Cu atoms per Pt complex are needed in the
galvanic exchange. In addition we may suppose that Cu nuclei can be generated at relatively occluded
points in the carbon. Probably, when they are too small, the Cu nuclei could not be easily reached by
the Pt complex also by steric hindrance. Conversely, these partially occluded Cu atoms could probably
be easily oxidized in the acidic aqueous environment.

Figure 2a collects the peak potential for CO oxidation on Pt(Cu)/C and on Pt-Ru(Cu)/C, curves a
and b respectively, as a function of the Cu electrodeposition charge. It is shown here that the respective
minimum peak potentials for CO oxidation on Pt(Cu)/C and Pt-Ru(Cu)/C are about 0.72 and 0.55 V.
It is worth mentioning that these values are significantly more negative than those measured for
the catalysts without the Cu core. Thus, the peak potential for CO oxidation on carbon-supported
cubo-octahedral Pt nanoparticles was about 0.8 V [37], whereas on the carbon-supported Pt-Ru alloys
they were in the range of 0.65–0.75 V [36]. This means that the Cu core-shell catalysts have higher CO
tolerance than those without the Cu core. The ligand (electronic) effect of Cu on Pt would explain the
shift of these potentials to more negative values, in agreement with previously reported results [26].
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Note in addition to the CO stripping peaks in the core-shell, catalysts appear to be composed of at
least two peaks (see curve b in Figure 1b). This indicates that there are Pt sites of different nature in the
catalyst where CO can be adsorbed. The CO molecules are then oxidized at different potentials on
the different sites, depending on their adsorption energy. As long as there is only one peak for CO
oxidation for cubo-octahedral Pt and Pt-Ru alloy, we may conclude that such different Pt sites would
result from the effect of the Cu core.
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Figure 2. (a) Peak potentials for CO oxidation on Pt(Cu)/C (curve a) and on Pt-Ru(Cu)/C (curve b),
and onset potentials for CO (curve c) and methanol oxidation (curve d) on Pt-Ru(Cu)/C, as a function
of the electrodeposition charge qCu; (b) Dependence of the electrochemical surface area (ECSA) for
CO oxidation on qCu for Pt(Cu)/C (curve a) and for Pt-Ru(Cu)/C (curve b). The electrocatalysts were
prepared according to sequence i.

The onset potentials for CO and methanol oxidation on Pt-Ru(Cu)/C are also depicted in
Figure 2a, curves c and d, respectively. They were identified as the potentials in which the current
significantly increased from the base line. As shown in curve d of Figure 2a, the onset potential
for the methanol oxidation on the Pt-Ru(Cu)/C electrocatalyst followed the same trend as for CO
(curve c), with minimum values of 0.32 and 0.41 V at about 40 mC, also respectively. These values are
about 0.05 V smaller than those obtained for Ru-decorated Pt/C catalysts [36], in agreement with the
higher reactivity for the present core-shell structure.

Figure 2b depicts the electrochemical surface area (ECSA) values for CO oxidation after
normalization by the actual amount of electrodeposited Cu (determined from the Cu electrodeposition
charge after correcting by the Cu electrodeposition efficiency). They were calculated from dividing the
ECSA by the amount of copper in order to determine the conditions in which the nanoparticles with
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the highest ECSAs for CO oxidation were obtained. It is apparent from this figure that the normalized
ECSAs for Pt(Cu)/C (curve a) and Pt-Ru(Cu)/C (curve b) depended on the Cu electrodeposition
charge. Note in addition that the ECSAs for the Pt(Cu)/C and Pt-Ru(Cu)/C catalysts prepared with
Cu electrodeposition charges in the range of 30–45 mC are nearly coincident. It seems strange because
in the Pt-Ru(Cu)/C nanoparticles the Pt surface must be partially covered by Ru species, all of them in
oxidized form [32] and not able to adsorb CO [38]. Moreover, the successive cycling of Pt-Ru(Cu)/C
in the same electrolyte was repetitive, thus indicating that such oxidized species remained on the
Pt surface without being dissolved into the electrolyte [32]. However, they can be at least partially
reduced to Ru metal during the potential cycling [36,39] and as long as CO can be adsorbed not only
on the Pt sites but also on the Ru metal [10], CO adsorption is not only restricted to surface Pt, but also
takes place on the Ru metal surface. The ECSA for CO oxidation on Pt-Ru(Cu)/C may then approach
the value obtained for Pt(Cu)/C.

Figure 2b shows similar values for the ESCAs in the range of 30–40 mC but they are significantly
smaller for 20, 45 and 50 mC. As a result, and within the experimental error (about 5%), the ECSA
vs. qCu curves could be tentatively adjusted to a parabolic form. To gain a further insight into this
behavior, the specimens prepared with qCu equal to 45 mC were examined by means of the TEM.
The corresponding images together with the size distribution and the HRTEM and FFT analyses of
Cu/C, Pt(Cu)/C, and Pt-Ru(Cu)/C are shown in Figures 3 and 4. According to Figure 3, the mean
sizes of the nanoparticles were 4.3 ± 1.3, 4.9 ± 1.5, and 4.9 ± 1.4 nm, respectively. These values were
somewhat higher than 3.9 and 3.6 nm for Cu/C and Pt-Ru(Cu)/C respectively, previously reported for
qCu = 40 mC [18]. The parabolic form of the curves depicted in Figure 2a can then be explained by a
size effect. The nanoparticle size increased with qCu and thus, when referring the ECSA per mol of Cu,
the active area for the CO adsorption decreased. For the same reason, at qCu as low as 20 mC, the Cu
nanoparticles were probably too small to allow for building up stable Pt(Cu)/C and Pt-Ru(Cu)/C
electrocatalysts. The nanoparticles cannot be completely covered by Pt in these conditions and then,
Cu dissolution in the potential cycling cannot be avoided, as discussed above in relation to the curve c
depicted in Figure 1b.

Figure 3. Cont.
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Figure 3. TEM analysis of the nanoparticles supported on Vulcan carbon XC72R prepared from
a Cu electrodeposition charge of 45 mC and following the sequence i. (a) Cu/C; (b) Pt(Cu)/C;
(c) Pt-Ru(Cu)/C. The insets show the size distribution of the nanoparticles.

Another interesting point resulting from Figures 3 and 4 is the composition of the electrocatalysts.
The FFT analysis of the Cu nanoparticles exemplified in Figure 4a leads to an interplanar space
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of 0.215 nm, which clearly matches (relative error of about 2%) with the value of 0.219 nm corresponding
to the Cu(111) crystallographic planes [40].

Figure 4. Cont.
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Figure 4. High Resolution Transmission Electron Microscopy (HRTEM) images of the: (a) Cu/C;
(b) Pt(Cu)/C; (c) Pt-Ru(Cu)/C electrocatalysts of Figure 3. The insets depict the Fast Fourier Transform
(FFT) analyses of the marked zones.

The interplanar spacings resulting from the FFT analysis of the marked region in Figure 4b,c are
of 0.2244 and 0.2216 nm for Pt(cu) and Pt-Ru(Cu)/C, respectively, which can all be assigned to the
Pt(111) planes [40] (relative errors of about 1 and 2%, also respectively). This indicates that Pt has
essentially the same lattice structure as pure Pt, thus suggesting that the performance improvement
in the CO and methanol oxidation discussed above is mainly due to the electronic effect of Cu on Pt.
However, this is compatible with the generation of active Pt sites of different nature due to the Cu core
effect. The corresponding EDS analyses of Pt(Cu)/C and Pt-Ru(Cu)/C gave Pt:Cu atomic ratios of
about 1.4, that is somewhat smaller than the value of 1.6 obtained for the specimens prepared with qCu

equal to 40 mC [18]. The smaller relative Pt content of the former can also be explained by the different
nanoparticle size, because in the core-shell structure a higher relative amount of Cu is expected to
remain under the Pt shell when increasing the nanoparticle size. These EDS results together with the
absence of Cu oxidation peaks in the cyclic voltammograms of Figure 1a,b (curves a and b) clearly
indicate the formation of the core-shell structures.

Figure 2 also allows concluding about the best preparation conditions of the Pt-Ru(Cu)/C catalysts
for CO and methanol electrooxidation. These should be at least those leading to the most negative onset
potentials for CO and methanol oxidation. According to this figure, this approximately corresponds to
the most negative peak potential of CO stripping and also to the maximum ECSA for CO oxidation.
The coincidence of the catalyst preparation conditions to obtain the lowest onset potentials for methanol
oxidation together with the maximum ECSA values for CO oxidation is in agreement with the
participation of CO as intermediate in the electrooxidation of methanol. Parallel results were also found
for Pt-Ru/C catalysts obtained by spontaneous deposition of Ru species on commercial Pt/C [36],
in which case the most negative potential for the CO stripping peak corresponded to the greatest
ECSA for CO oxidation together with the highest currents for the methanol oxidation. According to
the curves b–d in Figure 2a and curve b in Figure 2b, the most suitable Cu electrodeposition charge is
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estimated to be of 38 ± 2 mC, which corresponds to a Cu load of 5.4 (± 0.3) × 102 mC cm−2. It has
been determined in these conditions that 0.38 mol Pt is deposited per mol of electrodeposited Cu [18]
and, therefore, the corresponding specific Pt load would be of 0.21 mgPt cm−2, which falls in the range
of suitable Pt loads for catalytic purposes.

2.2. Pt Deposition Time by Galvanic Exchange in the Synthesis Sequence ii

After identifying the suitable Cu deposition charge, this was applied to obtain the Pt(Cu) core-shell
structure with different times of galvanic exchange between Cu and Pt, following the synthesis
sequence ii. Figure 5 depicts the CO stripping voltammograms for Pt(Cu)/C and Pt-Ru(Cu)/C for
different times of galvanic exchange, showing the same essential features as those of Figure 2a, that is,
CO stripping peaks at about 0.72 and 0.55 V for the former and for the latter respectively, in agreement
with the better CO tolerance of Pt-Ru(Cu)/C. These stripping peak potentials are depicted in Figure 6,
curves a and c, for both electrocatalysts at different times of galvanic exchange. As can be seen,
these values did not significantly depend on the immersion time in the Pt(IV) solution. Figure 5
highlights that the highest stripping currents were obtained for 30 min. In fact, they increased from 10
to 30 min and then they remained almost constant or even decreased slightly. The same change
takes place with the corresponding anodic charges. Note that the stripping voltammograms recorded
for 30 (curves b and e) and 60 min (curves c and f ) were very similar. As long as the charges of these
anodic peaks approached to the ECSAs of CO oxidation, one can conclude that 30 min appeared to
be the most adequate time for the Pt exchange with Cu. Increasing the immersion time in the Pt(IV)
solution did not significantly affect the catalyst performance, most probably because no more Cu can
be exchanged and the nanoparticles remain the same.

Figure 5. CO stripping curves for the different electrocatalysts recorded after different times of Pt
exchange following the synthesis sequence ii: 20 (curves a and d), 30 (curves b and e) and 60 min
(curves c and f ). Curves a, b and c correspond to Pt(Cu)/C and curves d, e and f, to Pt-Ru(Cu)/C.
Sweep rate 20 mV s−1.

134



Catalysts 2016, 6, 125

Figure 6. CO stripping peak potentials as a function of the immersion time in the Pt(IV) solution
following the sequence ii (spontaneous deposition of the Ru species for 30 min, curves a and c) and in
the Ru(III) solution following the sequence iii (galvanic exchange with Pt(IV) species for 30 min, curves
b and d). Curves a and b refer to Pt-Ru(Cu)/C and curves c and d, to Pt(Cu)/C. In all cases, qCu was
of 38 mC.

2.3. Spontaneous Deposition Time of Ru Species on Pt in the Synthesis Sequence iii

In this case, after 38 mC of Cu electrodeposition and 30 min of galvanic exchange with Pt,
the spontaneous deposition of Ru species were allowed for different times in the quiescent solution.
Representative CO stripping curves of the resulting Pt-Ru(Cu)/C catalysts are depicted in Figure 5.
The CO stripping peak potentials for the Pt(Cu)/C and the Pt-Ru(Cu)/C catalysts as a function of
the immersion time in the Ru(III) solution are represented in curves b and d of Figure 6, respectively.
No important changes in these parameters were found when compared to the different immersion
times in the Pt(IV) solution.

Figure 7 shows that the currents increased when passing from 10 to 20 min of spontaneous
deposition of the Ru species and then, the stripping profile presented small changes. In fact, the
ECSAs for CO oxidation are 1.11 × 103 m2 molCu

−1 for 10 min and increases to 1.70 × 103 m2 molCu
−1

for 20 min, being 1.71 × 103 m2 molCu
−1 for 50 min (see Figure 8a). In addition, the onset potentials for

CO and methanol oxidation were minimal and about 0.41 and 0.32 V respectively, for about 22 ± 2 min
of spontaneous deposition of the Ru species (see Figure 8b). At the same time, the coverage by the
Ru species increased from about 0.2 after 10 min of spontaneous deposition to about 0.5 after 40 min.
This variation of the onset potential for methanol oxidation on the Ru coverage is probably due to
the deposition of the Ru species on active sites of the Pt shell structure. Again, suitable coverage
of Ru species of about 0.3 were found for 20–30 min of spontaneous deposition of Ru(III) species,
as discussed above.
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Figure 7. CO stripping curves for the different Pt-Ru(Cu)/C electrocatalysts obtained after different
times of spontaneous deposition of Ru species following the synthesis sequence iii: 10 (curve a), 20 (b),
30 (c) and 50 (d) min. Sweep rate 20 mV s−1.

Figure 8. (a) Electrochemical surface areas for CO oxidation per mol of electrodeposited Cu on the
Pt-Ru(Cu)/C (curve a) and the Pt(Cu)/C (curve b) electrocatalysts; (b) onset potentials for CO (curve a)
and methanol oxidation (curve b) on the Pt-Ru(Cu)/C electrocatalyst in front of the spontaneous
deposition time of Ru species from the quiescent solution.

Considering that 0.38 mol Pt are produced per mol of electrodeposited Cu [18], the voltammograms
of the methanol oxidation were recorded and are shown in Figure 9, represented as specific currents
per unit mass of Pt (mass activities). Note that the current density vs. potential curves referred to the
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electrode section (i.e. prior to the normalization by the Pt mass), presented the same sequence as that
shown in this figure because the nanoparticles contained the same amount of Pt, only changing the
amount of spontaneously deposited Ru species. It can be mentioned however, that the current density
at 0.7 V corresponding to the curve a in Figure 9 was of 76 mA cm−2. In agreement with the onset
potentials for methanol oxidation, the best performance can be observed for 22 min of spontaneous
deposition of the Ru(III) species. From these findings, the sequence iii with qCu of 38 mC with a rotation
rate of 100 rpm, a galvanic exchange with the Pt(IV) solution for 30 min also at 100 rpm and finally a
spontaneous deposition time of 22 min in the quiescent Ru(III) solution were identified to be the best
conditions for the electrochemical preparation of the present core-shell electrocatalysts.

Figure 9. Linear sweep voltammograms corresponding to the methanol oxidation in 1.0 M CH3OH +
0.5 M H2SO4 on different Pt-Ru(Cu)/C electrocatalysts synthesized from spontaneous deposition
times of 22 (curve a), 30 (curve b), 10 (curve c) and 40 min (curve d), following the sequence iii.
Sweep rate 20 mV s−1.

Figure 9 also shows that the best mass activity achieved at 0.7 V was 375 mA mgPt
−1,

corresponding to a spontaneous deposition time of Ru species of 22 min. The direct comparison
with previous results in the literature is not possible because there are too many variables to fix.
However, we have selected some values from literature in order to have a rough approach. Thus,
for 2.0 M CH3OH + 0.1 M H2SO4 on Pt(Cu)/C core-shell electrocatalysts, the best mass activity at 0.7 V
and 50 mV s−1 was about 250 mA mgPt

−1, for a Pt:Cu molar ratio of 0.17:0.83 [24]. Note that the linear
sweep voltammograms in Figure 9 have been obtained at 20 mV s−1 and 1.0 M CH3OH. The mass
activity reported for methanol oxidation at the same potential for Pt-Cu core-shell alloy with 9.5 wt %
Pt at 5 mV s−1 in 0.5 M CH3OH + 1 M HClO4 was about 140 mA mgPt

−1 [28]. Therefore, the results
reported in curve a of Figure 9 can be considered good. Other works report on different fuels. The best
mass activity for ethanol oxidation at the same potential for Pt-Cu core-shell catalysts with similar
content in Pt and Cu at 20 mV s−1 in 0.17 M CH3CH2OH + 0.5 M H2SO4 was about 4 mA mgPt

−1 [27].
In the case of formic acid oxidation, the mass activity also at 0.7 V for highly dispersed Pt-Cu/C
catalysts via surface substitution and etching separation at 50 mV s−1 in 0.25 M HCOOH + 0.5 M
H2SO4 was about 250 mA mgPt

−1 [30]. In a different synthesis process, novel excavated rhombic
dodecahedral PtCu3 nanocrystals with (110) facets prepared by a wet chemical route, gave about
600 mA mgPt

−1 in the same conditions of potential, sweep rate and electrolyte than the latter [25].
In all these cases, the mass activity in front of the fuel oxidation was always much better than that for
commercial Pt/C and also with much better stability under cycling than the latter, assigned to the
superior catalytic activity and selectivity of the Pt-Cu alloy in decreasing the generation of CO [30].
The ligand effect of Cu has also been argued to explain the superior activity of Pt-Cu for oxygen
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reduction [26]. In the present paper, the positive results can be assigned not only to the electronic effect
of Cu but also to the positive effect of the deposited Ru species, which are easily hydroxylated and
allow enhancing the CO oxidation due to the bifunctional mechanism [7,35,36,41]:

RuOxHy(OH) + Pt-CO→RuOxHy + Pt + CO2 + H+ + e− (3)

Ru(OH) + Pt-CO→Ru + Pt + CO2 + H+ + e− (4)

in which RuOxHy(OH) and Ru(OH) result from the hydroxylation of RuOxHy and Ru respectively.

3. Experimental Section

3.1. Materials and Reagents

The supporting carbon was Vulcan XC72R produced by Cabot Corporation, Boston, MA, USA
(mean particle size and specific surface area of about 30 nm and 250 m2 g−1 respectively [42]). It was
deposited onto a Metrohm glassy carbon (GC) tip of 3 mm in diameter (section of 0.071 cm2), previously
polished with Micropolish II deagglomerated α-alumina (0.3 μm) and γ-alumina (0.05 μm) on a
PSA-backed White Felt cloth from Buehler, Coventry, UK. The solutions were prepared using Millipore
Milli Q high-purity water from Merck KGaA, Darmstadt, Germany (resistivity >18 MΩ cm at 25 ◦C),
analytical grade 96 wt % H2SO4 from Acros Organics, HClO4, hydrated RuCl3, and H2PtCl6 from
Merck, and CuSO4·5H2O, and Na2SO4 from Panreac. N2 and CO gases were Linde 3.0 (purity ≥ 99.9%).

3.2. Working Electrodes

The preparation and testing of the electrodes were performed by means of a PGSTAT100
potentiostat-galvanostat commanded by the NOVA 1.10 software both from Metrohm Autolab B.V.,
Utrecht, The Netherlands. The electrochemical cell was Metrohm 200 mL-volume with a double wall,
which was connected to a MP-5 thermostat from JULABO GmbH, Seelbach, Germany to maintain the
temperature to 25.0 ± 0.1 ◦C. A double junction Ag|AgCl|KCl(sat) (0.199 V vs. SHE at 25 ◦C) and a Pt
rod were used as the reference and the auxiliary electrodes respectively. However, all the potentials
given in this paper have been referred to the RHE. The electrocatalysts were prepared on the carbon
support deposited on the GC tip, which was coupled to a RDE from Metrohm Autolab B.V., Utrecht,
The Netherlands. N2 was bubbled through the electrolyte before the deposition of Cu, Pt and the Ru
species and also before the CV experiments. N2 was passed over the electrolyte during the deposition
processes and the electrochemical testing.

The Pt(Cu)/C and Pt-Ru(Cu)/C working electrodes were prepared as follows, based on the
electrodeposition method previously described [18]. First, 20 μL of the carbon suspension (4 mg in 4 mL
of water, sonicated for at least 45 min) were deposited onto the polished GC tip (0.28 mgC cm−2)
and dried under the heat of a lamp. Afterwards, it was cleaned on the RDE in deaerated 0.5 M
H2SO4 by CV scans within the limits of 0.0 and 1.0 V at 100, 50 and 20 mVs−1 for 10, 5 and 3 cycles,
respectively (cleaning protocol). The electrodeposition of the catalysts consisted in the following
consecutive steps: (a) potentiostatic Cu electrodeposition at −0.1 V and 100 rpm in 1.0 mM CuSO4 +
0.1 M Na2SO4 + 0.01 M H2SO4 (Cu/C electrode); (b) Pt deposition on the Cu nuclei by galvanic
exchange in 1 mM H2PtCl6 + 0.1 M HClO4 at 100 rpm (Pt(Cu)/C); (c) spontaneous deposition of Ru
species on the Pt(Cu)/C electrode in aged (for at least one week) and quiescent 8.0 mM RuCl3 + 0.1 M
HClO4 (Pt-Ru(Cu)/C). The Cu electrodeposition efficiency was determined through the Cu oxidation
charge in the same solution after sweeping the potential from 0.0 to 1.0 V at 10 mV s−1. The variables
studied were:

(i) Cu electrodeposition between 20 and 50 mC followed by the galvanic exchange with Pt
for 30 min and the spontaneous deposition of Ru species for 30 min.

(ii) Galvanic exchange with Pt from 10 to 60 min after the best Cu electrodeposition charge
(obtained from sequence i), followed by the spontaneous deposition of the Ru species for 30 min.
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(iii) Spontaneous deposition of the Ru species between 10 and 60 min after the best Cu
electrodeposition charge (from sequence i) and the best time of galvanic exchange with Pt
(from sequence ii).

Immediately after preparation, the Cu/C electrode was carefully cleaned in water, whereas the
Pt(Cu)/C and Pt-Ru(Cu)/C ones were submitted to the cleaning protocol described above. The CV
profiles obtained from this protocol were always practically stationary after the second scan, confirming
their stability and cleanliness.

3.3. Electrochemical Testing

The CO tolerance of the electrocatalysts was studied by CV in 0.5 M H2SO4. CO gas was first
bubbled through the solution for 15 min while setting the electrode potential at 0.1 V. Afterwards,
the dissolved CO was removed by N2 bubbling through the solution for 30 min and then, the adsorbed
CO was stripped by sweeping the potential between 0.0 and 1.0 V at 20 mV s−1 without stirring.
The ECSA for the CO oxidation was estimated taking into account that the oxidation of a CO monolayer
on polycrystalline Pt needs 420 μC cm−2 [4,9,43]. After CO stripping, the activity of the Pt(Cu)/C
and Pt-Ru(Cu)/C catalysts was recovered as demonstrated by the consecutive cyclic voltammograms,
which retraced those obtained before the CO adsorption.

The methanol oxidation performance for the different Pt-Ru(Cu)/C electrocatalysts was
characterized by CV in a previously deaereated 1.0 M CH3OH + 0.5 M H2SO4 solution between 0.0
and 0.7 V at 20 mVs−1. The CV experiments before and after the methanol oxidation analyses in the
deaerated 0.5 M H2SO4 confirmed that there was not loss of catalyst loading.

3.4. Structural Characterization

The morphological and structural characterization of the catalysts was performed by means of
the TEM and HRTEM techniques using a 200 kV JEM 2100 LaB6 transmission electron microscope
from JEOL, Peabody, MA, USA, furnished with EDS facilities. For the microscopic examination,
the electrocatalysts prepared on the GC tip were dispersed in 3 mL of n-hexane for 10 min
by ultrasonication. A drop of the suspension was then placed on a holley-carbon Ni grid.
The electrocatalyst was ready for examination after the solvent evaporation under the heat of a 40 W
lamp for 5 min. The TEM and HRTEM images were taken using an Orius MultiScan 794 charge-coupled
device (CCD) camera from Gatan, Pleasanton, CA, USA. More than one hundred nanoparticles were
counted to depict their size distribution. The interplanar spacing of the nanoparticles was determined
from the digital treatment of the HRTEM pictures by means of the Digital Micrograph software,
version 3.7.0, from Gatan, Pleasanton, CA, USA. First, the Fourier diffractogram was obtained by the
Fast Fourier Transform of the HRTEM images of selected areas performed with this software. Then,
the reciprocal value of the interplanar spacing was given by the distance between each identified spot
and the center of the diffractogram. The interplanar spacing thus calculated was contrasted with the
results listed in the MinCryst Database of the Institute of Experimental Mineralogy, Chernogolovka,
Moscow region, Russia, revision of August 2008 [40].

4. Conclusions

This work studied the performance of carbon-supported core-shell Pt(Cu)/C and Pt-Ru(Cu)/C
electrocatalysts, obtained by Cu electrodeposition, galvanic exchange with Pt(IV) and spontaneous
deposition of Ru species. The Cu electrodeposition potential was −0.1 V vs. RHE and the variables
explored were Cu electrodeposition charge, time of galvanic exchange with Pt(IV) and time of
spontaneous deposition of Ru species. The ECSA for CO oxidation was determined per mol of
electrodeposited Cu in order to identify the preparation conditions to obtain the most suitable
core-shell nanoparticles. It was found that these normalized ECSA values were practically the same
for Cu electrodeposition charges qCu in the range of 30–40 mC. However, they decreased for qCu

equal to or greater than 45 mC. The HRTEM analyses indicated that the nanoparticle size increased
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for qCu exceeding 40 mC, thus justifying the concomitant decrease in the ECSA. Electrodeposition
charges about 20 mC were insufficient to create suitable core-shell nanoparticles probably because
a significant number of Cu atoms were partially occluded in the Pt shells and in the carbon. In this
case, the steric hindrance impeded the Pt complex approach. However, the further Cu oxidation in
these points could be easier. Based on the peak potentials for CO oxidation and the onset potentials
for CO and methanol oxidation together with ECSA values, the suitable Cu electrodeposition charge
to obtain the Pt-Ru(Cu)/C electrocatalysts was 38 ± 2 mC. The most suitable time for galvanic
exchange of Cu by Pt(IV) was 30 min, the Pt shells completely covering the Cu cores. Under these
conditions, maximum ECSA values for CO oxidation, normalized per mol of electrodeposited Cu
on the Pt-Ru(Cu)/C electrocatalyst were achieved. A spontaneous deposition time of the Ru species
on Pt(Cu)/C of 22 ± 2 min led to the smallest onset potentials for CO and methanol oxidation,
which were about 0.05 V smaller than those determined for Ru-decorated commercial Pt/C catalysts.
These conditions yielded the highest normalized ECSA values for CO oxidation and the best specific
anodic current for methanol oxidation. For these best conditions, surface coverage of Pt by the Ru
species in the Pt-Ru(Cu)/C electrocatalyst were determined and their normalized ECSA values for
CO oxidation were comparable to those of Pt(Cu)/C, thus suggesting that the deposited Ru species
were partially reducible to Ru metal during the cyclic scans. The positive effect of Cu was related
to the electronic effect of the Cu core on the Pt shells and also to the generation of new active sites
for CO oxidation. The best mass activities obtained for the methanol oxidation were compared to
those previously reported in literature for the same fuel and also for ethanol and formic acid oxidation
on Pt(Cu)/C catalysts prepared by different procedures. The present results strongly indicate an
additional positive effect of the Ru spontaneously deposited species due to the bifunctional mechanism
for CO oxidation.
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Abstract: A one-pot hydrothermal strategy was used to synthesize Pt/GNs (PAMAM) & Pt/GNs (CS)
composites. Pt nanoparticles are deposited onto graphene sheets (GNs) via synchronous reduction of
K2PtCl4 and graphene oxide (GO) under hydrothermal conditons without additional reducing agent.
During the synthesis process, polyamidoamine (PAMAM) or chitosan (CS) was used as a template
respectively to obtain shape controlled Pt particles on the surface of GNs, leading to the formation
of flower-like Pt nanoclusters for Pt/GNs (PAMAM) and uniform spherical Pt nanoparticles for
Pt/GNs (CS). PAMAM and CS are simultaneously served as intrinsic reducing agents to accelerate
reduction process; ensuring excellent electrical conductivity of the composites. Electrochemical tests
show that Pt/GNs (PAMAM) and Pt/GNs (CS) have much higher electrocatalytic activity and better
stability toward methanol oxidation reaction (MOR) in comparison with counterpart Pt/GNs and
the commercially available 20% Pt/C catalyst (Pt/C) due to their better dispersion of Pt particles,
stronger interaction between Pt and substrate materials, and better electron transfer capability.

Keywords: platinum; polyamidoamine; chitosan; graphene; methanol oxidation

1. Introduction

Hydrothermal synthesis method is widely used to synthesize composite materials with excellent
properties. Boppella et al. [1] reported the formation of oriented ZnO structures with tunable percentage
of exposed polar facets via a simple hydrothermal route in aqueous base environment. Yu et al. [2]
demonstrated unique hollow Pt-ZnO nanocomposite microspheres with hierarchical structure
under mild solvothermal conditions. Especially, this method has an advantage for the synthesis
of graphene-based nanomaterials due to the possible synchronous reduction of graphene oxide and
the corresponding metal precursors [3,4]. Lei et al. [5] have reported one-pot hydrothermal synthesis
of an efficient anodic electro-photo catalyst Pt/SnO2/GNs (EDTA) for direct methanol fuel cell
(DMFCs) applications. Li et al. [6] developed a facile hydrothermal approach to efficiently synthesize
Pt-NCs/rGO composites with high shape selectivity and enhanced catalytic activity for MOR. Yun
et al. [7] reported the in situ hydrothermal synthesis of 3D macroporous rGO aerogels/palladium
nanoparticle hybrids for electrocatalytic applications. In these reports, they emphasized that the
shapes, assembly or dispersion of as-prepared nanoparticles by hydrothermal synthesis method can
significantly impact their performance. However, hydrothermal reaction is a “covert operation” and
unable to intervene in the reaction process. Therefore, in order to effectively control the micro structure
of the products, the raw materials must be strictly selected and the reasonable chemical reactions
process needs to be predetermined.
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Polyamidoamine (PAMAM) is one of the most popular dendrimers with a near-spherical
structure [8,9]. It contains rich cavities within molecules and has a large number of active functional
groups on the surface of molecules, which makes it able to graft other ions, molecules or particles on
the core, peripheral or embedded cavity by electrostatic interaction and covalent coordination [10,11].
Maiyalagan, T. [9] has anchored PAMAM on functionalized carbon nanofibers (CNF) to facilitate
the controlled dispersion of Pt–Ru nanoparticles which are used to catalyze methanol oxidation.
Chitosan (CS) is an abundant linear polymer, in which there exist a large number of hydroxyls and
aminos in polymer chain segments [12–14]. Especially, its –NH2 groups can be protonated in acidic
medium, causing them to have a positive charge. The positive protonated amines and the rich hydroxyl
in chitosan can act as the mooring point and steric hindrance agent of metal nanoparticles [15,16].
Li et al. [17] have assembled worm-like Pt nanoparticles on PW12-GNs support using CS as a shape
directing agent for catalyzing methanol oxidation. Thus, it can be reasonable to deduce that the unique
structures of dendritic and linear macromolecule above can be used as the agent for controlling Pt
nanoparticles shape and dispersion under hydrothermal conditions.

In this case, a one-pot hydrothermal method was used to synthesize Pt/graphene composites
Pt/GNs (PAMAM) and Pt/GNs (CS) without additional reducing agent. The fourth generation
amine-terminated polyamidoamine dendrimers (PAMAM) and chitosan (CS) not only act as templates
to control the morphology of Pt particles but also serve as internal reductants to accelerate reduction
reaction, which effectively makes up the “covert operation” shortcomings of hydrothermal reaction to
present a new paradigm for the synthesis of graphene based nano-materials with desired morphology.
As-synthesized composites show remarkably higher electrocatalytic activity and enhanced resistance
to CO poisoning compared with counterpart Pt/GNs and commercially available 20% Pt/C catalyst
(Pt/C). Especially, as-synthesized composites show better stability toward methanol oxidation reaction
(MOR), which is helpful to overcome the fast decay in catalytic reaction process for Pt-based catalysts.

2. Results and Discussion

2.1. Characterization

X-ray photoelectron spectroscopy (XPS) of Pt/GNs, Pt/GNs (CS) and Pt/GNs (PAMAM) are
shown in Figure 1. The C1s spectra show that carbon elements in complex exist in three kinds of
chemical bonds which are mainly in the form of C–C, C–O/C–N and –CONH [18]. It is calculated
that the percentages of the above three kinds of carbon functional groups are 43.24%, 15.82%, 40.94%
for Pt/GNs (PAMAM) and 43.21%, 18.81%, 37.98% for Pt/GNs (CS), respectively. Correspondingly,
they are 60.32%, 17.39%, 22.29% for Pt/GNs, respectively. Evidently, the C–O/C–N components in the
three complexes are drastically decreased in comparison with pristine GO [19], which indicates that
GO was converted into graphene sheets (GNs) at high temperature and pressure [20–22]. Furthermore,
the proportion of –CONH bond components for Pt/GNs (PAMAM) and Pt/GNs (CS) are 40.94%
and 37.98%, respectively, both are much higher than that for Pt/GNs, which may be due to that
some of PAMAM and CS chains have been bonded to the graphene surface during the GO reduction
process [21]. The Pt 4f spectrum of Pt/GNs is displayed in Figure 1D. Based on curve fitting with
a mixed Gaussian-Lorentzian line shape, Pt seems to exist in various states. The most intense doublet
(71.19 eV and 74.66 eV) is ascribed to metallic Pt (0) [23]. The doublet (71.92 eV and 75.51 eV) can
be assigned to Pt (II) chemical state (PtO and Pt(OH)2) [24]. Correspondingly, Pt 4f of Pt/GNs (CS)
exhibits the clear peaks which can be deconvoluted to reveal Pt (0) species at 71.39 eV and 74.85 eV
(Figure 1E). The peaks assigned to Pt (II) species are also observed at 72.17 eV & 76.14 eV. Similarly,
Pt (0) species is the main species for Pt in Pt/GNs (CS). As shown in Figure 1F, Pt 4f spectra of
Pt/GNs (PAMAM) show the presence of metallic Pt (0) (71.38 eV, 74.84 eV), PtO/Pt(OH)2 (72.4 eV,
77.71 eV), respectively. It is calculated that the percentages of Pt (0) for Pt/GNs, Pt/GNs (CS), and
Pt/GNs (PAMAM) are 73.49%, 68.36%, 62.21%, respectively, and the percentages of Pt (II) for Pt/GNs,
Pt/GNs (CS), and Pt/GNs (PAMAM) are 26.51%, 31.64%, 37.79%, respectively. It is reported that the
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existence of appropriate amount of oxide species may promote methanol oxidation reaction in acid
medium [25,26]. Furthermore, it can be seen that the binding energies of Pt 4f7/2 and Pt 4f5/2 for Pt
(0) in Pt/GNs (PAMAM) and Pt/GNs (CS) shift to a higher value in comparison with that in Pt/GNs,
indicating that Pt/GNs (PAMAM) and Pt/GNs (CS) have stronger interaction between Pt and GNs
(support) due to the introduction of PAMAM and CS [27].

Figure 1. C1s XPS spectra of Pt/GNs (A); Pt/GNs (CS) (B); Pt/GNs (PAMAM-polyamidoamine) (C);
Pt 4f XPS spectra of Pt/GNs (D); Pt/GNs (CS) (E); Pt/GNs (PAMAM) (F).

Transmission electron microscope (TEM) and high-resolution transmission electron microscope
(HRTEM) images of Pt/GNs (PAMAM), Pt/GNs (CS), and Pt/GNs are shown in Figure 2. It is
found that the Pt nanoparticles in Pt/GNs (PAMAM) were mainly in the form of flower-like clusters
consisting of primary nanoparticles (Figure 2A,B), and the size of the primary particles were uniform,
with the average diameter of about 5 nm as seen in the inset of Figure 2A. ThenHRTEM image in
Figure 2C presents the details fringes of Pt for Pt/GNs (PAMAM). The lattice fringes with a d-spacing
of 0.226 nm is attributed to the spacing of the (111) planes in face-centered cubic (fcc) Pt [28,29], which
further suggests the zero-valent state of Pt and high crystallinity of Pt nanoparticles. Figure 2D,E show
the Pt nanoparticles of Pt/GNs (CS) are highly dispersed on the surface of GNs, mainly in the form
of spherical particles. As depicted in the inset of Figure 2D, the particle size of Pt nanoparticles was
very uniform, with the average diameter of about 3 nm. It should be noted that uniform and small
spherical Pt nanoparticles have a significant advantage of large surface areas. Similarly, the HRTEM
image in Figure 2F presents the details fringes of Pt for Pt/GNs (CS), and the lattice fringes with
a d-spacing of 0.225 nm correspond to the (111) plane of fcc Pt. In contrast, Pt particles in Pt/GNs
(Figure 2G–H) are big and non-uniform, with the average diameter about 10–34 nm (the inset of
Figure 2G). Furthermore, the lattice spacing for dark Pt particles is 0.227 nm (Figure 2I). Obviously,
the dispersity of Pt nanoparticles in Pt/GNs (PAMAM) and Pt/GNs (CS) is drastically improved
compared with Pt/GNs, and their morphologies can be effectively controlled by PAMAM and CS.
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Figure 2. TEM images of Pt/GNs (PAMAM) (A,B); Pt/GNs (CS) (D,E); Pt/GNs (G,H). Size-distribution
of Pt particles in Pt/GNs (PAMAM) (the inset of (A)); Pt/GNs (CS) (the inset of (D)); Pt/GNs (the inset
of (G)). HRTEM images of Pt particles in Pt/GNs (PAMAM) (C); Pt/GNs (CS) (F); Pt/GNs (I).

The shape of Pt nanoparticles on Pt/GNs (PAMAM) is different from that of the Pt nanoparticles
on Pt/GNs (CS). As for Pt/GNs (PAMAM), the primary Pt nanoparticles are formed with uniform size
due to the mooring role of the protonated amines in PAMAM. Meanwhile, with the template effect of
the dendrimer stucture, these primary nanoparticles are connected to each other to form flower-like
nanoclusters. Similarly, CS also can be protonated under acidic conditions to greatly enhance the
solubility of CS and promote polymer chain segment stretching in aqueous solution [16], which
brings about the electrostatic interaction between PtCl42− and protonated –NH3+ in the polymer chain.
The interaction contributes to the rapid nucleation of Pt particles after the reduction of PtCl42−. The rich
hydroxyls in CS act as a steric hindrance agent to protect Pt particles from further aggregation [30],
resulting in the formation of uniform Pt nanoparticles. Saidi and Fichthorn have pointed out that both
thermodynamics and kinetics likely played a role in the formation of these nanostructures [31,32].
On one hand, PAMAM (or CS) can induce kinetic Pt particles shapes by regulating the relative Pt
fluxes to desired facets (Pt (111) in this work) [32]. On the other hand, the freshly formed primary
Pt particles are thermodynamically unstable because of their high surface energy, and they tend to
aggregate driven by the minimization of interfacial energy [33,34]. With the template of the dendrimer
structure, Pt primary particles on Pt/GNs (PAMAM) are inclined to aggregate into nanoclusters; on
the contrary, the rich hydroxyls in CS block Pt primary particles surface diffusion, leading to uniform
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spherical particles. Additionally, it is reported that organic amines can serve as a reducing agent to
reduce GO into GNs [35,36]. Therefore, PAMAM and CS should promote to reduce GO and PtCl42−

into GNs and Pt under hydrothermal conditions, accelerating the nucleation rate of Pt particles and
favoring the formation of Pt nanoparticles of smaller size. Thus, PAMAM and CS not only act as
a template to control the morphology of Pt nanoparticles but also serve as an intrinsic reducing agent
to increase the dispersity of Pt nanoparticles.

Powder X-ray diffraction (XRD) patterns of Pt/GNs, Pt/GNs (CS), and Pt/GNs (PAMAM) are
shown in Figure 3A. The diffraction peaks at 40.0◦, 46.5◦, 67.8◦, 81.6◦, and 86.2◦ (2θ value) can be
assigned to (111), (200), (220), (311), and (222) crystalline planes of Pt (0) fcc lattice, respectively [37],
which further indicates good crystallinity and zero-valent state of Pt in the obtained three composites.
The diffraction peak for Pt (220) is used to estimate the size of Pt nanoparticles with the Scherrer
Equation (1) [30,37].

d = Kλ/βcosθ (1)

It is calculated that the average size of Pt nanoparticles in Pt/GN, Pt/GNs (CS) and Pt/GNs
(PAMAM) is about 21.5, 4.0 and 5.5 nm, respectively, which are consistent with the TEM analysis.

Figure 3. XRD patterns (A) and Raman spectra (B) of Pt/GNs (1), Pt/GNs (CS) (2), and
Pt/GNs(PAMAM) (3).

Figure 3B displays Raman spectra of Pt/GNs, Pt/GNs (CS), and Pt/GNs (PAMAM). The D band
(about 1310 cm−1) originates from the defects in the curved graphene sheet and staging disorder, while the
G band (about 1597 cm−1) was associated with the graphitic hexagonpinch mode [38,39]. The ID/IG

intensity ratio can be used to measure the crystalline quality of graphite or graphene via different kinds
of treatment, increasing with the amount of disorder for grapheme-based materials [40–43]. It is found
that the values of ID/IG for Pt/GNs (PAMAM) and Pt/GNs (CS) are 1.57 and 1.62, both of which are
lower than the value of ID/IG for the Pt/GNs value (1.68), indicating that the disorder degree of GNs is
decreased in Pt/GNs (PAMAM) and Pt/GNs (CS). A possible reason for this is that PAMAM and CS
promote GO to be reduced into GNs, in favor of the recovery of the original structure for GNs. GNs with
lower degrees of disorder can maintain their good electron transfer capability and endow graphene-based
composites with better catalytic performance [42,44].

2.2. Electrocatalysis

Figure 4 displays the cyclic voltammetry (CV) curves of the different composites
conducted at room temperature in 0.5 M H2SO4 solution at 100 mV·s−1. For all composites,
typical hydrogen adsorption/desorption peaks and Pt oxide formation/reduction peaks can be
observed. Their electrochemical surface area (ECSA) is evaluated by the integrated charge (QH)
in the hydrogen adsorption region, with Equation (2) [42].
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ECSA = QH/(210 uC·cm−2 × Pt loading) (2)

By calculation, it is found that the specific ECSA of Pt/GNs (PAMAM) and Pt/GNs (CS) is
117.8 m2·g−1 and 103.7 m2·g−1, respectively, which is higher than that of Pt/GNs (47.7 m2·g−1) and
commercial catalyst Pt/C (75.1 m2·g−1) (Table 1). The higher ECSA of Pt/GNs (PAMAM) and Pt/GNs
(CS) are obviously related to the unique morphology and uniform distribution of Pt nanoparticles,
which is helpful to improve their catalytic performance [37].

Table 1. Electrochemical parameters of as-synthesized different composites a.

Composites
ECSA/m2·g−1

(Electrochemical
Surface Area)

Onset Potential b/V Massactivity/mA·mg−1

Pt/C-JM 75.1 0.45 455
Pt/GNs 47.7 0.40 556

Pt/GNs (CS) 117.8 0.36 1031
Pt/GNs (PAMAM-
polyamidoamine) 103.7 0.35 1203

a The reproducibility of electrochemical experiment data in our work was ensured by repeated experiments,
and their standard deviation is less than 3%; b The onset potential is defined as the potential at which 10% of
the current value at the peak potential was reached in this work [34].

Figure 4. CV curves in 0.5 M H2SO4 at 100 mV·s−1: Pt/C (A); Pt/GNs (B); Pt/GNs (CS) (C); Pt/GNs
(PAMAM) (D).

The electrocatalytic activities of as-synthesized composites for MOR were discussed by analyzing
their CV curves carried out in 0.5 M H2SO4 containing 1 M CH3OH solution at a scan rate of 100 mV·s−1

(Figure 5A,B). It can be seen from Figure 5B that the Pt/GNs (CS) and Pt/GNs (PAMAM) exhibit
a mass activity (forward peak current density) of 1031 mA·mg−1 and 1203 mA·mg−1 (listed in Table 1),
which is 2.3 and 2.6 times higher than that of Pt/C (455 mA·mg−1), respectively. It is observed that
the onset potential value for Pt/GNs (CS) and Pt/GNs (PAMAM) is 0.36 and 0.35 V, respectively,
which is lower than that for Pt/GNs (0.40 V) and Pt/C (0.45 V) (Table 1). Lower onset potential
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may contribute to superior electro-catalytic activity for methanol oxidation [37,45]. It is reported
that the functional-modified graphene is in favor of inhibiting the irreversible aggregation process of
Pt/graphene composites [46]. In this case, the introduction CS and PAMAM into the graphene layer
may play a functional-modified role to prevent the aggregation of graphene composites, resulting in
remarkably improved electrocatalytic activity.

Figure 5. (A) CV curves in 1 M CH3OH + 0.5 M H2SO4 at 100 mV·s−1: Pt/C (0), Pt/GNs (1); (B) CV
curves in 1 M CH3OH + 0.5 M H2SO4 at 100 mV·s−1: Pt/GNs (CS) (2), Pt/GNs (PAMAM) (3);
(C) Nyquist plots of EIS for methanol electrooxidation in 1 M CH3OH + 0.5 M H2SO4 solution: Pt/C (0),
Pt/GNs (1), Pt/GNs (CS) (2), Pt/GNs (PAMAM) (3).

In addition, the enhanced catalytic activity may be ascribed to the superior electric conductivities
of the as-synthesized composites, which can be proven by EIS analysis. The Nyquist plots of EIS
for Pt/GNs (PAMAM), Pt/GNs (CS), Pt/GNs and Pt/C in 1 M CH3OH + 0.5 M H2SO4 solution at
0.5 V are shown in Figure 5C. The diameter of semicircle at high frequencies is a measure of charge
transfer resistance related to the charge transfer reaction kinetics [47–49]. Obviously, the diameters of
semicircle for Pt/GNs (PAMAM) and Pt/GNs (CS) are much lower than those of Pt/GNs and Pt/C,
which demonstrates that Pt/GNs (PAMAM) and Pt/GNs (CS) have lower charge transfer resistance
and faster reaction rate for MOR [50]. This suggests that the introduction of PAMAM and CS can
keep the good electron transfer capability of graphene-based composites to endow them with better
catalytic performance.

In order to directly observe their anti-poisoning ability to CO-like intermediate species, CO
stripping curves of Pt/GNs (PAMAM), Pt/GNs (CS), Pt/GNs and Pt/C were measured by oxidation
of pre-adsorbed and saturated CO in the 0.5 M H2SO4 solution at 100 mV·s−1 (Figure 6A). The peak
potential of CO oxidation for Pt/GNs (PAMAM) (curve 3) and Pt/GNs (CS) (curve 2) is 0.59 and 0.64 V,
respectively, which is lower than that for Pt/GNs (0.67 V) and Pt/C (0.72 V). Their more negative
CO oxidation peak demonstrates that CO on Pt/GNs (PAMAM) and Pt/GNs (CS) surface is easier to
oxidize and remove from the Pt surface [27], suggesting an enhanced poisoning tolerance. The possible
reasons for the greater tolerance to CO-like species are as follows: firstly, there are abundant cavities in
the core of PAMAM and a large number of nitrogen-containing groups on the surface of PAMAM [51],
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and CS also possesses abundant –NH2 and –OH groups on its polymer chains [52], which results in
a complex interaction between PAMAM (CS) mooring groups and Pt particles [30,53]. The strong
interaction can induce modulation in the electronic structure of Pt particles and decrease the Pt–CO
binding energy to reduce the CO adsorption on Pt active sites [9,12]. This point can be proved by Pt 4f
XPS spectra analysis. As shown in Figure 1D, the binding energy of Pt 4f for Pt/GNs (PAMAM) and
Pt/GNs (CS) presents a positive shift due to the introduction of PAMAM and CS, which means that
the interaction between Pt and support materials is much stronger than that of their corresponding
counterpart Pt/GNs [27,29]. A higher binding energy would increase metal bond strength and reduce
the potential of metal to form strong bonds with absorbed reactants, in favor of removing the strongly
adsorbed CO-like species during MOR [29]. Secondly, the protonated NH3

+ groups or –OH groups
can enhance the hydrophilic properties of RGO to promote water activation [16], and as a result,
the adsorbed OH− species at the surface of Pt particles promote the oxidation of CO [30].

Chronoamperometry tests were carried out at 0.70 V for 3600 s to assess the electrocatalytic
stability of different composites. As shown in Figure 6B, their current densities decay quickly during
the initial minutes, which may be due to CO-like intermediate species poisoning on the Pt surface
during the early stage of MOR [54]. Following this, the current densities decreased slowly and reach
a quasi-stationary value after 3600 s. It was found that Pt/GNs (PAMAM) (curve 3) and Pt/GNs (CS)
(curve 2) present the lower declining rate and the higher quasi-stationary current density in contrast
with Pt/GNs (curve 1) and Pt/C (curve 0), suggesting an enhanced catalytic stability. The results are in
agreement with CO stripping curves analysis. The superior catalytic activity and stability of Pt/GNs
(PAMAM) and Pt/GNs (CS) may be related to the fact that the abundant protonated NH3

+ groups
or –OH groups can effectively stabilize Pt particles against gathering, endowing Pt active sites with
a stronger ability to refresh [16,30,51,53].

Figure 6. (A) CO-stripping voltammograms in 0.5 M H2SO4: Pt/C (0), Pt/GNs (1), Pt/GNs (CS) (2),
Pt/GNs (PAMAM) (3); (B) Chronoamperometric curves in 1 M CH3OH + 0.5 M H2SO4: Pt/C (0),
Pt/GNs (1), Pt/GNs (CS) (2), Pt/GNs (PAMAM) (3).

3. Materials and Methods

3.1. Materials

Natural graphite powder (about 325 mesh) was purchased from Alfa Aesar (Ward Hill, MA, USA).
Commercial Pt/C catalyst (Hispec 3000, wt % 20%) was purchased from Johnson-Matthey (London,
UK). Fourth generation amine-terminated polyamidoamine dendrimers (PAMAM) with the highest
available purity (10 wt % in methanol) were purchased from Sigma Aldrich (Darmstadt, Germany).
Chitosan (CS) was purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China), and
then completely deacetylated as follows [55]: 80% deacetylation CS was added to 50% NaOH solution
and stirred for 6 h at 95 ◦C under N2 protection. After that, the product was purified and lyophilized.
Potassium chloride (99%), hydrogen peroxide (30%), potassium permanganate, potassium sulfate,
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concentrated sulfuric acid, phosphorus pentoxide, methanol, and ethanol were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China), and all the chemicals were of analytical
grade. The water used in the experiments was distilled water.

3.2. Synthesis of Pt/GNs (PAMAM) and Pt/GNs (CS)

Graphene oxide (GO) was synthesized using a modified Hummers’ method [56,57], and the
detailed steps were described previously [5]. The overall synthetic route of Pt/GNs (PAMAM) and
Pt/GNs (CS) was illustrated in Scheme 1. In a typical procedure of Pt/GNs (PAMAM), 50 mg of
GO were dispersed in 25 mL of distilled water by sonication for 1 h. Simultaneously, after removing
methanol from 0.45 mL 10% PAMAM methanol solution, PAMAM was dissolved into 20 mL water
and its pH was adjusted to 3 with dilute hydrochloric acid. Then 5 mL of K2PtCl4 (1 g/100 mL) were
added and stirring for 30 min. After the completion of the stirring, the mixture was put into the GO
solution and further sonicated for 1 h to ensure sufficient mixing, and its pH was adjusted to 3 again.
Afterwards, the mixed suspension was transferred into a Teflon-lined stainless steel autoclave and
reacted at 180 ◦C for 12 h under autogenous pressure. When hydrothermal reaction was completed,
autoclave was allowed to cool naturally to room temperature. Finally, the product was purified
through repeated washing and centrifugation (at 10,000 rpm for 20 min), then the black precipitate was
lyophilized and Pt/GNs (PAMAM) were obtained. The Pt/GNs (CS) composite was synthesized by
the same process, adjusting the pH of mixed solution to 3. For comparison, Pt/GNs was synthesized
by similar procedure without addition of PAMAM or CS. Pt actual contents in the composites were
determined by ICP-AES (Thermo Scientific, Pleasanton, CA, USA) with the values of 31.42% for
Pt/GNs, 32.50% for Pt/GNs (CS) and 35.71% for Pt/GNs (PAMAM), respectively.

Scheme 1. The synthetic route of Pt/GNs (PAMAM) and Pt/GNs (CS) composites.

3.3. Characterization

The microscopic feature and morphology of the composites were characterized by a high-resolution
transmission electron microscope (HRTEM, TECNAI G2, FEI, Hillsboro, OR, USA) operating at 200 K.
XPS was recorded on monochromatic Al Ka radiation (1486.6 eV) using a Thermo Scientific VG
ESCALAB 250 spectrometer (Thermo Scientific). XRD patterns were determined at a scanning rate of
5◦·min−1 on a Philips X′ pert Pro diffractometer (PANalytical B.V., Holland, The Netherlands), using Cu
Ka radiation. Raman spectra were measured through a Renishaw-invia Raman micro-spectrometer
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equipped with a 514 nm diode laser excitation on a 300 lines·mm−1 grating. The amount of
actual Pt loading was determined using inductively coupled plasma atomic emission spectroscopy
(ICP-AES, ICAP6300).

3.4. Electrochemical Measurements

All electrochemical tests were performed with a standard three-electrode system on a CHI 660C
electrochemical workstation (ChenHua, Shanghai, China) at room temperature. The three electrodes
cell included an Ag/AgCl (saturated KCl) electrode as a reference electrode, a platinum column
as a counter-electrode and a modified glassy carbon electrode as a working electrode. Its working
electrode was modified as follows: 5 mg of catalyst were ultrasonically dispersed into 1 mL ethanol to
form homogeneous ink, then 5 μL of ink were dropped onto the surface of pre-polished glass carbon
electrode (3 mm in diameter). Subsequently, 7.5 μL diluted 0.5% Nafion solution was dropped to fix
the samples. Cyclic voltammetry (CV) was tested in 0.5 M H2SO4 or 0.5 M H2SO4 + 1.0 M CH3OH
solution at room temperature with a scan rate of 100 mV·s−1. The CO stripping voltammograms were
recorded by oxidation of preadsorbed CO (COad) in 0.5 M H2SO4 solution at 100 mV·s−1. CO gas was
purged into 0.5 M H2SO4 solution at a constant potential of 0.1 V for 1800 s to ensure the complete
adsorption of CO onto the samples. The excess CO in the electrolyte was driven out by purging N2 for
15 min. Chronoamperometry was conducted at 0.70 V in a solution of 0.5 M H2SO4 + 1.0 M CH3OH for
a period of 3600 s. Electrochemical impedance spectra (EIS) were performed in a solution containing
0.5 M H2SO4 and 1.0 M CH3OH at 25 ◦C. Its perturbation potential was 5 mV, and the frequency
ranged from 0.01 Hz to 100 kHz.

4. Conclusions

In summary, a one-pot hydrothermal method was used to synthesize Pt/GNs (PAMAM) and
Pt/GNs (CS) composites. Under hydrothermal conditions, PAMAM and CS serve as templates to
control the morphology of Pt particles, resulting in the formation of flower-like Pt nanoclusters for
Pt/GNs (PAMAM) and uniform spherical Pt nanoparticles for Pt/GNs (CS). Meanwhile, PAMAM and
CS play a promotion role in the reduction process to accelerate the nucleation rate of Pt particles and
lead to improved recovery of the sp2 bond for GNs. The controlled morphology of Pt nanoparticles on
Pt/GNs (PAMAM) and Pt/GNs (CS) is an important driving force to improve the performance of the
catalysts. The introduction of PAMAM and CS results in stronger interaction between Pt and support
materials and better electron transfer capability of grapheme-based composites, which synergistically
contributes to the significantly improved catalytic activity (with values of 1031 mA·mg−1 and
1203 mA·mg−1 for Pt/GNs (CS) and Pt/GNs (PAMAM), respectively), stability and CO poisoning
tolerance. The study above provides a green, simple and low-cost way to improve electrocatalytic
performance and enhance the effective utilization of Pt catalysts in DMFC anodic reaction.
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Abstract: A Pt-Ag/graphene composite (Pt-Ag/GNs) was synthesized by the facile aqueous solution
method, in which Ag+ was first transformed into Ag2O under UV light irradiation, and then Ag2O,
Pt2+, and graphene oxide (GO) were simultaneously reduced by formic acid. It was found that
Pt-Ag bimetallic nanoparticles were highly dispersed on the surface of graphene, and their size
distribution was narrow with an average diameter of 3.3 nm. Electrocatalytic properties of the
Pt-Ag/GNs composite were investigated by cyclic voltammograms (CVs), chronoamperometry
(CA), CO-stripping voltammograms, and electrochemical impedance spectrum (EIS) techniques.
It was shown that the Pt-Ag/GNs composite has much higher catalytic activity and stability for the
methanol oxidation reaction (MOR) and better tolerance toward CO poisoning when compared with
Pt/GNs and the commercially available Johnson Matthey 20% Pt/C catalyst (Pt/C-JM). Furthermore,
the Pt-Ag/GNs composite showed efficient electro-photo-synergistic catalysis for MOR under UV or
visible light irradiation. Particularly in the presence of UV irradiation, the Pt-Ag/GNs composite
exhibited an ultrahigh mass activity of 1842.4 mA·mg−1, nearly 2.0 times higher than that without
light irradiation (838.3 mA·mg−1).

Keywords: platinum; silver; graphene; methanol oxidation; electro-photo catalysis

1. Introduction

Platinum has attracted significant attention as a catalyst for the methanol oxidation reaction
(MOR) [1]. However, the monometal Pt catalyst is not only expensive, but also easily poisoned by
the adsorption of CO-like intermediate species, reducing the electrocatalytic activity of the catalyst
during methanol oxidation [2]. Binary or ternary Pt-based catalysts containing other transition metals,
such as NiAuPt [3], PtRu [4], PtCu [5], FePt [6], PtSn [7], PtCo [8], PtRhNi [9], or PtPd [10] can evidently
improve the performance in catalyzing MOR compared with the monometallic Pt catalysts. Particularly,
they can alleviate COads poisoning and expose more Pt active sites, resulting in lower noble metal
dosages and lower costs. Among the transition metals, Ag can provide rich surface oxygen-containing
species to promote the oxidation of CO-like species and prevent the catalyst from poisoning [11].
Ag has a high degree of free electron mobility and exhibits molecular-like excited-state properties with
well-defined absorption and emission features, and its surface plasmon resonance (SPR) effect has
a prominent contribution to the enhanced photocatalytic activity [12,13]. Therefore, Pt-Ag bimetallic
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nano-structures are expected to provide an efficient synergistic effect between the electro-catalytic and
photo-catalytic properties for MOR.

The unique properties of graphene nanosheets (GNs), such as larger specific surface areas,
excellent optical transmittance, high chemical and thermal stability, and outstanding electrical
conductibility, make it a superior support material for Pt-based catalysts [14,15]. Referring to our
previously reported catalysts, such as Pt/SnO2/GNs [16] and Pt/TiO2/GNs [17], it is known that
GNs can not only improve the dispersion of Pt nanoparticles, but also can act as the acceptor and
the transfer body of the photo-electron, giving rise to charge transfer and separation efficiency of the
photo-generated electron-hole pairs which leads to a better photocatalytic activity.

Herein, we explored a facile method to synthesize Pt-Ag/graphene composite (Pt-Ag/GNs) with
the use of formic acid as a reducing agent (Scheme 1). In the synthetic process, HCOOH has the
advantages of simple operation, environmental friendliness, and mild reaction conditions, and the
Ag2O intermediate species formed under UV light irradiation contribute to the good dispersion of the
bimetallic Pt-Ag nanoparticles on GNs with narrow size distribution. In comparison with commercially
available Johnson Matthey 20% Pt/C (denoted as Pt/C-JM) and Pt/GNs, the as-synthesized
Pt-Ag/GNs exhibit much higher catalytic activity and stability for MOR and better resistance to
CO poisoning. More importantly, with the aid of the integrated photo-response of Ag and GNs,
methanol electro-catalytic oxidation and photo-catalytic oxidation reactions are synergistically coupled
on Pt-Ag/GNs under UV irradiation or visible light irradiation, bringing about increased catalytic
activity and stability.

Scheme 1. Schematic of the preparation procedure of the Pt-Ag/GNs composite.

2. Results and Discussion

Figure 1 shows the XRD patterns for the following samples: (a) Ag/GNs, (b) Pt/GNs and
(c) Pt-Ag/GNs. The diffraction pattern for the Pt/GNs catalyst shows the typical peaks of the face
centered-cubic (fcc) structure of Pt (0). Peaks are located at 39.8◦, 46.3◦, 67.6◦ and 81.4◦ corresponding
to the (111), (200), (220) and (311) planes of Pt (0) [18,19]. This indicates that the reduction of the
Pt2+ precursor to Pt (0) by formic acid has been effective. Pt-Ag/GNs (curve c) shows broader and
asymmetrical peaks in comparison to both Ag/GNs and Pt/GNs. The reason for this is that these
peaks are the combination of the peaks for both Pt and Ag, which indicates that both elements are not
alloyed. This is also supported by the the Powder Diffraction File of International Centre for Diffraction
Data (ICDD PDF) of Pt (No. 04-0802) and Ag (No. 04-0783) in Figure 1. Furthermore, the representative
diffraction peaks assigned to the (111) and (220) planes of Ag2O located at 32.8◦ and 54.9◦, respectively,
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are not observed (Figure 1) [20], suggesting that the intermediate species Ag2O was completely
transformed into Ag after the reduction with formic acid.

Figure 1. XRD patterns of Ag/GNs (a), Pt/GNs (b) and Pt-Ag/GNs (c).

The morphologies of the Pt-Ag/GNs and Pt/GNs composites were characterized by transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM). The TEM image of Pt/GNs shows
apparent aggregation of the Pt particles on the surface of GNs (Figure 2A). By contrast, the spherical
bimetallic nanoparticles of the Pt-Ag/GNs composite are uniformly dispersed on the surface of the
GNs with an average size of about 3.3 nm (Figure 2D,E), and a relatively narrow size distribution peak
(the inset of Figure 2E). HRTEM images of Pt/GNs and Pt-Ag/GNs (Figure 2C,F) show lattice fringes
with spacing of 0.225 nm, which is in good agreement with the (111) planes of fcc Pt (0) [21]. In addition,
the lattice spacing of 0.235 nm shown in Figure 2F can be assigned to the (111) planes of metallic
Ag [22], further proving the formation of separate Ag nanoparticles in Pt-Ag/GNs. This also indicates
that the Pt and Ag nanoparticles are separately deposited on the GNs, instead of forming a Pt-Ag alloy.
The reason for this may be that Ag+ was first transformed into Ag2O under UV irradiation [23], and
then the heterogeneous phase between the precursor Pt2+ and Ag2O can prevent the formation of a
binary alloy structure, which results in the formation of the heterostructured Pt-Ag nanoparticles. It is
worth mentioning that (111) Pt planes are adjacent to (111) Ag planes, suggesting that Ag2O provides
an anchor for the Pt2+ precursor during the reduction process, resulting in a proper dispersion of
Ag and Pt nanoparticles on the GNs after reduction by formic acid. The morphologies of Pt and Ag
nanoparticles on GNs were further analyzed by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and elemental mapping images. As shown in Figure 3A, Pt and
Ag nanoparticles are highly dispersed onto the GNs surface, and it is difficult to discriminate Pt from
Ag because of their full integration. Elemental mapping (Figure 3B,C) of the Pt-Ag/GNs composite
show that the Pt and Ag nanoparticles are in good co-existence and in intimate contact, which further
verifies that Ag2O provides an anchor for the precursor of Pt2+. The selected area electron diffraction
(SAED) pattern demonstrates that the Pt-Ag/GNs composite has a typical polycrystalline structure
(the inset of Figure 2F).
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Figure 2. Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images of
Pt/GNs (A, B, C) and Pt-Ag/GNs (D, E, F); particle size distributions of Pt-Ag/GNs in the inset of (E);
SAED of Pt-Ag/GNs in the inset of (F).

Figure 3. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images for Pt-Ag/GNs (A); elemental mapping images for Ag (B) and Pt (C).

X-ray photoelectron spectra (XPS) were used to further analyze the valence states and surface
composition of the as-synthesized composites, displayed in Figure 4. The binding energies of Ag 3d5/2
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and Ag 3d3/2 for Pt-Ag/GNs are 368.1 eV and 374.0 eV (Figure 4A), respectively, demonstrating that
the deposited Ag nanoparticles are in a zero-valent state [22,24]. Figure 4B shows Pt 4f spectra of
Pt/GNs (curve a) and Pt-Ag/GNs (curve b). The peaks located at 71.08 and 74.38 eV for Pt-Ag/GNs
and at 71.38 and 74.79 eV for Pt/GNs can be assigned to the binding energies of Pt 4f7/2 and Pt 4f5/2,
respectively. Their values are in line with that of platinum in the zero-valent state, which further verifies
the formation of Pt (0) nanoparticles in Pt/GNs and Pt-Ag/GNs composites [14]. However, the binding
energy of Pt 4f for Pt-Ag/GNs is significantly lower than that for Pt/GNs. The reason may be that
Pt has a higher electro-negativity than Ag, so Pt can withdraw electrons from the neighboring Ag
atoms [25]. Furthermore, there exists an electrostatic interaction between the metal nanoparticles and
the graphene sheets because of the remaining oxygen containing functional groups on the surface of
the GNs, which allows a high dispersion of Pt-Ag nanoparticles on GNs to produce stronger electronic
interactions between metal nanoparticles and supports [26,27], inducing their binding energy shift.

Figure 4. (A) Ag 3d X-ray photoelectron spectra (XPS) profile of Pt-Ag/GNs; (B) Pt 4f XPS profiles for
Pt/GNs (a) and Pt-Ag/GNs (b).

Raman spectra were used to discuss the structural changes of the graphene based composites
during the preparation process. As shown in Figure 5, the D band (associated with a breathing
mode of k-point phonons of A1g symmetry) and the G band (corresponding to the E2g phonon of the
C sp2 atom) are observed [28]. ID/IG, namely the intensity ratio of the D and G bands, can be used
to predict the extent of defects in carbonaceous materials [29]. It is found that the ID/IG value of the
Pt-Ag/GNs composite (curve b) is obviously smaller than that of Pt/GNs (curve a), which indicates
that there is a lower degree of disorder for the graphene structure.

Figure 5. Raman spectra of Pt/GNs (a) and Pt-Ag/GNs (b).
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Cyclic voltammograms (CVs) of Pt/C-JM (curve a), Pt/GNs (curve b) and Pt-Ag/GNs (curve c)
in a 0.5 M H2SO4 solution were collected to evaluate the electrochemical properties of the different
composites, shown in Figure 6. In general, the hydrogen adsorption/desorption peaks of the CV
curves can be utilized to measure the electrochemically active surface area (ECSA) of Pt-based catalysts
on the basis of Equation (1) [30].

ECSA = QH/(210μC·cm−2 ×Pt loading) (1)

Figure 6. Cyclic voltammograms (CVs) of Pt/C-JM (a), Pt/GNs (b) and Pt-Ag/GNs (c) in 0.5 M H2SO4;
scan rate: 100 mV·s−1.

The ECSA values for the Pt-Ag/GNs (curve c) is 120.3 m2·g−1, which is about 1.5 times
and 2.5 times higher than that of the Pt/GNs (curve b) (80.5 m2·g−1) and the Pt/C-JM (curve a)
(48.9 m2·g−1), respectively. The larger ECSA mainly arises from better dispersion of the Ag and Pt
nanoparticles on the GNs (as shown in TEM analysis), which can offer more active sites.

In order to further investigate their catalytic activities for methanol oxidation reaction (MOR),
CVs in 1 M CH3OH + 0.5 M H2SO4 solution were conducted (Figure 7). As shown in Figure 7, all
of the curves have two significant oxidation peaks: the forward scan oxidation peak is assigned to
the peak current of methanol oxidation, and the reverse scan oxidation peak is attributed to the peak
current of the CO intermediate species oxidation. As presented in Figure 7, the forward scan current
density (mass activity) increased up to 838.3 mA·mg−1 on Pt-Ag/GNs without light irradiation (t
= 0 min), which is significantly higher than that of Pt/GNs (653.8 mA·mg−1) and Pt/C-JM (402.6
mA·mg−1). The improved catalytic activity may originate from the role of Ag. First, the introduction
of Ag into Pt-Ag/GNs brings about the good distribution of the Ag and Pt nanoparticles on the
GNs, which generates more active sites for MOR (as shown in Figure 6). Secondly, Ag has a lower
electro-negativity than Pt, so Pt can withdraw electrons from the neighboring Ag atoms, which
produces stronger electronic interactions between the Pt and Ag nanoparticles (as analyzed in the Pt 4f
spectra) [25]. The interaction may effectively weaken the capacity to bind to adsorbed intermediates
of Pt [31]. Thirdly, the coexistence of Ag and Pt nanoparticles on the surface of GNs can increase the
electron transfer efficiency via an interfacial interaction among the Ag, Pt and GNs, which was verified
by Electrochemical Impedance Spectra (EIS) analysis. As shown in Figure 8, the Nyquist plots of EIS
for Pt-Ag/GNs, Pt/GNs and Pt/C-JM were obtained in 0.5 M H2SO4 + 1.0 M CH3OH solution at
0.5 V. The diameter of the primary semicircle can be used to analyze the charge transfer resistance of
the catalyst, which describes the rate of charge transfer during the methanol oxidation reaction [32].
The semicircle radius of Pt-Ag/GNs (curve c) is much smaller than that of Pt/GNs (curve b) and
Pt/C-JM (curve a), which illustrates that Pt-Ag/GNs have better charge transfer and a faster methanol
oxidation reaction rate [33,34].
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Most interestingly, it was found that the peak current value of the Pt-Ag/GNs composite was
significantly increased under UV or visible light irradiation. Particularly, the Pt-Ag/GNs composite
exhibited a remarkably increased value (about 1842.4 mA·mg−1) after UV irradiation for 30 min, which
is nearly 2.0 times higher than that without light irradiation (838.3 mA·mg−1) (Figure 7A). The value is
also far more than that of reported commercial PtRu-C (E-TEK, Secaucus, New Jersey, NJ, USA) [35] or
PtRu-C prepared by the ethanol reduction method [36]. However, the current density of Pt/GNs and
Pt/C-JM are only slightly increased (Figure 7B,C). The obvious improvement in the catalytic activity
of Pt-Ag/GNs under external light irradiation apparently stem from the introduction of Ag, which
may endow Pt-Ag/GNs with an efficient electro-photo synergistic catalysis for MOR under UV or
visible light irradiation. In order to further check whether the Pt-Ag/GNs composite can effectively
respond to ultraviolet light or visible light irradiation, chronoamperometric curves of Pt-Ag/GNs
were measured by turning on/off UV or visible light every 10 s in 1 M CH3OH + 0.5 M H2SO4 solution
(presented in Figure 9). When UV or visible light was turned on, the current density increased rapidly
and temporarily up to a steady state; as the light was turned off, the current density decreased instantly.
In the first illumination cycle, the current intensities were boosted from 0.325 to 2.171 (mA·cm−2)
(568.0% increase) under UV irradiation (curve c) and from 0.325 to 1.522 (mA·cm−2) (368.3% increase)
under visible irradiation, respectively (curve b). The increase of current density in the first illumination
cycle is apparently higher than that of the reported silicon-based Pt-Ag nano-forests catalyst under
visible irradiation [37]. Therefore, the as-synthesized Pt-Ag/GNs should be a more efficient Pt-Ag
bimetal electro-photo synergistic catalyst for MOR under solar irradiation.

Figure 7. CVs of (A) Pt-Ag/GNs, (B) Pt/GNs and (C) Pt/C-JM in 0.5 M H2SO4 + 1.0 M CH3OH; curves
a, without irradiation; curves b, after visible irradiation for 30 min; curves c, after UV irradiation for
30 min.

Figure 8. Nyquist plots of Electrochemical Impedance Spectra (EIS) in 0.5 M H2SO4 + 1.0 M CH3OH:
Pt/C-JM (a), Pt/GNs (b), and Pt-Ag/GNs (c).
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Figure 9. Photocurrent responses of Pt-Ag/GNs: (a) under dark; (b) under intermittent visible
irradiation (every 10 s); (c) under intermittent UV irradiation (every 10 s).

The catalytic stability of Pt-Ag/GNs, Pt/GNs, and Pt/C-JM for methanol oxidation was further
tested by chronoamperometry in 0.5 M H2SO4 containing 1.0 M CH3OH solution at 0.70 V for
2000 s (Figure 10). As shown in Figure 10, rapid initial current density decay is observed because
of CO-like intermediate species (mainly COads) poisoning during the methanol electrooxidation
reaction [38]. The slower decay slope and the significantly higher final steady-state current density
of Pt-Ag/GNs without irradiation (curve c), compared with that of Pt/GNs (curve b) and Pt/C-JM
(curve a), indicate that the introduction of Ag into Pt-Ag/GNs improves its electro-catalytic stability
for MOR. The enhanced tolerance ability to CO can be reflected in the CO-stripping voltammograms
test. As shown in Figure 11, CO-stripping voltammograms of Pt/C-JM (curve a), Pt/GNs (curve b),
and Pt-Ag/GNs (curve c) were measured by the oxidation of pre-adsorbed and saturated CO in
0.5 M H2SO4 solution at a scan rate of 100 mV·s−1. The peak potential of CO oxidation for Pt-Ag/GNs,
Pt/GNs, and Pt/C-JM was 0.67, 0.70 and 0.71 V, respectively. Obviously, Pt-Ag/GNs exhibited
a more negative peak potential. The negative shift of the CO oxidation peak demonstrates easier
oxidation of CO on the surface of the Pt-Ag/GNs catalyst, indicative of a better anti-poisoning ability.
Ag nanoparticles are oxophilic species and can remove the CO-like adsorbing species on Pt active
sites at a lower potential through facile formation of Ag(OH)ads [39], contributing to better tolerance
towards CO poisoning for Pt-Ag/GNs.

Figure 10. Chronoamperograms in 0.5 M H2SO4 + 1.0 M CH3OH: Pt/C-JM (a), Pt/GNs (b),
Pt-Ag/GNs (c), Pt-Ag/GNs under durative visible irradiation (d) and Pt-Ag/GNs under durative
UV irradiation (e).
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Figure 11. CO-stripping voltammograms of Pt/C-JM (a), Pt/GNs (b), and Pt-Ag/GNs (c) in
0.5 M H2SO4; scan rate: 100 mV·s−1.

Particularly, the current density of Pt-Ag/GNs decay more slowly in the presence of light
irradiation, and the steady-state current density is significantly enhanced under durative UV (curve e)
or visible light irradiation (curve d), which are respectively nearly 2.1 times and 1.4 times higher
than that without light irradiation (Figure 10). The results further confirm that the incorporation of
Ag brings about the positive effects of light irradiation on the catalytic stability and tolerance to CO
poisoning. This is also supported by the ratio of the forward anodic peak current (If) to the reverse
anodic peak current (Ib) under irradiation. It is well known that the If/Ib ratio can also be used to
describe the catalyst tolerance to the accumulation of CO-like intermediate species [40–42]. The If/Ib
of Pt-Ag/GNs is 0.85 after UV irradiation for 30 min, which is higher than that of Pt/GNs (0.80) and
Pt/C-JM (0.72) (Figure 7), respectively, implying more valid oxidation of methanol to carbon dioxide
during the anodic scan and the removal of poisoning species from the surface of Pt-Ag/GNs under
UV irradiation. It should be noted that Pt-Ag/GNs not only exhibited better catalytic activity, stability
and tolerance to CO under UV irradiation, but its visible light assisted electro-photo synergistic
catalysis performance is also more effective than that of the reported silicon-based Pt-Ag nano-forests
catalyst [37]. The efficient synergistic catalysis under UV and visible light irradiation is in favor of
harvesting the natural sunlight (UV and visible light) to produce clean energy and provides very
promising practical applications. It is well known that noble metal Ag nanoparticles (NPs) show
strong visible light absorption due to their surface plasmon resonance (SPR), which is produced by
the collective oscillations of surface electrons [43,44]. The unique characteristics of Ag contribute to
the beneficial effects of electro-photo-synergistic catalysis under visible light irradiation. Furthermore,
GNs can effectively extend the light absorption edge to the visible light region [45]. By integrating
with Pt-Ag nanoparticles, GNs are helpful for endowing Pt-Ag/graphene composites with the visible
light response for photocatalytic methanol oxidation. Due to the local electromagnetic field and the
excellent UV-Visible light absorption capabilities of Ag NPs, the excited electrons can be transferred
quickly to GNs, and GNs can be used as the photocatalytic carriers to extract the photo-generated
electrons and immediately transfer them to Pt particles, to limit self-photoreduction processes and
more easily release Pt active sites [17]. Therefore, the efficient synergistic effects of photo-catalysis and
electro-catalysis for MOR are achieved under external light irradiation.

3. Experimental Section

3.1. Materials

Graphite powder (~325 mesh, 99.9995%) was purchased from Alfa Aesar (Ward Hill, Massachusetts,
MA, USA). 5% Nafion 117 solution and commercial Pt/C (20%) catalyst (denoted as Pt/C-JM) were
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purchased from Johnson Matthey (London, UK). AgNO3, Pt(NO3)2, NaOH, KMnO4, H2O2 (30%),
K2S2O8, P2O5, H2SO4, acetone, methanol, and ethanol were all analytical reagent and purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used without further purification.
The resistance of deionized water (DI) was 18.2 MΩ.

3.2. Preparation of Pt-Ag/GNs

Graphene oxide (GO) was prepared from purified natural graphite using Hummers’ method
with some minor modification [46,47]. The product was collected by centrifugation after thoroughly
washing with dilute hydrochloric acid and deionized water. After that, the obtained precipitate was
dried in vacuum for further use. The overall synthetic route of Pt-Ag/GNs is illustrated in Scheme 1.
In a typical synthetic process, 50 mg of GO was dispersed in 50 mL of distilled water by sonication for
30 min. Then, 30 mg of AgNO3 was added to the mixture under stirring for 30 min. Subsequently,
50 mg of solid sodium hydroxide was added under UV irradiation and the mixture was stirred
for another 30 min, which caused that Ag+ was transformed into Ag2O [23]. After removing the
ultraviolet lamp and adjusting the pH to 7, 3 mL of Pt(NO3)2 (1g/100 mL) were added. After stirring
for 30 min, 3 mL of HCOOH (0.5 M) were added. Subsequently, the mixture was stirred for 48 h under
ambient condition. After repeated centrifugation (10,000 rpm, 20 min) and thorough washing, the final
Pt-Ag/GNs precipitate was lyophilized for 48 h. The counterpart Pt/GNs was prepared by a similar
method in the absence of AgNO3. The Pt content was determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES). The actual loading amount of Pt on the GNs for Pt-Ag/GNs
and Pt/GNs was about 20.7 wt % and 25.9 wt %, respectively.

3.3. Characterization Method

The microscopic features and morphology of the samples were investigated through TEM and
HRTEM with a TECNAI G2 high-resolution transmission electron microscope (FEI, Hillsboro, Oregon,
OR, USA) operating at 200 K. Elemental distribution mapping was performed in a HAADF-STEM
with an Oxford INCA energy dispersive X-ray detector (FEI). XPS was conducted on a VG ESCALAB
250 spectrometer (Thermo Scientic, Pleasanton, California, CA, USA) with Al Kα radiation (1486.6 eV).
XRD patterns were obtained with an X’pert Pro X-ray diffractometer (PANalytical B.V., Holland,
The Netherlands), equipped with a Cu Kα radiation source. Raman spectra were recorded on
a Renishaw-in-Via Raman (Renishaw, London, UK) micro-spectrometer equipped with a 514 nm
wavelength laser line. The actual amount of Pt loading in the catalysts was determined by ICP-AES
(ICAP6300, Thermo Scientic).

3.4. Electrochemical Measurements

A conventional three electrode cell was used for the electrochemical measurement on a CHI 660C
electrochemical workstation (ChenHua, Shanghai, China), with a platinum column as the counter
electrode, a standard Ag|AgCl (3 M KCl) electrode as the reference, and a modified glassy carbon
electrode (GCE, 3.0 mm in diameter) as the working electrode, respectively. To prepare the working
electrode, 5 mg of catalyst sample were first dispersed into 1 mL of ethanol by ultrasonication, and then
5 μL of the previously prepared ethanol suspension were dropped onto the pre-cleaned surface of
the GCE. Subsequently, an aliquot of Nafion solution (7.5 μL, 0.5%) was dropped on the coated GCE.
CVs were recorded in 0.5 M H2SO4 or 0.5 M H2SO4 solution containing 1.0 M CH3OH at room
temperature with a scan rate of 100 mV·s−1. CO-stripping voltammograms were performed in a 0.5 M
N2-saturated H2SO4 solution, and then CO was bubbled for 30 min to allow the complete adsorption
of CO onto the composites while the working electrode was kept at 0.1 V vs. Ag|AgCl. Excess
CO in the electrolyte was then purged out with N2 for 15 min. Chronoamperometric curves were
obtained for 2000 s in 0.5 M H2SO4 solution containing 1.0 M CH3OH at 0.70 V. EIS was carried out in
0.5 M H2SO4 in the presence of 1.0 M CH3OH with a potential of 0.5 V, and the Nyquist plots were
recorded between 0.1 and 100,000 Hz.
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3.5. Photo-Electrochemical Measurements

A 15 W UV lamp (ZW3D15WZ105, Cnlight, Guangdong, China) was used to provide UV light
(200 < λ < 400 nm) or visible light (λ > 400 nm) via different optical filters. It was placed at the bottom
of the electrochemical cell, facing the working electrode at a distance of 15 cm. The irradiating power
density was measured as 0.3 mW·cm−2. Cyclic voltammograms and chronoamperometric curve
analyses were carried out after external light irradiation for 30 min.

4. Conclusions

In summary, Pt-Ag bimetallic nanoparticles with small size and uniform size distribution were
highly dispersed on the surface of GNs in a Pt-Ag/GNs composite with the aid of synchronous
reduction by HCOOH. The good dispersion of the Pt-Ag nanoparticles, the strong interaction between
the Pt and the Ag nanoparticles, and the good electron transfer capacity of the Pt-Ag/GNs composite
contributed to its higher electrocatalytic activity, better tolerance of CO, and better stability for MOR.
Under UV or visible light irradiation, Pt-Ag/GNs showed an efficient synergistic photoelectrocatalysis
for MOR, which provides an effective strategy to utilize natural sunlight (UV and visible light) to
produce clean energy, and favors potential applications of electro-photo catalysts in direct methanol
fuel cell anodic reactions.
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Abstract: The catalyst layers for polymer-electrolyte-membrane (PEM) fuel cells were fabricated by
deposition of platinum directly onto the gas diffusion layer using pulsed laser deposition (PLD).
This technique reduced the number of steps required to synthesize the catalyst layers and the amount
of Pt loading required. PEM fuel cells with various Pt loadings for the cathode were investigated.
With a cathode Pt loading of 100 μg·cm−2, the current density of a single cell reached 1205 mA·cm−2

at 0.6 V, which was close to that of a single cell using an E-TEK (trademark) Pt/C electrode with a
cathode Pt loading of 400 μg·cm−2. Furthermore, for a PEM fuel cell with both electrodes prepared
by PLD and a total anode and cathode Pt loading of 117 μg·cm−2, the overall Pt mass-specific power
density at 0.6 V reached 7.43 kW·g−1, which was five times that of a fuel cell with E-TEK Pt/C
electrodes. The high mass-specific power density was due to that a very thin nanoporous Pt layer was
deposited directly onto the gas diffusion layer, which made good contact with the Nafion membrane
and thus resulted in a low-resistance membrane electrode assembly.

Keywords: pulsed laser deposition; polymer-electrolyte-membrane fuel cell; catalyst; nanoparticle

1. Introduction

Recently, fuel cell technologies have received much attention due to growing concerns regarding
the depletion of fossil fuels and climate change. The polymer-electrolyte-membrane (PEM) fuel cell
is one of the most promising technologies. However, the high cost of PEM fuel cells has hindered
its commercialization. The cost of a PEM fuel cell depends largely on the amount of Pt catalyst used.
Therefore, the development of new methods to reduce Pt loading and achieve a higher Pt mass-specific
power density (MSPD) is an active research area [1].

The preparation of membrane electrode assemblies (MEA) by directly depositing Pt onto a gas
diffusion layer (GDL) is an efficient way because it results in a thin catalyst layer and good dispersion of
Pt nanoparticles which translates into high Pt utilization. Various physical vapor deposition techniques
such as high-power impulse magnetron sputtering [2], sputtering [3,4], e-beam evaporation [5],
dual ion-beam assisted deposition [6] and pulsed laser deposition (PLD) [7,8] have been pursued to
achieve high power density with lower Pt loading. Physical vapor deposition techniques offer benefits
over chemical techniques of being a one-step process that leads to the formation of a thin film of
nanoparticles. Some researchers have also deposited Pt onto the Nafion [9] or polytetrafluoroethylene
(PTFE) sheets [10], but the overall cell performance was not as high as when Pt was deposited on GDL.
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PLD has developed into an important deposition technique in the past few decades. One of the
major advantages of PLD over other deposition techniques is its capability to generate high kinetic
energy ions and atoms. It is also straightforward in generating nanoparticles by performing pulsed
laser deposition in an ambient gas atmosphere, as a result of cooling of the ablation plume by the
ambient gas [11]. By controlling the pressure of the ambient gas, one can control the size of deposited
particles and the porosity of the grown film [12]. Cunningham et al. [7] reported that by using PLD in
He atmosphere to deposit Pt onto GDL, with a very low Pt loading of 17 μg·cm−2, the catalyst-loaded
GDL could achieve a current density of 780 mA·cm−2 when used at the anode. In our earlier work [11],
we had achieved a high current density of 1032 mA·cm−2 with an anode Pt loading of 13 μg·cm−2

by using PLD in Ar atmosphere. The better performance compared to the previous work could be
ascribed to the smaller Pt nanoparticle size. Since the oxygen reduction reaction (ORR) at the cathode
is very sluggish in nature compared to hydrogen oxidation reaction (HOR) at the anode, the cathode
requires a much larger amount of catalyst compared to the anode. Therefore, it is generally recognized
that the ORR at the cathode is the bottleneck and the reduction of Pt usage at the cathode holds the
key to lowering the overall MSPD. Previously, only Mròz et al. [8] have reported using PLD to deposit
Pt for the cathode of PEM fuel cell. They used PLD in vacuum to deposit Pt at a loading of 7 μg·cm−2

to achieve a maximum power density of 188 mW·cm−2 and a current density of 100 mA·cm−2 at
0.6 V. Although the Pt loading used was low, the power and current densities were too low to be
practically useful. For instance, it is required that for vehicle operation a fuel cell should produce at
least 1500 mA·cm−2 at 0.6 V [13]. The low power and current density values of Mròz et al. resulted
from the use of PLD in vacuum. It led to the formation of a dense, low-porosity Pt layer instead of
a nanoporous structure that ensures a high electrochemical surface area (ECSA) and good charge
transfer and gas transport. For fabricating a high-performance MEA, it is paramount to control the
size of nanoparticles and the porosity and thickness of the catalyst layer.

In this work, PLD in Ar atmosphere was used to deposit Pt nanoparticles onto GDL with a
microporous layer for the cathode first and then for both electrodes for developing high-performance
PEM fuel cells. Fuel cells using pulsed laser deposited Pt nanoparticles with four different Pt loadings
(50, 75, 100 and 125 μg·cm−2) as the cathode catalyst, and commercial E-TEK (trademark) Pt/C with
a Pt loading of 200 μg·cm−2 as the anode catalyst, were characterized. The dependence of fuel cell
performance on the cell outlet pressure was also investigated. The cells were also characterized
by using electrochemical impedance spectroscopy. Finally, the fuel cell with the catalysts of both
the anode and the cathode prepared by using PLD was characterized. With a low total Pt loading
of 117 μg·cm−2, the current density at 0.6 V reached 1450 mA·cm−2, corresponding to a power density
of 870 mW·cm−2. This work demonstrated that PLD could be used to reduce the amount of Pt used
while maintaining high current and power densities in PEM fuel cells for practical applications.

2. Results and Discussion

Figure 1 shows the transmission electron microscopy (TEM) images of Pt catalyst deposited on
GDL with various Pt loadings. It was found that the average particle diameter increased from
2.7 nm to 5.0 nm with increasing Pt loading from 50 μg·cm−2 to 125 μg·cm−2. This could be
ascribed to the presence of free Pt atoms remaining when the ablation plume reaches the substrate.
The free atoms in later laser shots could attach to the Pt nanoparticles deposited by earlier laser shots,
thereby increasing the average particle size. This effect could also contribute to the reduction of
mass-specific electrochemical surface area (MSECSA) with increasing Pt loading shown later. For
the case of 100 μg·cm−2, the particle diameter was 4.9 ± 0.4 nm. This number obtained from TEM
measurement was consistent with that retrieved from X-ray diffraction measurement as reported
previously [11].
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Figure 1. TEM images of Pt particles deposited by PLD at 107-Pa Ar pressure on a GDL with various Pt
loadings: (a) 50 μg·cm−2; (b) 75 μg·cm−2; (c) 100 μg·cm−2 and (d) 125 μg·cm−2. The size distribution
for 100 μg·cm−2 and the dependence of particle diameter on Pt loading are shown in the bottom panels.
The error bar for each case indicates the standard deviation of particle size distribution.

Figure 2 shows the scanning electron microscopy (SEM) images of the surface of the GDLs with
various Pt loadings. The deposited Pt did not form a flat film because of the high porosity of the
GDL. With a Pt loading of 75 μg·cm−2, the deposited nanoparticles were uniformly dispersed on the
surface of the underlying nanoporous support. With a Pt loading of 100 μg·cm−2, Pt nanoparticles
aggregated to form small clusters, leading to decreased porosity as compared with the 75 μg·cm−2

sample. With a Pt loading of 125 μg·cm−2, aggregation was even more severe, resulting in large
clusters. In addition, the voids between Pt nanoparticles became smaller, presumably due to the
deposition of free atoms in the ablation plume [11]. The formation of large clusters and the decrease in
porosity at higher Pt loadings resulted in reduction of specific surface area, which had a negative effect
on fuel cell performance.
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Figure 2. SEM images of Pt particles deposited by PLD at 107-Pa Ar pressure on a GDL with various
Pt loadings: (a) GDL only; (b) 75 μg·cm−2; (c) 100 μg·cm−2; and (d) 125 μg·cm−2.

Figure 3 shows the cyclic voltammograms (CV) recorded for PLD samples with various Pt
loadings. The peaks of hydrogen adsorption/desorption in the potential region of 0 to 0.4 V vs. normal
hydrogen electrode (NHE) can be seen clearly. The hydrogen desorption region was integrated to
calculate ECSA. It was found that the ECSA increased from 1.118 to 1.631 m2 when the Pt loading
was increased from 50 to 125 μg·cm−2, but with a trend of saturation. To relate the surface area of
the catalyst with the mass-specific power density of the fuel cell, MSECSA was calculated as the
ECSA divided by the Pt loading. The MSECSA was found to be 22.37, 17.32, 16.25, and 13.05 m2·g−1

for 50, 75, 100, and 125 μg·cm−2 Pt loadings, respectively. A decrease in MSECSA with increasing
loading was observed. In an ideal case when the Pt particles are distributed in single layer and their
sizes are independent of Pt loading, the MSECSA should be constant for all Pt loadings. However,
due to the increase of the degree of Pt particle aggregation and the decrease in porosity as shown in
Figure 2, MSECSA decreased with increasing Pt loading. This result is consistent with the findings of
Fabbri et al. [14]. They attributed the decrease in MSECSA to a transition of dispersed nanoparticles
into aggregates and then to an extended layer with increasing Pt loading.
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Figure 3. Cyclic voltammograms of PLD samples with various Pt loadings recorded in 0.5 M H2SO4

solution at a scan rate of 20 mV·s−1.
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Figure 4 shows the J-V and power density curves of PEM fuel cells with various Pt loadings
on the cathode prepared using PLD. The anode was E-TEK Pt/C with a Pt loading of 200 μg·cm−2.
The fuel cells with Pt loadings of 50 and 75 μg·cm−2 showed poor performance compared to the cell
with commercial E-TEK Pt/C. This can be ascribed to insufficient Pt available for electrochemical
reactions. Since the oxygen reduction reaction is sluggish in nature, the cathode requires a higher Pt
content to attain a high reaction rate. With a Pt loading of 100 μg·cm−2 the current density at 0.6 V
reached 1205 mA·cm−2, corresponding to a power density of 723 mW·cm−2 and a cathode MSPD of
7.3 kW·g−1. The cathode MSPD of the reference E-TEK sample at 0.6 V was 1.7 kW·g−1. The cathode
MSPD at 0.6 V was by a factor of four higher than that of the reference sample using E-TEK Pt/C
with a Pt loading of 400 μg·cm−2. The power densities at 0.6 V for various cases are shown in Table 1.
The cathode prepared by PLD with a Pt loading of 100 μg·cm−2 had only one fourth of the Pt loading
of the commercial E-TEK sample but showed similar power generation. The power density for the fuel
cell with a cathode loading of 125 μg·cm−2 was close to that of the fuel cell with a cathode loading
of 100 μg·cm−2. The saturation in power density with increasing Pt loading can be attributed to
the saturation in ECSA (as discussed earlier in CV results). It may also result from mass transport
limitation occurring in the catalyst layer due to the increased degree of aggregation of nanoparticles
and the reduced porosity with increasing Pt loading (see Figure 2).
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Figure 4. J-V and power density curves of PEM fuel cells having the cathode deposited by PLD with
various Pt loadings. The performance of a PEM fuel cell using E-TEK Pt/C for the cathode with a
Pt loading of 400 μg·cm−2 is shown for comparison. All data were measured at an outlet pressure
of 100 kPa.

Table 1. Performance of PEM fuel cells using cathode catalyst prepared by PLD with various Pt
loadings in comparison to that using E-TEK Pt/C with a Pt loading of 400 μg·cm−2.

Cathode Catalyst Deposition Method
Anode Pt Cathode Pt Current Density Power Density Cathode
Loading * Loading at 0.6 V at 0.6 V MSPD

(μg·cm−2) (μg·cm−2) (mA·cm−2) (mW·cm−2) (kW·g−1)

PLD 200 50 650 390 7.8
200 75 820 490 6.5
200 100 1205 723 7.3
200 125 1216 729 5.8

E-TEK 200 400 1190 710 1.7

* The anodes of all samples use E-TEK Pt/C.

The resistance of a fuel cell is one of the key parameters that significantly affect the cell
performance. To determine the magnitudes of the resistances, electrochemical impedance spectroscopy
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was used to measure the ohmic resistance (RΩ) and charge transfer resistance (Rct) of the cells with
different Pt loadings. Figure 5 shows the in situ impedance response of the fuel cells in the form of
Nyquist plots at 0.8 V for various Pt loadings. Only one semi-circle is observed in the Nyquist plot
as the electrode process is dominated by the ORR at low current densities [15]. The high-frequency
intercept on the real axis indicates the total ohmic resistance (RΩ) of the fuel cell. The diameter of the
arc is a measure of the charge transfer resistance of the ORR (Rct) [15]. It can be seen that all samples
had very similar ohmic resistance, which was expected since the deposition condition, membrane,
GDL, and fuel cell hardware were the same in all of these cases. In contrast, the charge transfer
resistance decreased with increasing Pt loading. This can be expected from the increase of ECSA with
increasing Pt loading, which should result in larger total charge transfer rate and thus lower charge
transfer resistance. The dependence of Rct on Pt loading is consistent with that of fuel cell performance
shown in Figure 4: the lower the resistance, the higher the fuel cell performance.
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Figure 5. Electrochemical impedance spectroscopy curves of PEM fuel cells with various Pt loadings at
the cathode at a cell voltage of 0.8 V. The inset shows the charge-transfer resistance and ohmic resistance
as functions of Pt loading.

The cell outlet pressure is also an important parameter in the operation of a PEM fuel cell.
Increasing the outlet pressure can positively affect the fuel cell performance by enhancing the ORR
kinetics through increasing gas concentration and mass transport rate in the catalyst layer [16,17].
Figure 6 shows the J-V and power density curves of a PEM fuel cell with various outlet pressures.
The cathode with a Pt loading of 100 μg·cm−2 was prepared by using PLD, and commercial E-TEK
Pt/C electrode with a Pt loading of 200 μg·cm−2 was used for the anode. As can be seen, increasing
outlet pressure raised the fuel cell performance. Figure 7 shows the current density at 0.6 V as a function
of outlet pressure. The current density at 0.6 V increased with increasing outlet pressure. Figure 7
also shows Rct measured with electrochemical impedance spectroscopy at various outlet pressures.
Rct decreased with increasing outlet pressure, indicating that an increase in outlet pressure can speed
up the ORR kinetics and thus effectively enhance fuel cell performance.
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Figure 6. J-V and power density curves of a PEM fuel cell with various outlet pressures. The cathode
was deposited by using PLD with a Pt loading of 100 μg·cm−2.
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Figure 7. Current density at a cell voltage of 0.6 V and charge transfer resistance at a cell voltage of
0.8 V as functions of outlet pressure.

Figure 8 shows the J-V and power density curves of a PEM fuel cell having both electrodes
prepared by PLD with an anode Pt loading of 17 μg·cm−2 and a cathode Pt loading of 100 μg·cm−2.
The results for a cell using E-TEK Pt/C at an anode Pt loading of 200 μg·cm−2 and a cathode Pt loading
of 400 μg·cm−2 under the same operating conditions are also shown for comparison. The current
density at 0.6 V of the PLD-prepared fuel cell with an outlet pressure of 100 kPa was 1092 mA·cm−2 ,
which was about the same as that of a cell using E-TEK Pt/C with a total Pt loading of 600 μg·cm−2.
This shows that electrodes fabricated by using PLD can achieve higher Pt utilization. The beneficial
effect of increasing outlet pressure on fuel cell performance is also shown in Figure 8. At an outlet
pressure of 200 kPa, the current density at 0.6 V was increased to 1450 mA·cm−2. This corresponds to
an overall MSPD at 0.6 V of 7.43 kW·g−1, which is higher than that of a cell using E-TEK Pt/C by a
factor of five.
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Figure 8. J-V and power density curves of a PEM fuel cell having both electrodes prepared by PLD
with an anode Pt loading of 17 μg·cm−2 and a cathode Pt loading of 100 μg·cm−2 for various outlet
pressures. The results using E-TEK Pt/C electrodes with an anode Pt loading of 200 μg·cm−2 and
a cathode Pt loading of 400 μg·cm−2 under the same operating conditions are shown for comparison.

For comparison, Table 2 provides a partial summary of mass-specific power densities reported
previously. Some previous works achieved high cathode mass-specific power density by using
sputtering or PLD, corresponding to high Pt utilization [2,8], but their current density and power
density are too low to be practically useful. The need to use a fuel cell with a larger area in order to
attain the required current and power for practical application will raise the cost of other parts of fuel
cells, occupy a larger space, and consume more power when installed on an automotive. To the best
of our knowledge, the mass-specific power density obtained in the present work, using PLD, is the
highest among all works that used pure Pt catalyst on this sort of carbon support with practically
useful current density.

Table 2. Comparison of PEM fuel cells with catalyst fabricated by various deposition techniques.
O2 was used for the cathode in all cases.

Deposition Technique
Pt Loading Operating Current Density Overall MSPD

ReferenceAnode/Cathode Condition at 0.6 V at 0.6 V

(μg·cm−2) (◦C/kPa) (mA·cm−2) (kW·g−1)

Pulsed electrodeposition 400/120 80/250 1400 1.61 [18]
Reactive spray deposition 75/75 80/180 1400 6.00 [19]
DC magnetron sputtering 50/100 70/100 800 3.28 [20]

Electrospray 40/120 70/200 1200 4.50 [21]
Sputtering 100/60 80/100 490 1.83 [4]

Impulse sputtering 20/20 70/300 400 6.00 [2]
Atomic layer deposition 180/500 80/100 1400 1.20 [22]
Pulsed laser deposition -/7 80/240 100 - [8]

Chemical vapor deposition 200/200 80/100 1100 1.65 [23]
This work 17/100 70/200 1450 7.43

Besides the significant enhancement in the MSPD of the MEAs prepared by using PLD as
compared to E-TEK Pt/C, from the prospective of mass production, the use of PLD to produce
the catalyst layers is a single-step dry process in which Pt from its simplest form as a metal block is
directly transferred onto GDL to form the end catalyst/support film. In contrast, the conventional ink
process requires several wet chemical synthesis steps to reach the end product. In addition to being
more tedious, a significant amount of Pt could be lost in these processes. Contrarily, with PLD, there is
practically no loss of Pt [11]. In addition, the use of PLD allows for precise control over the size of Pt
particles and the thickness of the deposited film, which is important in good manufacturing quality
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control for achieving high catalytic activity [24]. However, PLD has some potential drawbacks such as
the requirement of a vacuum system and a longer process time, which have to be circumvented for
mass production.

From a structural viewpoint, the catalyst layers prepared using PLD are at least 10 times thinner
than that produced using the conventional ink process. The sub-micrometer thickness of the catalyst
layer translates to a short ionic resistive path length because it takes a very short distance for protons
to traverse between the Nafion membrane and the catalyst surface sites. In contrast, the thick catalyst
layer produced with the conventional ink process requires the application of a substantial amount of
ionomer to facilitate proton transport. It has been shown that the application of Nafion in the catalyst
layer has a negative effect on the fuel cell performance due to an increase in the oxygen transport
resistance. Since the oxygen transport resistance increases with increasing thickness of the catalyst
layer and thus the Pt loading used [25–27], it becomes a significant limiting factor in the case of E-TEK
Pt/C slurry. On the contrary, the small thickness of the catalyst layer prepared by PLD eliminates the
need of applying an ionomer solution for improving proton conduction. This is because Pt particles
deposited using PLD are all on the surface of the support and thus are all close to the Nafion membrane
when assembled into an MEA. The polymer electrolyte could have good contact with the deposited
Pt particles. The swelling of the Nafion membrane due to the humidified environment during the
operation of fuel cell [28,29] may further enhance the contact between the Pt particles and the Nafion
membrane. These lead to the high Pt utilization efficiency compared with that using E-TEK Pt/C
slurry. A similar phenomenon was also observed for 3M nanostructured thin film catalyst [27].

Another critical issue for the catalyst of a fuel cell is its stability. In our earlier work, it was
found that the PLD-produced catalyst with a low Pt loading of 17 μg·cm−2 exhibits much higher
durability than E-TEK Pt/C. However, this characteristic may not be translatable to the case of high
Pt loading such as 100 μg·cm−2 used in this work because, in the case of high Pt loading, the Pt
nanoparticles form a porous Pt film on top of the carbon support, whereas in the case of low Pt loading,
the Pt nanoparticles are dispersed on the carbon support as a very thin overlayer. To investigate the
electrochemical stability of the catalyst with high Pt loading, an accelerated degradation test (ADT)
was performed. Figure 9 shows the cyclic voltammograms of the PLD sample with 100 μg·cm−2 Pt
loading before and after 5000 potential cycles. The inset shows the MSECSA as a function of cycling
number. An MSECSA retention of 72% was observed after 5000 potential cycles, much better than the
mere 11% MSECSA retention for the case of E-TEK Pt/C (shown in Ref. [11]). This indicates that the
PLD-prepared electrode exhibits a much higher durability than E-TEK Pt/C for both the cases of high
Pt loading and low Pt loading. The higher durability could be ascribed to the much higher degree of
graphitization of the GDL used than the carbon black in E-TEK Pt/C [11].
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Figure 9. (a) cyclic voltammograms of PLD sample with 100 μg·cm−2 Pt loading before and after
5000 potential cycles; (b) MSECSA as a function of cycling number.
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3. Materials and Methods

3.1. Catalyst Preparation

Pulsed laser deposition in Ar atmosphere was used to deposit Pt catalyst onto GDLs [30]. The PLD
target used was a Pt disk (purity > 99.99%) with 10-mm diameter and 5-mm thickness. An Nd:YAG
laser beam of 355-nm wavelength, 8-ns pulse duration, p-polarization, and 10-Hz repetition rate
(PRO-350, Spectra-Physics, Santa Clara, CA, USA) was focused on the target with an incidence
angle of 45◦. The on-target beam size was 500 μm in clear aperture, and the peak laser fluence was
230 J·cm−2. The substrate for coating was a 4 cm × 4 cm carbon GDL. It was a hydrophobized
gas diffusion layer (5 wt. % PTFE) with a microporous layer on the top (SIGRACET GDL24BC,
SGL CARBON GmbH, Meitingen, Germany). The substrate was located in the normal direction of
the target, and the target-to-substrate distance was set at 4 cm. The target and the substrate was
installed in a vacuum chamber. The chamber was pumped down and then backfilled with Ar gas
before deposition. The Ar pressure was fixed at 107 Pa. A calibrated quartz microbalance (SQM-160,
Sigma Instruments, Cranberry Township, PA, USA) was used to measure the deposition rate. The Pt
loading on a GDL was varied by changing the number of laser shots fired. It was also confirmed by
weighing the GDL before and after the deposition of Pt.

3.2. Electrochemical Measurements

For measuring the ECSA of the Pt catalyst, cyclic voltammetry was performed with a potentiostat
(PGSTAT302, Metrohm Autolab, Utrecht, Netherlands) and then the hydrogen desorption region was
integrated [31]. The ECSA was determined by using the formula:

ECSA =
QH
Qdm

, (1)

where QH (in unit of mC) is the total charge obtained from the time integration of the hydrogen
desorption peak in the CV curve, and Qdm, which is 0.21 mC·cm−2, is the areal density of electron
charge in the hydrogen layer when a clean Pt surface is covered by a monolayer of hydrogen atoms
with 100% surface coverage. A three-electrode setup using Ag/AgCl (saturated KCl) as the reference
electrode and Pt wire as the counter electrode in 0.5 M H2SO4 solution was used. For this measurement,
the PLD sample cut into 3 mm × 3 mm area was adhered to a glassy carbon electrode by using a carbon
tape. The cyclic potentials were scanned between −0.2 and 1.0 V (vs. Ag/AgCl) at a rate of 20 mV·s−1

at room temperature. The electrolyte was purged with N2 for 10 min before CV measurement.
For investigating the electrochemical stability of the Pt-catalyst/support, an accelerated degradation
test was performed by potential cycling in the potential region between the oxidation and reduction of
Pt (0.5 V and 1.0 V versus Ag/AgCl, respectively) at a scan rate of 100 mV·s−1 [32].

3.3. Fabrication of MEAs and Measurement of Polarization Curves

In the first part of the experiment, electrodes made by using PLD were tested on the cathode of
a single PEM fuel cell, while standard E-TEK Pt/C electrode of 200 μg·cm−2 Pt loading was used for
the anode. The MEA with an active area of 3 cm × 3 cm was made by hot-pressing a GDL loaded with
PLD Pt catalyst for the cathode, a Nafion XL membrane coated with E-TEK Pt/C on one side with a Pt
loading of 200 μg·cm−2, and an unloaded GDL at 1150 kg and 135 ◦C for 120 s. A PEM fuel cell was
assembled by sandwiching the MEA with two flow-field plates which use metal foams coated with
PTFE as flow distributors [33,34]. A standard fuel cell testing system was used for measuring the J-V
curves of the PEM fuel cells [33]. In all fuel cell tests, pure H2 and O2 were used as fuel and oxidant,
respectively, and they were both humidified to 100% relative humidity by using inline humidifers.
The hydrogen (anode) flow rate and the oxygen (cathode) flow rate were both 450 sccm. The outlet
pressures of the anode and the cathode were set to be the same and varied together. The temperatures
of the cell and the humidifiers were all set to 70 ◦C for all of the measurements done in this work.
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In the second part of the experiment, two different fuel cells were compared. The first one had both
electrodes made by PLD with Pt loadings of 17 μg·cm−2 and 100 μg·cm−2 for the anode and the
cathode, respectively. The second one had both electrodes using E-TEK Pt/C with Pt loadings
of 200 μg·cm−2 and 400 μg·cm−2 for the anode and the cathode, respectively. Electrochemical
impedance spectroscopy was carried out in situ with a potentiostat (PGSTAT 302) installed in the fuel
cell testing system at a cell potential of 0.6 V with a modulation amplitude of 5 mV and a modulation
frequency of 0.1–10,000 Hz.

3.4. Morphology Characterizations

The dispersion (spatial distribution) of Pt particles on GDL was investigated with scanning
electron microscopy (SEM) (Nova NanoSEM 230, FEI, Hillsboro, OR, USA). The size distribution of Pt
particles was characterized with transmission electron microscopy (TEM) (JEM-2100, JEOL, Peabody,
MA, USA).

4. Conclusions

In summary, production of high-performance catalyst layer with low Pt loading was achieved
by using PLD. The performance of fuel cells with PLD-prepared cathodes of various Pt loadings
was investigated. The fuel cell with the highest MSPD was obtained with an anode Pt loading
of 17 μg·cm−2 and a cathode Pt loading of 100 μg·cm−2. At an outlet pressure of 100 kPa and
a cell temperature of 70 ◦C, the PEM fuel cell was able to deliver a power density of 674 mW·cm−2

at 0.6 V, which is comparable to that of a cell using commercial E-TEK Pt/C electrodes with a total
Pt loading of 600 μg·cm−2. Moreover, at an outlet pressure of 200 kPa, the power density reached
870 mW·cm−2 at 0.6 V, corresponding to an overall MSPD of 7.43 kW·g−1. Such a high MSPD achieved
with PLD-prepared catalyst could be ascribed to three factors: (1) the small size of the Pt nanoparticles
provides a large mass-specific electrochemical surface area; (2) the very thin catalyst layer could
provide shorter pathways for electron and proton transport; and (3) the good porosity of the catalyst
layer could facilitate proton and gas transport.

The results reported here indicate that PLD could be a practically useful technique to deposit
catalyst for PEM fuel cells. The performance of PEM fuel cells could be further raised by using other
kinds of carbon support such as carbon nanotubes [35]. In addition, further reduction of Pt loading
could be attained using an alloy of Pt [36,37], and the advantage offered by PLD should still hold
for this case. Furthermore, the flow distributors used in this experiment were not optimised for
this particular fuel cell active area yet, and thinner PEM can be used to reduce the proton transport
resistance [33,34]. With the combination of pulsed laser deposition of Pt alloy, optimal carbon support,
and optimal flow distributor and PEM, higher current density and power density could be achieved.
Experiments are being conducted to implement these configurations.
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Abstract: In this article, we developed a facile one-step hydrothermal method using dimethyl
formamide (DMF) as a reducing agent for the fabrication of PdAg catalyst. The scanning electron
microscope (SEM) and transmission electron microscopy (TEM) images have shown that the
as-synthesized PdAg catalyst had a nanochain structure. The energy-dispersive X-ray analyzer (EDX)
spectrum presented the actual molar ratio of Pd and Ag in the PdAg alloy. Traditional electrochemical
measurements, such as cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical
impedance spectrometry (EIS), were performed using a CHI 760D electrochemical analyzer to
characterize the electrochemical properties of the as-synthesized catalyst. The results have shown
that the PdAg catalyst with a nanochain structure displays higher catalytic activity and stability than
pure Pd and commercial Pd/C catalysts.

Keywords: hydrothermal; PdAg; nanochain; ethanol oxidation

1. Introduction

Nowadays, direct ethanol fuel cells (DEFCs) as a promising clean energy have attracted great
interest for their low cost and toxicity [1,2]. Moreover, DEFCs act as a power source because of
their high energy density and low emissions, and they can be produced in a sustainable way [3].
However, there are still some limitations to realize the commercialization of DEFC, for example
the high cost of catalysts, and the poor activity and stability of catalysts. To solve these problems,
nanostructure electrocatalysts have been well designed to improve the catalytic activity and durability
for ethanol electrooxidation [4–6].

As is known, Pt and Pt-based catalysts, such as PtSn [7], PtAu [8] and PtNi [9], with high activity
have been widely investigated by researchers for ethanol electrooxidation in the past few decades.
However, the high price and limited resources of Pt may hinder the application of Pt in the field of fuel
cells. Pd is an active material for ethanol electrooxidation in alkaline media, which is less expensive
and more active than Pt and Pt-based catalysts [10–12]. Thus, Pd and Pd-based catalysts have attracted
much attention as effective anode catalysts for DEFCs. According to previous studies, it has been
found that the particle size, shape, and surface compositions of the catalysts have great impact on
the catalytic properties of the catalysts [13,14]. To enhance the catalytic activity and reduce the cost,
another transition metal can be introduced into the Pd catalyst. In addition, to effectively obtain
Pd-based catalysts with large surface areas and abundant active sites, it is important to manipulate the
morphology and size of the as-prepared catalysts. Up to now, lots of methods have been attempted
to achieve Pd-based catalysts with various kinds of shapes and sizes, for example nanocube PdAu
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catalysts [15], porous PdPt catalysts [16], and core shell structure PdCu catalysts [17], which have been
employed in the field of DEFCs. Pd combined with another transition metal can modify the electronic
structure of the Pd catalyst and reduce the experimental cost [18,19]. However, PdAg catalysts for
ethanol oxidation in alkaline media with a nanochain structure are rarely reported, and the addition
of Ag can not only reduce the cost of the experiment, but can also enhance the catalytic activity and
durability of Pd catalysts.

In this article, we synthesized nanochain-structure PdAg catalysts via a one-step hydrothermal
method, using dimethyl formamide (DMF) as a reducing agent. The as-prepared nanochain PdAg
catalysts can significantly promote the catalytic activity towards the ethanol oxidation reaction in
alkaline media. For comparison, the activity and stability of commercial Pd/C towards ethanol
electrooxidation was also studied by cyclic voltammetry (CV) and chronoamperometry (CA)
measurements. The structure, morphologies and compositions of the as-synthesized catalysts were
characterized by SEM, TEM, and XRD.

2. Results and Discussion

The morphology of the as-synthesized PdAg catalyst was characterized by SEM. As shown
in Figure 1, nanochain-structure PdAg catalysts were synthesized by the hydrothermal method
using DMF as a reducing agent. It can be seen that the nanochain-structure PdAg was constituted
by many irregular nanoparticles. The small-size irregular nanoparticles may increase the catalytic
active surface of the as-synthesized catalyst, which may further enhance the catalytic activity of the
catalyst for ethanol oxidation in alkaline media. Furthermore, EDX analysis was also carried out to
detect the chemical composition of the as-synthesized PdAg catalyst, which was shown in Figure 1B.
Apparently, the peak of the Si element corresponded to the substrate. The EDX spectrum data confirms
that the molar ratio between Pd and Ag is close to 1.1:1, which is nearly consistent with the rate
of charge.

Figure 1. SEM (scanning electron microscope) image of PdAg catalyst (A); EDX (energy-dispersive
X-ray analyzer) spectrum of PdAg catalyst (B).

In order to further analyze the structure and morphology of the PdAg catalyst, TEM images
with different magnifications were displayed in Figure 2. As known, the DMF organic solvent is a
powerful reducing agent to reduce Ag+. The reaction mechanism is as the following equation [20]:
HCONMe2 + 2Ag+ + H2OÑ2Ag + Me2NCOOH + 2H+. Ag is more active than Pd, so it is easy for
DMF solution to reduce Pd2+ to Pd0 nanoparticles. The presence of the Br´ ions enables us to
etch the as-synthesized nanoparticles to form the irregular nanoparticles [21]. The introduction of
(polyvinylpyrrolidone) PVP in this experiment is to prevent the irregular particles from agglomerating
together, because the as-synthesized PdAg particles can coordinate with N or O elements in PVP,
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which can generate a covered layer on the surface of the PdAg catalyst [22]. In addition, protonated
carbonyl groups provided PVP with abundant positive charges, and the electrostatic repulsion effect
can disperse the as-synthesized irregular PdAg particles. The PVP polymer chains connected to each
other easily to form the nanochain-structure PdAg catalyst [23].

Figure 2. TEM images of the as-synthesized PdAg catalysts with different magnifications.

The structural features of the as-synthesized PdAg and Pd catalysts were characterized by XRD,
and the XRD profiles are presented in Figure 3. Four typical diffraction peaks at around 39.4˝, 45.9˝,
67.1˝ and 81.3˝, corresponding to the (111), (200), (220), and (311) lattice planes of Pd, can be evidently
observed in Figure 3 [24,25]. It is worth noticing that there are some slight shifts of diffraction peaks
on the PdAg catalyst compared to the pure Pd catalyst. This phenomenon suggests that the addition
of Ag can cause the lattice contraction of the Pd catalyst and the formation of the PdAg alloys [26].
Moreover, the diffraction peaks of Ag or Ag oxides cannot be observed, which can further confirm that
the PdAg alloys are synthesized.

Figure 3. XRD (X-ray diffraction) patterns of as-synthesized PdAg and Pd catalysts.

CV curves of the as-prepared PdAg, Pd and commercial Pd/C catalysts, shown in Figure 4A,
were obtained using cyclic voltammetry measurement in 1.0 M KOH from ´0.8 to 0.3 V. It can be
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observed in Figure 4A that the typical cathodic peaks of the as-synthesized catalysts at around ´0.4 V
are related to the reduction of Pd oxide [27]. The reduction peak of the PdAg catalyst was higher and
shifted to negative potential compared with the pure Pd and commercial Pd/C catalysts, which may be
ascribed to the simultaneous reduction of PdO and Ag oxides. The electrochemical surface area (ECSA)
is usually applied to assess the electrochemical active sites of the catalysts, which can be deduced to be
402.1 cm2¨mg´1, 328.2 cm2¨mg´1 and 241.8 cm2¨mg´1 according to the following Equation (1) [27,28]:

ECSA “ Q
0.43 ˆ rPds (1)

The value 0.43 (mC¨cm´2) is a constant charge value assumed for the reduction of Pd oxide on the
surface of the catalysts; Q in mC can be calculated according to the integration of the area under the
reduction peak of the CVs in Figure 4A; [Pd] in mg represents the mass of Pd loading on the surface
of the (glassy carbon electrode) GCE. The results of the ECSA are shown in Table 1. It can be found
that the ECSA of the as-synthesized PdAg catalyst is remarkably higher among all these catalysts,
which indicates that the addition of Ag can enhance the electrochemical active area of the Pd catalyst.

Figure 4. Cyclic voltammograms of the as-prepared PdAg, Pd and commercial Pd/C in (A) 1.0 M
KOH; (B) 1.0 M C2H5OH + 1.0 M KOH solution, at a scan rate of 50 mV¨s´1.

Table 1. Comparison of properties among the as-prepared catalysts.

Catalysts
ECSA (Electrochemical

Surface Area) (cm2¨mg´1)
If (mA¨mg´1) Ib (mA¨mg´1) If/Ib

PdAg 402.1 4098.2 3137.7 1.3
Pd 328.2 2735.3 3207.8 0.9

Commercial Pd/C 241.8 827.2 756.9 1.1

The electrochemical catalytic activity of all these catalysts toward ethanol oxidation in alkaline
media was further investigated by testing the catalysts in 1.0 M C2H5OH and 1.0 M KOH solution.
The mass normalization activity was usually used to evaluate the electrocatalytic activity of the
as-prepared catalysts. In Figure 4B, the forward anodic peak current density of the PdAg catalyst is
about 4098.2 mA¨mg´1, which is higher than the pure Pd catalyst (2735.3 mA¨mg´1) and commercial
Pd/C catalyst (827.2 mA¨mg´1). This result may suggest that the introduction of Ag to the Pd catalyst
promotes the activity of the Pd catalyst. Moreover, the ratio of the forward peak current density to the
backward peak current density (If/Ib) can be calculated to evaluate the tolerance of the catalysts to
the poison species on the surface of the as-prepared working electrodes [29–31]. As seen in Table 1,
the If/Ib value of the PdAg catalyst is about 1.3, higher than the pure Pd (0.9) and commercial Pd/C
(1.1) catalyst. This result indicates that the addition of Ag to the Pd can enhance the poison tolerance
of the Pd catalyst.
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To further investigate the stability of the as-prepared catalysts, the chronoamperometric
measurement was carried out in 1.0 M KOH + 1.0 M C2H5OH solution at ´0.3 V. As can be learned
from Figure 5, the current density of the as-prepared PdAg and pure Pd catalysts decayed rapidly in
the initial period and gradually remained stable, which is ascribed to the formation of intermediate
carbonaceous species (such as COads) on the surface of catalysts during ethanol electrooxidation [32].
After 3600 s, the current density of the PdAg catalyst is higher than that of the pure Pd and
commercial Pd/C catalysts, suggesting that the PdAg catalyst had better long-term stability for
ethanol electrooxidation.

Figure 5. Chronoamperograms of the as-prepared catalysts for 1.0 M C2H5OH on 1.0 M KOH solution
at ´0.3 V.

EIS spectra of the PdAg catalyst are recorded in Figure 6, which can be used to assess the kinetics of
the PdAg catalyst for ethanol oxidation reactions. In Figure 6A, the diameter of the impedance arc (DIA)
on the PdAg catalyst decreased with the potential increasing from ´0.6 to ´0.3 V, which indicates that
the ethanol oxidation rate increased owing to the fact that the carbonaceous intermediates generated
from ethanol dehydrogenation were removed by oxidation [33]. As the potential continued to increase,
the impedance arc reversed to the second quadrant at ´0.25 V and ´0.20 V, because of the removal
of the intermediate species (such as COads) generated on the surface of the catalyst and the recovery
of the catalytic active sites. At the potential of ´0.15 V, the impedance arc turned back to the first
quadrant with a large diameter, which is mainly due to the formation of Pd oxides under the high
electrode potential [34].

Figure 6. Nyquist plots of C2H5OH electrooxidation on the PdAg catalyst in 1.0 M C2H5OH + 1.0 M
KOH solution with potential range of ´0.6 V to ´0.3 V (A), and ´0.3 V to ´0.15 V (B).
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The PdAg-, Pd- and commercial Pd/C-modified GCE were investigated by EIS in 1.0 M KOH and
1.0 M C2H5OH at ´0.3 V, and the Nyquist plots are displayed in Figure 7. As seen in Figure 7, all these
catalysts exhibit a semicircle at high frequencies. The DIA of the PdAg catalyst is smaller than that of
the pure Pd and commercial Pd/C catalysts, indicating the smaller charge-transfer resistance (Rct).
This result also demonstrates that the electron transfer rate on PdAg is faster than that on pure Pd and
commercial Pd/C catalysts, which is consistent with the higher catalytic activity of PdAg catalyst.

Figure 7. Nyquist plots of PdAg, Pd and commercial Pd/C for ethanol oxidation in 1.0 M C2H5OH +
1.0 M KOH solution with potential of ´0.3 V.

3. Materials and Methods

3.1. Materials and Instruments

Palladium acetate (Pd(C2H3O2)2) was purchased from J&K Scientific Co., Ltd, Beijing, China,
silver nitrate (AgNO3), dimethyl formamide (DMF), NaBr, C2H5OH, KOH, and polyvinylpyrrolidone
(PVP, K30) were all supplied by Sinopharm Chemical Reagent Co., Ltd, Shanghai, China, using without
further purification. Commercial Pd/C catalyst (containing 20% Pd) were obtained from Shanghai
Hesen Electric Co., Ltd, Shanghai, China. Doubly distilled water was used in the whole experiment.

The electrocatalytic experiments were performed using a CHI 760D electrochemical analyzer
(CH Instrument, Inc, Shanghai, China). The three-electrode setup was made up of a saturated
calomel electrode (SCE), a Pt wire and a modified glassy carbon electrode (GCE, diameter of
3 mm). The SCE, Pt wire and GCE worked as reference, counter electrode and working electrode,
respectively. Before testing, the GCE was polished with α-Al2O3 powders (Tianjin AIDA hengsheng
Science-Technology Development Co., Ltd., Tianjin, China, 0.05 m), washed with doubly distilled
water and ethanol, then dried in the oven at 60 ˝C. Cyclic voltammetry (CV) measurement was used to
analyze the activity of the as-prepared catalysts for ethanol electrooxidation, while the amperometric
i-t curves obtained under ´0.3 V was used to detect the long-term stability of as-prepared catalysts.

3.2. Synthesis of Nanochain PdAg Catalyst

The nanochain structure PdAg catalyst was prepared via hydrothermal method at 160 ˝C,
using DMF as a reducing agent. The preparation procedure is as following: 7 mL DMF was added into a
Teflon autoclave, 60 mg PVP, 20 mg NaBr, 3 mg AgNO3 and 3 mL doubly distilled water were all added
to the DMF solution, and the mixture was stirred under room temperature for 10 min. An orange
mixture was formed gradually. Then, the mixture was heated to 160 ˝C from room temperature,
keeping for 6 h and cooling down to room temperature naturally. Finally, the black solid product was
obtained by centrifugation and thoroughly washed with water and ethanol several times.
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For comparison, pure Pd catalyst was also prepared under the same condition according to the
above preparation steps.

3.3. Preparation of Pd and PdAg Modified Electrodes

The working electrodes modified with Pd and PdAg catalysts were prepared as following:
Firstly, the obtained black precipitates were dispersed in 9 mL doubly distilled water and 1 mL
C2H5OH. After ultrasonic homogenization, the catalysts suspension was obtained. Then, 10 L catalysts
“ink” was dripped onto the surface of the pretreated GCE. Finally, the modified GCE was dried at
60 ˝C in the oven. The mass loading of Pd for both the PdAg catalyst and pure Pd catalyst coated on
the GCE is 2.37 mg.

3.4. Characterization

X-ray diffraction (XRD) (Philips, X‘Pert-Pro MRD, Amsterdam, Netherland) profiles of the
as-synthesized catalysts were obtained at 40 kV and 30 mA with Cu Kα radiation (λ = 1.54056 Å),
using glass slide as substrate, which are used to analyze the crystalline structure of the as-prepared
catalyst. Transmission electron microscopy (TEM) images were taken on a TECNAI-G20 electron
microscope (FEI Tecnai G2 F20 S-TWIN TMP, Hongkong, China), which are operated at 200 kV.
The scanning electron microscope (SEM) (Hitachi Corporation, S-4700, Tokyo, Japan) equipped
with energy-dispersive X-ray analyzer (EDX) (Hitachi Corporation, Tokyo, Japan) was applied to
characterize the morphology and composition of the as-synthesized catalysts. The electrochemical
impedance spectrometry (EIS) spectra were measured in 1.0 M C2H5OH alkaline solution between 1
and 105 Hz, and the AC voltage amplitude is 5.0 mV.

4. Conclusions

In conclusion, the PdAg catalyst was prepared by a facile one-step hydrothermal method
at 160 ˝C, using DMF solution as a reducing agent. The SEM, TEM and XRD characterization
results have confirmed that the as-prepared catalyst is PdAg alloy and it has a nanochain structure.
The electrochemical results have demonstrated that the catalytic activity and stability of the obtained
PdAg catalyst for ethanol electrooxidation in alkaline media were remarkably enhanced because of the
special structure of the catalyst and the introduction of the Ag element to the Pd catalyst.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/7/103/s1,
Figure S1: Cyclic voltammograms of PdAg catalysts with different molar ratio in 1.0 M C2H5OH/1.0 M KOH
solution with scan rate of 50 mV s´1. Figure S2: SEM image of PdAg catalyst prepared with NaBr (A), without NaBr
(B). Figure S3: Typical N2 adsorption-desorption isotherm of the as-prepared PdAg catalyst.
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Abstract: Aimed at developing a highly active and stable non-precious metal electrocatalyst for
oxygen reduction reaction (ORR), a novel FexNy/NC nanocomposite—that is composed of highly
dispersed iron nitride nanoparticles supported on nitrogen-doped carbon (NC)—was prepared by
pyrolyzing carbon black with an iron-containing precursor in an NH3 atmosphere. The influence
of the various synthetic parameters such as the Fe precursor, Fe content, pyrolysis temperature and
pyrolysis time on ORR performance of the prepared iron nitride nanoparticles was investigated.
The formed phases were determined by experimental and simulated X-ray diffraction (XRD)
of numerous iron nitride species. We found that Fe3N phase creates superactive non-metallic
catalytic sites for ORR that are more active than those of the constituents. The optimized Fe3N/NC
nanocomposite exhibited excellent ORR activity and a direct four-electron pathway in alkaline
solution. Furthermore, the hybrid material showed outstanding catalytic durability in alkaline
electrolyte, even after 4,000 potential cycles.

Keywords: oxygen reduction reaction; non-precious metal electrocatalysts; Iron nitride;
nitrogen-doped carbon

1. Introduction

Over the last few decades, low temperature polymer electrolyte membrane fuel cells (PEMFCs)
have been recognized as a promising substitute to the current fossil fuel based power generation
system [1,2]. Despite extensive efforts to improve performance of PEMFCs, enhancement of sluggish
kinetics of oxygen reduction reaction (ORR) has remained a major challenge. Thus far, Pt derived
materials have been considered state of the art electrocatalysts for ORR. [3,4] Nevertheless, the high
price and instability of Pt catalysts in various fuel cell operation conditions limit practical applications
of PEMFCs.
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Development of efficient non-precious metal electrocatalysts is thus a topic of great interest in
order to commercialize PEMFCs. However, although performance of such catalysts is continuously
increasing, the active species responsible for the activation and reduction of adsorbed oxygen molecules
are not fully understood yet.

In recent years, it is suggested that that novel materials substituting for Pt are non-precious
Fe or Co metals embedded within an N-doped carbon (NC) matrix. Inexpensive Fe and/or Co
constitute the catalytically active center, while NC materials provide enhanced electron mobility and
oxygen adsorption capacity, which in turn, improve electrocatalytic activity as well as durability [5].
Iron carbide (FexCy) [6–9], iron oxide (FexOy) [10,11], and iron bonded with multiple nitrogen
atoms [12] have been suggested as plausible active structures for ORR. However, the complexities of
creating the desired bond configuration and characterization of the specific Fe species, has resulted in
difficulties improving the materials overall catalytic activity in the electrocatalysts.

Herein, we report a facile, one-step synthetic route that leads to a novel precious-metal-free
ORR electrocatalyst composed of iron nitride (FexNy) nanoparticles supported on NC (FexNy/NC).
Various analytical techniques were employed to elucidate catalytically active sites responsible for the
ORR performance. The strong correlation between the FexNy phases and ORR activity was proven
by experimental and theoretical studies. For electrocatalytic performance, we show that Fe3N/NC
hybrid material exhibits a high ORR activity (half-wave potential ~0.77 V) and low HO2

´ (<5%) yield
in alkaline medium. The prepared electrocatalysts exhibited a direct four-electron ORR pathway
and superior stability in an alkaline medium. The proposed synthetic route is low-cost and scalable,
providing a feasible method for the development of highly efficient non-precious metal electrocatalysts.

2. Results and Discussions

The FexNy/NC catalyst was synthesized through high-temperature pyrolysis of the precursor
containing the mixture of the Fe salt and carbon black in an NH3 atmosphere (Scheme 1). The catalyst
structure contains a few ten nanometer-sized FexNy nanoparticles and NCs with sizes in the range of
hundreds of nanometers. Most of the FexNy nanoparticles are well dispersed on the NCs. Importantly,
the composites showed high inertness under harsh electrochemical conditions, as well as high surface
area (1110 m2g´1) and electrical conductivity (0.112 S¨ cm´1), which are comparable to those of
commercial carbon black products (surface area: 1350 m2g´1, and electrical conductivity: 0.092 S¨ cm´1)
and beneficial for a number of electrochemical applications. Moreover, the synthetic approach allowed
for the low-cost, large-scale production of FexNy/NC electrocatalysts. The structural phase of FexNy

prepared by heat-treatment has been reported to depend on preparation conditions. [13–15] Therefore,
in order to characterize high-performance FexNy/NC electrocatalysts, a series of synthetic parameters
that could influence the ORR activity, including the types of Fe salts used, Fe content, heat-treatment
temperature, and pyrolysis time were investigated. ORR behaviors of all the catalysts prepared under
varying synthetic parameters were compared in 0.1 M KOH solution (Figure 1).

Scheme 1. Illustration of FexNy/nanocomposite (NC) synthesis.
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Figure 1. Linear sweep voltammetry curves of oxygen reduction reaction (ORR) in 0.1 M KOH
catalyzed by FexNy/NC prepared by altering synthetic conditions. (a) Fe source, (b) Fe contents,
(c) pyrolysis temperature, and (d) pyrolysis time.

For the standard synthesis, Fe(acac)3 and carbon black mixture were pyrolyzed at 900 ˝C for 2 h
to give 5 wt. % Fe contents of the catalyst. To test the influence of the aforementioned parameters of
the FexNy/NC catalysts, synthetic conditions were altered one by one from the standard condition.
The catalysts without Fe and/or nitrogen were also prepared for the comparison. The counter anion of
Fe precursors prominently influenced the ORR activity of the final catalysts (Figure 1a). The catalyst
synthesized using Fe(acac)3 showed the highest ORR activity among the five Fe precursors tested.
The higher catalytic performance of the catalyst prepared using Fe(acac)3, as opposed to Fe(acac)2,
indicates that Fe(III) is a more suitable starting material for the catalyst preparation compared to Fe(II).
Half-wave potential reached to 0.77 V which is comparable to the most active non-noble metal based
ORR catalysts so far [16,17], as well as commercially available Pt/C catalysts [18] The carbon itself did
not show good ORR activity and waving curve indicates 2 electron reduction is dominant (Figure S1,
black curve). The catalyst without Fe followed 4 electron pathway, but half-wave potential and limiting
current were far lower than Fe-N-C catalyst (Figure S1, blue curve).

It was found that proper amounts of Fe in the catalysts are also a critical factor affecting catalyst
performance. Catalytic activity initially increased as the amount of Fe increased, possibly due to the
increase of active site density, however the activity significantly diminished when Fe was employed
over 5 wt. % (Figure 1b).

Likewise, there was an optimal temperature for heat-treatment. Pyrolysis temperature has been
well understood to be a key factor to achieve proper ORR catalysts in several reports [19,20]. In these
attempts, pyrolysis at 900 ˝C yielded a superior ORR catalyst than any other pyrolysis temperature,
and both higher and lower temperatures were detrimental to catalytic activity (Figure 1c). Furthermore,
an extended heat-treatment time of 4 h was found to be harmful (Figure 1d). These observations
indicate that optimal temperature and duration upon heating considerably affect the formation of
active catalytic species in FexNy/NC electrocatalysts.
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To determine the cause of activity difference of the FexNy/NC electrocatalysts obtained under the
studied synthetic conditions, X-ray diffraction (XRD) analysis was performed for every catalyst tested.
Interestingly, distinct XRD patterns were observed from the catalysts (Figure 2). The characteristic XRD
peaks of Fe3N phase [21] centered at 42.8˝ (sharp peak), 40.7˝, 37.4˝, 56.5˝, 67.6˝, and 75.6˝ appeared
in the catalysts synthesized using Fe(acac)3 or Fe(acac)2 under the standard preparation conditions,
i.e., 5 wt. % Fe and pyrolysis at 900 ˝C for 2 h. Theoretical calculation of several FexNy complexes
were carried out to identify the most probable structure with the lowest energy (Figure S2). Of the
various phases of FexNy, the only stable phases obtained were those of FeN (F4-3m) and Fe3N (P6322).
All the others phases were metastable, and decomposed to FeN and Fe3N. A similar trend from the
theoretical calculation of the XRD-spectra was observed [22]. Selecting the most optimized structures
of FeN, Fe2N, Fe3N and Fe4N, their XRD spectra were simulated and compared with the experimental
results as shown in Figure 3.

With regard to the FexNy/NC composites, the combined ORR electrocatalytic test results and
XRD analysis revealed that the best-performing active sites contain an Fe3N (P6322) phase on the NCs.
The Fe3N phase was not formed in the catalysts prepared using FeCl3, FeSO4, or ferrocene (Figure 2a),
which showed lower ORR activity. These results signify that the Fe3N phase coupled with NC is the
principle structure responsible for efficient ORR in this catalytic system. Analogous results appeared
as well in other catalysts prepared under control of other parameters, such as weight percent of Fe,
pyrolysis temperature, and time. All the less active catalysts contained less pronounced, or did not
contain any, Fe3N XRD structure in their respective XRD spectra (Figure 2b–d). The catalysts with lower
amounts of Fe (i.e., less than 5% in this study) did not show distinct XRD peaks, indicating that the Fe
species were present in an amorphous phase (Figure 2b). In addition, higher amounts (i.e., higher than
5% in this study) of Fe contents resulted in the formation of yet another crystal phase that corresponded
to metallic Fe (Figure 2b, green).

Figure 2. X-ray diffraction (XRD) spectra of Fe-N-C catalysts prepared by altering synthetic conditions.
(a) Fe source, (b) Fe contents, (c) pyrolysis temperature, and (d) pyrolysis time. The symbols denote
specific Fe species. denotes metallic Fe (JCPDS # 87-0722), denotes FeN (JCPDS # 50-1087),

denotes Fe3N (JCPDS # 86-0232), and denotes Fe4N (JCPDS # 86-0231).

194



Catalysts 2016, 6, 86

Figure 3. XRD patterns from the experiment compared with the theoretical generated pattern.

The effect of pyrolysis temperature the catalysts ORR activity can also be explained by the
presence, or lack thereof, of the Fe3N phase. The Fe3N crystal phase was only found in the catalysts
treated at 900 ˝C. There were both Fe3N and metallic Fe species in the catalysts heated at 800 ˝C,
and Fe4N and metallic Fe species appeared in the catalysts pyrolyzed at 850 ˝C and 950 ˝C, respectively
(Figure 2c). Interestingly, the catalyst containing higher Fe contents of 7.5 wt. % and prepared at the
higher temperature of 950 ˝C, possessed an identical metallic Fe species. It is assumed that higher
amounts of Fe, combined with high heating temperature, induce an aggregation of Fe nanoparticles
to give less active, metallic Fe. Longer reaction time also induced the phase changes of Fe3N to
the mixture of Fe4N and metallic Fe (Figure 2d). The strong correlation between the existence of
Fe3N phase and ORR performance show that Fe3N is the essential active species for superior ORR
performance of iron nitride electrocatalysts.

The presence of Fe3N was likewise observed in transmission electron microscope (TEM) analysis,
which showed the characteristic d-spacing (2.05 nm) of <111> peak of Fe3N phase matched with the
experimental d-spacing (2.10 nm) observed from HRTEM images (Figure 4a). Nanoparticles with
an average size of 23.7 nm were supported on the NC support (Figure 4b). The nanoparticles were
determined to be Fe3N by the length of 0.21 nm of the lattice distance and strong ring pattern
corresponding to the (111) phase of Fe3N in a selected area electron diffraction (SAED) (Figure 4c,d).

In addition, fine distribution of N atoms over the carbon support was evident by EDS mapping
(Figure 5). Along with well dispersed N over the carbon support, a higher population of N atoms near
Fe atoms was observed, which again showed the favorable bonding between N and Fe to form active
catalytic components.

The measured value of the Tafel slope of the single phase Fe3N on NC catalyst obtained from
pyrolysis at 900 ˝C was much lower than the corresponding values of the samples containing other
iron nitride phases prepared at other conditions: 850 ˝C (61 mV), 950 ˝C (65 mV) and 800 ˝C (69 mV)
(Figure 6a). This attests to the effect of the Fe3N species as showing better catalytic performance.
Further, the catalytic activity of ORR is closely related to electron transfer mechanism during the
reaction [23–25]. Thus, the number of electrons transferred per one mole of oxygen and yield of HO2

´
byproduct were determined by rotational ring disk electrode (RRDE) measurement using the most
active FexNy/NC catalyst. The number of transferred electrons was determined to be higher than
3.9 throughout the whole potential range (Figure 6b). This selective and efficient catalytic process
supports the high activity of our Fe3N/NC catalyst. Formation of HO2

´ was also well inhibited
and the amounts did not exceed 5%. Accelerated durability test (ADT) demonstrated the superior
stability of the iron nitride catalyst that showed slight negative shift after 4,000 repeated potential
cycles (Figure 6c).
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(a) (b)

(c) (d)

Figure 4. (a) Transmission electron microscope (TEM) image of Fe-N-C catalyst, (b) particle size
distribution of Fe3N nanoparticles in Fe-N-C catalyst, (c) high resolution (HR)-TEM image of Fe3N
nanoparticle, and (d) selected area electron diffraction (SAED) image of Fe-N-C catalyst.

Figure 5. (a) High angle annular dark field-scanning transmission electron microscope (HAADF-STEM)
image of Fe-N-C catalyst, electron energy loss spectroscopy (EELS) mapping images of Fe-N-C catalyst
(b) Fe, (c) N, and (d) C.
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Figure 6. (a) Tafel slopes of the Fe-N-C catalysts prepared by different pyrolysis temperature,
(b) number of electron transferred and HO2

´ yield during the ORR catalyzed by Fe-N-C and
(c) accelerated durability testing (ADT) of Fe-N-C; initial, after 1,000, 2,000, 3,000, and 4,000 potential
cycles in O2-saturated 0.1 M KOH.

3. Experimental

3.1. Synthesis of FexNy/NC Catalyst

All of the chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
without further purification throughout the entire synthetic procedure. A mixture of Carbon black
(Ketjen, Chicago, IL, USA) and Fe salt (iron(III) acetylacetonate, Fe(acac)3, 5 wt. %, Sigma-Aldrich,
St. Louis, MO, USA) was ground in a mortar. For the other Fe sources, desired amounts of Fe
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salts such as iron(II) acetylacetonate (Fe(acac)2, Sigma-Aldrich, St. Louis, MO, USA), Iron(III)
chloride hexahydrate (FeCl3¨ 6H2O, 97%, Sigma-Aldrich, St. Louis, MO, USA), Iron(II) sulfate
heptahydrate (FeSO4¨ 7H2O, 99%, Sigma-Aldrich, St. Louis, MO, USA), and ferrocene (Fe(C5H5)2, 98%,
Sigma-Aldrich, St. Louis, MO, USA) were employed, instead of Fe(acac)3. The nominal amount was
kept at 5.0 wt. % theoretical loading. Subsequently, the powder was annealed at 900 ˝C for 2 h with a
ramping rate of 5 ˝C¨ min´1 under NH3 atmosphere. Fe loading, reaction temperature, and pyrolysis
time were altered for the optimization of synthetic conditions.

3.2. Characterization of Catalysts

Morphology of the as-synthesized catalyst was characterized by high resolution transmission
electron microscope (HRTEM, FEI Tecnai F20, FEI, Hillsboro, OR, USA) and high angle annular
dark field-scanning transmission electron microscope (HAADF-STEM, FEI Titan at 200 Kv, FEI,
Hillsboro, OR, USA). Energy dispersive spectrum (EDS) mapping was carried out using a Talos
TEM (FEI; Talos F200X 80-200, FEI, Hillsboro, OR, USA) microscope equipped with X-FEG and
super-X EDS system with four silicon drift detectors (SDDs) (Bruker, Bermen, Germany) to determine
atomic distribution of each element.

3.3. Electrochemical Measurements

An Autolab PGSTAT20 potentiostat (Metrohm Autolab B.V., Kanaalweg,
Utrecht, The Netherlands) was used to carry out all electrochemical measurements. The experiments
were conducted in a standard three-electrode cell and a rotating disk electrode (RDE) system
(Eco Chemie B.V., Utrecht, Utrecht, The Netherlands). A saturated calomel electrode (SCE) and Pt wire
were selected as the reference and counter electrode, respectively. All potentials were calibrated using a
reversible hydrogen electrode (RHE) and reported with respect to the RHE. A glassy carbon (GC) RDE
(5 mm in diameter) acted as the working electrode. A rotating ring-disk electrode (RRDE, 5.61 mm in
diameter) was conducted using an AFMSRCE advanced electrochemical system (Pine Instrument Co.,
Grove City, PA, USA). A three-electrode cell system was employed incorporating a rotating GC disk
(disk area: 0.2475 cm2) and a Pt ring electrode (ring area: 0.1886 cm2) after loading the electrocatalyst
as the working electrode. The suspension of the catalytic ink was prepared by ultrasonically dispersing
Fe-N-C catalyst in a mixture of Nafion (5 wt. %, Sigma-Aldrich, St. Louis, MO, USA) and 2-propanol.
Then, the amount of the ink slurry 0.464 mg¨cm´2

geo of Fe-N-C was loaded onto the GC electrode
followed by air-drying. To measure the current of the ORR, linear sweep voltammetry (LSV) was
conducted in an O2 saturated 0.1 M KOH solution with a potential range of 0.05 to 1.1 V (vs. RHE) and
positive scanning rate of 5 mV¨s´1 at 1600 rpm. The durability of the prepared catalyst was examined
by repeating 4,000 potential cycles of cyclic voltammetry (CV) between 0.6 V and 1.0 V (vs. RHE) at a
scan rate of 100 mV¨s´1 in O2-saturated 0.1 M KOH solution. The peroxide percentage (%HO2

´) and
electron transfer number (n) were evaluated based on the following equations:

n “ 4 ˆ ID

ID ` IR
N

(1)

%HO2́ “ 200 ˆ IR
N´

IR
N

¯
` ID

(2)

In equation (1), n is the number of electrons transferred per oxygen molecule; IR and ID are the
ring and disk current, respectively. The manufacturer’s value of N (ring collection efficiency) is 37%.

The electrochemical measurements on RDE and RRDE greatly depend on the electrode conditions
such as the structure, porosity, and geometry of the catalyst layer [26–29]. We tried to minimize those
effects by strictly maintaining the standard procedure for electrode preparation. Thus, we suppose
that those effects do not alter our catalytic activity comparison.
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4. Conclusion

We reported the essential role of Fe3N as the active site for ORR in FexNy/NC catalysts. Several
synthetic variables were optimized to obtain a highly active ORR catalyst, and to reveal the relationship
between ORR activity and the density of Fe3N sites. The identical patterns in simulated XRD and
measured XRD patterns verified the presence of Fe3N phase in the active catalysts. TEM images
and SAED patterns further demonstrated the existence of small sized Fe3N nanoparticles on the N
doped carbon material. Numerous parameters such as the type of Fe precursor, Fe contents in the
catalyst, pyrolysis temperature, and pyrolysis time affected the formation of the Fe3N nanoparticles.
ORR activity of FexNy/NC catalyst was proven to be closely related to the Fe3N phase. The optimized
catalyst exhibited excellent ORR activity and durability in alkaline solution. Our effort to identify the
active species of iron nitride catalyst for ORR may bring a new opportunity to develop more efficient
electrocatalysts and establish a PEMFC based power generation system as well.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/6/86/s1,
Figure S1. Linear sweep Voltammetry curves of ORR in 0.1 M KOH catalyzed by Fe-N-C, C, and N-C., Figure S2.
Calculated formation energy for different FexNy compounds.
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