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Abstract

:

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






Keywords:


fuel cells; catalyst; palladium








1. Introduction


Fuel cells convert chemical energy directly into electrical current without combustion. The first article illustrating such a device was published at the end of the 1830s [1], and the interest in this field has been growing since the 1950s [2]. Among various types of the low-temperature fuel cells, proton exchange membrane fuel cells (PEMFCs) are attractive power sources for portable, automotive and stationary applications due to their high energy density, high efficiency and low operating temperature. Comparing with H2 as fuel, the liquid fuels such as formic acid and ethanol have special advantage in storage and transport, which can find better applications in portable devices and make use of current gasoline system. The direct formic acid fuel cells (DFAFCs) have an open circuit potential of 1.190 V and energy density of 2086 Wh L−1. The formic acid is non-toxic and has small crossover flux. The shortcoming of DFAFCs is their relatively low energy density. Compared with formic acid, ethanol has much higher energy density of 8030 Wh kg−1. However, ethanol suffers from the sluggish reaction kinetics.



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



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



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






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



[image: Catalysts 05 01221 g001]





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




2. Pd Nanostructures


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



2.1. The 0-D Pd Strucutres


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



The morphology of the crystal is determined by the internal features of a crystal, but the relationship between the crystalline structure and crystalline shape is still an unresolved problem. It still needs a correlation between crystallographic structure, morphological evolution and resultant shape of the nanocrystals. Zhou et al. [14] proposed the correlation between crystalline planes and nanocrystalline shape. There is a triangle relationship between the unit stereographic of fcc single-crystal and the surface atomic arrangement. There is also an intrinsic triangle that coordinates the crystalline surface index and the shape of the metal, which is shown in Figure 2.
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Figure 2. Unit stereographic triangle of polyhedral nanocrystals bounded by different crystal planes. Reproduced with permission from reference [14]. 
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2.2. The 1-D Pd Structures


Compared with nanoparticess, one-dimensional (1-D) materials such as the nanowires, nanothorns and nanotubes offer unique benefits including (1) anisotropic morphology; (2) thin metal catalyst layer which leads to higher mass transport of the reactants; (3) high aspect ratio which is immune to surface energy driven coalescence via crystal migration; (4) less vulnerable to dissolution, Ostwald ripening and aggregation during the electrocatalytic process due to their micrometer-sized length; (5) high electrochemical active areas. Therefore, the 1-D structures are also intensively studied. Meng et al. [18,19] synthesized Pd single-crystal nanothorns along the <220> direction with a square wave electrochemical reduction method as shown in Figure 3. The nanothorn was made by a succession of epitaxic dodecahedrons of decreasing sizes aligned in the direction of the (111) plane and the growth of the thorn occurs along the (220) plane. Tian et al. [20] obtained five fold twinned Pd nanorods with high-index facets of {hkk} or {hk0}. Patra et al. [21] prepared Pd dendrite branches growing along the <110> directions. According to the mechanism proposed by different authors, the Pd thorns obtained from different methods might share similar mechanism in the crystal growth [21]. It has been proposed that the breaking of symmetry leads to the formation of one-dimensional nanostructure, which facilitates the formation of one specific facet as the bounding side facet in the nanostructure. The formation of a tapered structure implies that the specific facet has a high surface step density to accommodate the change in diameter.
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Figure 3. SEM micrographs of pure Pd thorn clusters (a,b) and the mixture of Pd thorns and Pd particles (c,d). Reproduced with permission from reference [19]. 
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Besides the preparation of nanothorns without templates or sufactants, other 1-D structures such as the nanorods, nanotube and nanowires can be prepared based on the templates such as anodic aluminum oxide (AAO) [22]. Du et al. [23] prepared porous Pd-based alloy nanowires with AAO. Lee et al. [24] prepared Pd nanotubes with ZnO nanowires as sacrificial templates. The nanotube structures have large surface areas and it is expected to show enhanced catalytic efficiencies. Wen et al. [25] used Te NWs as sacrificial template to prepare ultrathin Pd nanowires. The Pd nanowire or nanotube forms nanoporous metallic structure with high surface area, unique chemical properties and interconnected structures that do not require any support to avoid the corrosion and detachment problems common for carbon supported catalysts.




2.3. The 3-D Pd Structures


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




2.4. Hollow or Core-Shell Structures


The hollow nanomaterials have big potentials for further reducing the cost. Moreover, they have distinguished chemical and physical properties resulting from their special shape and composition [33,34]. Liu et al. [35] and Bai et al. [36] prepared raspberry hollow Pd nanospheres by a galvanic replacement reaction involving Co nanoparticles as sacrificial template. The raspberry surface might be helpful in increasing the surface area for catalysis. The core-shell structure is effective to reduce cost by reducing the amount of Pd used in the catalyst. Fang et al. [37] prepared the Au@Pd@Pt structure with a gold core, a Pd shell and Pt clusters on the shell as shown in Figure 4. The optimized structure had only two atomic layers of Pd and a half-monolayer equivalent of Pt. The activity was critically dependent upon the Pd-shell thickness and the Pt-cluster coverage. The high activity originated from the synergistic effect existing between the three different nanostructure components (sphere, shell and islands). Ksar et al. [38,39,40] synthesized bimetallic Pd-Au nanostructures with a core rich in gold and a Pd porous shell. This structure greatly reduced the loading of Pd. The addition of Au to Pd catalysts was not only improved the catalytic activity and selectivity but also enhanced the resistance to poisoning.
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Figure 4. The procedure used to prepare an Au@Pd@Pt NP film on a glass carbon (GC) electrode. Reproduced with permission from reference [37]. 
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2.5. Conclusions and Perspective Discussions


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





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


The direct formic acid fuel cells (DFAFCs) have a high theoretical open circuit potential of 1.450 V compared with 1.229 V for H2 proton exchange membrane fuel cells (PEMFCs) and 1.190 V for direct methanol fuel cells (DMFCs) at room temperature. The formic acid is a non-toxic liquid fuel and lower crossover fiux than methanol and ethanol. Although the net energy density of formic acid (2086 Wh L−1) is lower than that of methanol (4690 Wh L−1), high concentrated formic acid can be used as fuel, e.g., 20 M (70 wt. %), compared with lower methanol concentration, e.g., 1–2 M. Therefore, formic acid carries more energy per volume than methanol. The formic acid itself is an electrolyte and can facilitate proton transport within anode compartment [41].



It was reported that Pd/C exhibited much better activity compared with Pt/C, however, the activity was not satisfactory and more importantly the durability of Pd/C catalyst was in urgent needed for further improvement. Generally, formic acid oxidation on Pd or Pt surface follows a dual pathway mechanism, namely, a dehydration pathway [42,43,44]:


HCOOH→COads + H2O



(1)






COads + H2O→CO2 + 2H+ + 2e−



(2)




and a dehydrogenation one:


HCOOH→CO2 + 2H+ + 2e−



(3)







On Pt catalyst, formic acid oxidation also took place via the third pathway with bridge bonded adsorbed formate intermediate being in equilibrium with the solution formats [36,37,38].


HCOOH→HCOO ads + H+ + e−



(4)






HCOOads→CO2 + H+ + e−



(5)







Pd has a propensity to break only the O–H bonds of the HCOOH molecule in the entire potential region, while, Pt has a propensity to break the C–O and/or C–H bond (at low overpotential) and the O–H bond (at high overpotential). Consequently, formic acid oxidation on Pd surfaces proceeds exclusively through the dehydrogenation reaction step, whereas, on Pt surfaces the dehydration pathway is predominant at low potentials. It should be noted that one of the major problems in formic acid oxidation is that the intermediary species formed during the oxidation of HCOOH cause catalyst poisoning. These intermediate species could be mostly CO, which strongly interacts with the active sites on the electrode surface and requires a higher overpotential for oxidation to CO2. On a Pt catalyst, formic acid decomposition proceeds mainly via a dehydration pathway where the strongly adsorbed CO greatly hinders the catalytic activity. On pure Pt surfaces, CO poisoning due to the dehydration of formic acid on at least two or more contiguous Pt atoms hinders the direct dehydrogenation oxidation of formic acid at lower overpotentials. In contrast, formic acid decomposition on a Pd catalyst mainly proceeds in a dehydrogenation pathway. The generation of minor CO on the surfaces of Pd nanoparticles leads to the rapid decay of the catalytic activity. Hence, it is of great importance to design a Pd catalyst with excellent CO tolerance. For HCOOH oxidation, Pd shows superior initial performance compared with Pt. However, the high performance cannot be sustained, as Pd dissolves in acidic solutions and is vulnerable towards intermediate species. Modification of Pd with foreign metal has been considered as an effective method to enhance the activity and durability towards HCOOH oxidation. Studies have shown that the Pd oxidation activity for formic acid is also strongly influenced by the morphology and size of the Pd nanoparticles.



Table 1 listed the available data of the formic acid oxidation on Pd-based catalyst described in the literature. Three factors were compared: the electrochemical active surface area (EASA), the peak potential of formic acid oxidation and the peak current density of formic acid oxidation. According to the results provided by different authors, the EASA varied from the minimum of 15.7 m2 g−1 to the maximum of 208.2 m2 g−1. The peak current density varied from 3900 to 56.5 mA mg−1Pd, or from 159 to 12.4 mA cm−2. The peak potential analysis showed that the alloying of the Pd with other metals could reduce the overpotential for formic acid oxidation as evidenced by the negative shift of the peak potential on the alloys. Alloying with other metals can modify the electronic structure and induce tensile strain of the Pd clusters, and finally influence their catalytic activities. The highest peak current density observed on Pd0.9Pt0.1/C is nearly twice as high as that on Pd/C and six times as that on the commercial Pt/C [45]. The anodic peak current density obtained by using PdCo/MWCNTs as catalyst is 3 and 4.3 times higher than Pd/MWCNTs and Pd/XC-72 [46]. PdNi2 alloy had almost three times the activity of Pd, even if the molar Pd content in PdNi2 alloy was only one third of pure Pd [47].
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Table 1. Details of the half cell performance of the Pd-based catalysts.
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Catalysts

	
EASA/m2 g−1

	
Peak Potential/V RHE

	
Peak Current Density/mA mg−1Pd

	
Conditions H2SO4/Formic Acid/Scan Rate

	
References






	
Pt@Pd/C

	
156.5

	
0.277

	
3900

	
0.5 M/2 M/10 mV s−1

	
[48]




	
Pt/C

	
198

	
0.687

	
/

	
0.5 M/2 M/10 mV s−1

	
[48]




	
Pd/C

	
208.2

	
0.417

	
1200

	
0.5 M/2 M/10 mV s−1

	
[48]




	
butylphenyl-stabilized Pd

	
122

	
0.38

	
3390

	
0.1 M/0.1 M/100 mV s−1

	
[49]




	
Pd black

	
33.6

	
0.46

	
750

	
0.1 M/0.1 M/100 mV s−1

	
[49]




	
butylphenyl-stabilized Pd

	
122

	
0.38

	
3390

	
0.1 M/0.1 M/100 mV s−1

	
[49]




	
PdPt/C

	
49

	
/

	
2500

	
0.5 M/0.5 M/50 mV s−1

	
[50]




	
Pd/C

	
/

	
/

	
2400

	
0.1 M/0.5 M/20 mV s−1

	
[51]




	
Pd/C

	
107.2

	
/

	
1426.5

	
0.5 M/0.5 M/50 mV s−1

	
[52]




	
PdSn/C

	
/

	
/

	
1420

	
0.5 M/0.5 M/20 mV s−1

	
[53]




	
Pd/C

	
/

	
/

	
610

	
0.5 M/0.5 M/20 mV s−1

	
[53]




	
Pd/CMRT

	
67.27

	
/

	
1140 at 0.44 V *

	
0.5 M/0.5 M/50 mV s−1

	
[54]




	
Pd/RT

	
41.47

	
/

	
670 at 0.44 V *

	
0.5 M/0.5 M/50 mV s−1

	
[54]




	
Pd/C

	
63.72

	
/

	
440 at 0.44 V *

	
0.5 M/0.5 M/50 mV s−1

	
[54]




	
Pd/HPMo-PDDA-MWCNT

	
/

	
/

	
945

	
0.5 M/0.5 M/20 mV s−1

	
[55]




	
Pd/AO-MWCNTs

	
/

	
/

	
554

	
0.5 M/0.5 M/20 mV s−1

	
[55]




	
Pd/C

	
/

	
/

	
373

	
0.5 M/0.5 M/20 mV s−1

	
[55]




	
Pd57Ni43

	
/

	
/

	
830

	
0.5 M/0.5 M/50 mV s−1

	
[23]




	
Pd/C

	
/

	
/

	
700

	
0.5 M/0.5 M/50 mV s−1

	
[23]




	
Pd-PANI

	
/

	
/

	
822

	
0.5 M/0.2 M/100 mV s−1

	
[56]




	
PdAu

	
90

	
/

	
800

	
0.5 M/0.5 M/20 mV s−1

	
[57]




	
Pd/C

	
43

	
/

	
250

	
0.5 M/0.5 M/20 mV s−1

	
[57]




	
Pd/graphene

	
72.72

	
/

	
446.3

	
0.5 M/0.5 M/50 mV s−1

	
[58]




	
Pd/C

	
31.85

	
/

	
191.9

	
0.5 M/0.5 M/50 mV s−1

	
[58]




	
Pd/graphene

	
/

	
0.39

	
300

	
0.5 M/0.5 M/50 mV s−1

	
[59]




	
Pd/C

	
/

	
/

	
193

	
0.5 M/0.5 M/50 mV s−1

	
[59]




	
Pd networks

	
/

	
/

	
275.4

	
0.5 M/0.5 M/50 mV s−1

	
[31]




	
Nanoporous Pd

	
23

	
/

	
262

	
0.5 M/0.5 M/10 mV s−1

	
[60]




	
Pd/CNT

	
/

	
0.44

	
200 at 0.27 V *

	
0.5 M/0.5 M/50 mV s−1

	
[61]




	
Pt/CNT

	
/

	
0.92

	
30 at 0.27 V *

	
0.5 M/0.5 M/50 mV s−1

	
[61]




	
Pt Pd/CNT

	
/

	
0.64

	
50 at 0.27 V *

	
0.5 M/0.5 M/50 mV s−1

	
[61]




	
Pt1Pd3/CNT

	
/

	
0.64

	
125 at 0.27 V *

	
0.5 M/0.5 M/50 mV s−1

	
[61]




	
PdSn/C

	
64.7

	
/

	
170.2

	
0.5 M/1 M/10 mV s−1

	
[62]




	
Pd/C

	
39.8

	
/

	
102.3

	
0.5 M/1 M/10 mV s−1

	
[62]




	
Pd black

	
/

	
/

	
56.5

	
0.5 M/0.5 M/50 mV s−1

	
[31]




	
Pd/untreated-MWCNT

	
46.2

	
0.517

	
159 mA cm−2

	
0.5 M/0.5 M/50 mV s−1 with glutamate

	
[63]




	
Pd/acid-oxidized MWCNT

	
35.7

	
/

	
108 mA cm−2

	
0.5 M/0.5 M/50 mV s−1

	
[63]




	
Pd/untreated-MWCNT

	
21.4

	
/

	
72 mA cm−2

	
0.5 M/0.5 M/50 mV s−1 without glutamate

	
[63]




	
PdNi/C

	
/

	
0.247

	
105.1 mA cm−2

	
0.5 M/1 M/10 mV s−1

	
[64]




	
Pd/C

	
/

	
0.287

	
72.9 mA cm−2

	
0.5 M/1 M/10 mV s−1

	
[64]




	
PdCo/MWCNTs

	
/

	
0.28

	
107 mA cm−2

	
0.5 M/0.1 M/20 mV s−1

	
[46]




	
Pd/MWCNTs

	
/

	
0.32

	
35.6 mA cm−2

	
0.5 M/0.1 M/20 mV s−1

	
[46]




	
Pd/XC-72

	
/

	
0.38

	
24.8 mA cm−2

	
0.5 M/0.1 M/20 mV s−1

	
[46]




	
Pd0.9Pt0.1/C

	
83

	
0.35

	
87.5 mA cm−2

	
0.5 M/0.5 M/50 mV s−1

	
[45]




	
Pt/C

	
85.6

	
0.52

	
15.1 mA cm−2

	
0.5 M/0.5 M/50 mV s−1

	
[45]




	
Pd/C

	
89.7

	
0.48

	
42.5 mA cm−2

	
0.5 M/0.5 M/50 mV s−1

	
[45]




	
Pd-B/C

	
87.6

	
/

	
65.4 mA cm−2

	
0.5 M/0.5 M/50 mV s−1

	
[65]




	
Pd/C

	
90

	
/

	
36.0 mA cm−2

	
0.5 M/0.5 M/50 mV s−1

	
[65]




	
Pd–Au/C

	
/

	
0.37

	
18.6 mA cm−2

	
0.5 M/0.5 M

	
[66]




	
Pd/C

	
/

	
0.48

	
12.4 mA cm−2

	
0.5 M/0.5 M

	
[66]




	
Pd/phen-MWCNTs

	
37.6

	
/

	
/

	
0.5 M/1 M/50 mV s−1

	
[67]




	
Pd/AO-MWCNTs

	
15.7

	
/

	
/

	
0.5 M/1 M/50 mV s−1

	
[67]




	
Pd/graphene

	
44

	
0.367

	
/

	
1 M/1 M/10 mV s−1

	
[68]




	
Pd/Vulcan C

	
35

	
0.377

	
/

	
1 M/1 M/10 mV s−1

	
[68]








* The potentials were vs. RHE.







3.1. Pd Supported on Carbon Materials


3.1.1. Pd on Carbon Powders


An active catalyst should be dispersed on a convenient support to stabilize the catalytic nanoparticles, to obtain optimum catalyst utilization and to reduce the amount of precious metal used, reducing the catalyst cost. In DFAFCs, highly conductive carbon materials such as Vulcan XC-72 carbon (Cabot, Boston, MA, USA) provide a high dispersion of metal nanoparticles to facilitate electron transfer, resulting in better catalytic activity. The supported electrocatalyst is a practical means to achieve high utilization of expensive noble metals and to maintain good life-time. Other carbon materials such as the carbon fiber are also studied as support material for palladium [69,70,71].



There are still aspects to improve in the Pd/C as catalyst in fuel cell applications. The works usually focus on the Pd particle size control via novel synthesis techniques to achieve high electrochemical active surface area and improve the utilization efficiency of the Pd catalyst. Cheng et al. [72] prepared highly dispersed Pd/C catalyst through an ambient aqueous way instead of the traditional high temperature polyol process in ethylene glycol. The Pd/C catalyst without stabilizer had a higher oxidation activity toward formic acid compared with that of a traditionally prepared Pd/C catalyst. Liang et al. [52] synthesized a highly dispersed and ultrafine carbon-supported Pd nanoparticle catalyst which exhibited significantly high electrochemical active surface area and high electrocatalytic performance for formic acid oxidation with four times larger formic acid oxidation current compared with that prepared by general NaBH4 reduction method. The large electrochemical specific surface may be due to the high dispersion and small particle size of Pd/C catalyst. Suo et al. [73] used a simple and stabilizer-free ethylene glycol reduction method to prepare Pd/C catalyst. Size-dependent electrochemical property was observed and electrochemical evaluation showed that Pd/C with a particle size of 6.1 nm performed the highest activity for formic acid oxidation. The performance of the Pd/C catalyst for the oxidation of formic acid could be greatly promoted with 3.19 times enhancement in catalytic stability and 1.57 times improvement in the catalytic activity by simply introducing vanadium ions in very low concentration to the electrolyte [51]. The improvement in the catalytic performance may be attributed to the facilitating of formic acid oxidation due to the existence of VO2+/V3+ redox pair and the ensemble effect induced by the adsorption of vanadium ions onto the surface of Pd.




3.1.2. Pd alloys on Carbon Powders


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



(1) PdPt alloys



It was found Pd0.9Pt0.1/C was the optimum catalyst for the desired formic acid oxidation reaction [45]. The highest peak current density observed on Pd0.9Pt0.1/C was nearly twice as high as that on Pd/C and six times as that on the commercial Pt/C, which is superior to any reported carbon black-supported Pt/C, Pd/C, and PtxPd1−x/C catalysts. There is also a large negative shift (up to 0.21 V) in peak potential for a PdxPt1−x/C versus that for Pd/C. The high performance of the Pd0.9Pt0.1 nanoalloy can be ascribed to the effectively inhibited CO poisoning at largely separated Pt sites and appropriately lowered d-band centre of Pd sites. The addition of Pt to Pd considerably improved the steady-state activity of Pd [74,75,76]. Chronoamperometric measurements showed that the most active catalyst was Pd0.5Pt0.5 with the particle size of 4 nm. Wu et al. [48] prepared a Pd decorated Pt/C catalyst, Pt@Pd/C, with a small amount of Pt as core. It was found that the catalyst showed excellent activity toward anodic oxidation of formic acid at room temperature and its activity was 60% higher than that of Pd/C. It is speculated that the high performance of Pt@Pd/C may result from the unique core-shell structure and synergistic effect of Pt and Pd at the interface. Wang et al. [50] decorated Pd/C with Pt nanoparticles where the amount of three neighbouring Pt or Pd atoms markedly decreased. As a result, discontinuous Pd and Pt atoms suppressed CO formation and exhibited unprecedented catalytic activity and stability toward formic acid oxidation.



(2) PdSn alloys



Liu et al. [77] prepared Pd and PdSn nanoparticles supported on Vulcan XC-72 carbon by a microwave-assisted polyol process. It was found that the addition of Sn to Pd could increase the lattice parameter of the Pd (fcc) crystal. The PdSn/C catalysts have higher electrocatalytic activity for formic acid oxidation than a comparative Pd/C catalyst. The Pd2Sn1/C catalyst exhibited higher current density and enhanced electrocatalytic stability compared with Pd/C. There was also a negative shift of the peak potential on Pd2Sn1/C than that of Pd/C. Zhang et al. [53] synthesised PdSn/C catalysts with different atomic ratios of Pd to Sn. The alloy catalysts exhibited significantly higher catalytic activity and stability for formic acid oxidation than that of Pd/C catalyst. Pd was modified by Sn through an electronic effect which could decrease the adsorption strength of the poisonous intermediates on Pd and thus promote the formic acid oxidation. Tu et al. [62] prepared a carbon-supported PdSn (PdSn/C) catalyst with greatly improved performance for formic acid oxidation compared with that of Pd/C. Adding Sn as a small ratio into the carbon-supported Pd catalyst could largely increase the current density of the formic acid oxidation and shift the onset potential toward the negative compared with that of Pd/C. The reason for the improvement of the catalyst was likely attributed to the high dispersion of the Pd and due to the change in the electronic properties of the Pd.



(3) Other alloys



Zhang et al. [66] prepared carbon-supported PdAu catalysts with different alloying degree. The electrocatalytic activity of PdAu/C catalyst for the formic acid oxidation was strongly dependent on the alloying degree of Pd-Au nanoparticles. The PdAu/C catalyst with higher alloying degree showed a higher electrocatalytic activity and stability for the formic acid oxidation compared with the PdAu/C catalyst at lower alloying degree, which can be ascribed to the enhancement of CO tolerance and possible suppression of the dehydration pathway in the course of formic acid oxidation. The catalytic activity of the PdAu/C catalyst was also found to be affected by the nature of the supporting materials [78,79,80,81]. Gao et al. [64,82,83] synthesized carbon-supported PdNi catalyst by sodium borohydride reduction reaction. The performance of the PdNi/C catalyst for formic acid oxidation was significantly improved compared with that of Pd/C. The potential of the main anodic peak of formic acid at PdNi/C catalyst electrode was about 40 mV more negative than that at Pd/C catalyst electrode. The onset potential of formic acid oxidation at PdNi/C catalyst electrode was 30 mV more negative than that at Pd/C catalyst electrode. The reason for the promotion effect may be due to that Ni can contribute to the adsorption of oxygen-containing species, which is conducive to the oxidation of formic acid and a change in electronic properties of Pd. Yu et al. [84] prepared carbon supported bimetallic PdPb catalysts which were found to be more resistant to deactivation in the DFAFC than Pd/C and to consistently show better long-term performance. The addition of Pb to Pd stabilized it significantly to deactivation during formic acid oxidation. Wang et al. [65] synthesized highly dispersed boron-doped Pd nanoparticles supported on carbon black with high Pd loadings (ca. 40 wt. % Pd) by using NaBH4 as the reductant. The as-prepared Pd-B/C catalyst showed extraordinary high activity toward formic acid oxidation compared with that of a commercially available Pd/C catalyst. Thermal treatment further enhanced the durability of the oxidation current on Pd-B/C. The superior performance of the Pd-B/C catalyst may arise from uniformly dispersed nanoparticles within optimal size ranges, the increase in surface-active sites, and the electronic modification effect of boron species. The Pd–Co, PdCeOx/C [85] and PtRu/C [86,87,88] catalyst also exhibited excellent catalytic activity and stability in the oxidation of formic acid.




3.1.3. Pd Supported on Carbon Nanotubes


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




3.1.4. Pd Alloys Supported on Carbon Nanotubes


(1) PdPt alloys



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



(2) PdAu alloys



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



(3) Other alloys



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




3.1.5. Pd Supported on Graphene


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





3.2. Pd Supported on Oxides


As alternatives to improve the catalytic activity and stability of the Pd-based catalysts, the carbon support materials were modified with semiconducting oxides, such as TiO2, MoOx and SnO2 [103,104,105]. The influence of TiO2 support on the electronic effect and the bifunctional mechanism can be summarized as follows. (1) TiO2 support imposes an electronic effect in which the hypo-d-electronic titanium ions promote the electrocatalytic properties of hyper-d-electronic noble metal surface atoms, thus lowering the adsorption energy of CO intermediates and increasing the mobility of the CO group on Pd nanostructures; (2) Adsorption of OH species (OHad) on TiO2 can facilitate the conversion of the catalytically poisonous CO intermediates into CO2, thereby improving the durability of Pd catalysts. Additionally, TiO2 can facilitate the dispersion of noble metal nanoparticles to anchor them. Based on the theory that TiO2 nanoparticles in the catalyst can adsorb OHads species and promote the oxidation reaction on the electrode, Xu et al. [44] prepared highly dispersed carbon supported Pd-TiO2 catalyst with intermittent microwave irradiation. The activity of Pd-TiO2/C catalyst for the oxidation of formic acid was higher than that of the Pd/C catalyst [106]. Wang et al. [54] investigated Pd nanoparticles supported on carbon-modified rutile TiO2 (CMRT) as catalyst for formic acid oxidation. The Pd/CMRT showed three times the catalytic activity of Pd/C, as well as better catalytic stability toward formic acid oxidation. The enhanced catalytic property of Pd/CMRT mainly arised from the improved electronic conductivity of the carbon-modified rutile TiO2, the dilated lattice constant of Pd nanoparticles, an increasing of surface steps and kinks in the microstructure of Pd nanoparticles and slightly better tolerance to the adsorption of poisonous intermediates [107]. Wang et al. [108] investigated the influence of the crystal structure of TiO2 supporting material on formic acid oxidation. TiO2 with the rutile structure improved the catalytic activity of Pd nanoparticles toward formic acid oxidation. The enhancement of Pd/TiO2 (rutile) catalytic activity arose from uniform dispersion of Pd nanoparticles, an increase in surface-active sites, and good tolerance to the adsorption of poisonous intermediates (such as COad, COOHad and so on). This study proved that rutile TiO2 was a better supporting material than anatase TiO2 or composites.




3.3. Pd Supported on other Supporting Materials


At present, carbon nanotubes (CNTs) and Vulcan XC-72 carbon are the most often used supporting materials to load Pd nanoparticles. However, the rate of formic acid oxidation is lower partly due to lower Pd utilization on such conventional carbon supports, which is related to the lower electrochemically accessible surface area for the deposition of Pd particles. Tremendous efforts have been devoted to search for new catalyst supports to achieve good dispersion, utilization, activity and stability [109]. Bai et al. [110] supported Pd nanoparticles on polypyrrole-modified fullerene and the Pd/ppy-C60 catalyst showed a good electrocatalytic activity and stability for the oxidation of formic acid. Pd on polyaniline (Pd-PANI) nanofiber film [56], on polypyrrole (PPy) film [111] and PMo12 [112] showed excellent catalytic activity in the oxidation reaction of formic acid in acidic media. Qin et al. [113] synthesized highly dispersed and active Pd/carbon nanofiber (Pd/CNF) catalyst which exhibited good catalytic activity and stability for the oxidation of formic acid. Cheng et al. [114] loaded Pd nanoparticles on the carbon nanoparticle-chitosan host, the chitosan matrix was shown to be beneficial in making nanosized catalyst convenient, effective, and reproducible. The Pd on carbon nanoparticle-chitosan host catalysts was highly active for the oxidation of formic acid.




3.4. Unsupported Pd


Based on the pratical application of Pd based catalysts in fuel cells, Pd is usually supported on other materials. However, since the nanotechnology provides the possibility to control the morphology of Pd material, and the intrinsic properties of the nanostructured material can be dramatically enhanced by shape and structural variations, there are also some research on the preparation of unsupported Pd materials for fuel cell application [115,116,117]. The one-dimensional Pd nanostructures like nanowires, nanobelts and nanotubes have attracted significant interest due to their exotic technological applications. Wang et al. [60] and Ye et al. [31] fabricated unsupported nanoporous Pd networks which exhibited high electrochemical active specific surface area, and high catalytic activity for oxidation of formic acid. Pd hollow nanostructures is an effeicient way to reduce the cost of catalsyt, for example Pd/Au hollow cone-like microstructures [30] and Pd clusters on highly dispersed Au nanoparticles [57] are found to show superior performance at much lower cost. Alloyed nanowires such as PdNi2 [47] and Pd57Ni43 [23] alloy nanowires also shows improved performance. The size and nature of surface structures, such as crystalline planes and surface ligands is one key issue to improve the mass activity. Zhou et al. [49] synthesized monodispersed butylphenyl-functionalized Pd (Pd-BP) nanoparticles with unique surface functionalization and a high specific electrochemical surface area (122 m2 g−1), the Pd–BP nanoparticles exhibited a mass activity of 4.5 times as that of commercial Pd black for HCOOH oxidation as shown in Figure 5. The Pd-BP catalyst shows obvious improvement in both activity and stability compared with commercial Pd-black.
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Figure 5. Cyclic voltammograms of butylphenyl-functionalized Pd (Pd-BP) nanoparticles and commer-cial Pd black in 0.1 M H2SO4, with the currents normalized (a) by the mass loadings of Pd and (b) by the effective electrochemical surface areas at a potential scan rate of 100 mV s−1; Panels (c) and (d) depict the cyclic voltammograms and current-time curves acquired at 0.0 V for HCOOH oxidation, respectively, at the Pd-BP nanoparticles and Pd black-modified electrode in 0.1 M HCOOH + 0.1 M H2SO4 at room temperature. Reproduced with permission from reference [49]. 
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3.5. Single Fuel Cell Characterization


3.5.1. Single Fuel Cell Performance


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


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






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


Among the alcohols, methanol and ethanol are the two most commonly used fuels for direct alcohol fuel cells (DAFCs). Direct ethanol fuel cell (DEFC) has attracted significant attention since ethanol is non-toxic, naturally available, renewable, and higher power density comparing to methanol (8030 Wh kg−1 for ethanol and 6100 Wh kg−1 for methanol). However, the sluggish reaction kinetics of ethanol oxidation is still a challenge to the commercialization of DEFC. There are many difficulties associated with ethanol oxidation and consequently in its use in fuel cell. Complete oxidation of ethanol to CO2 involves 12 electrons and the process involves the scission of a C–C bond thus demanding high activation energies to be overcome. Many of the intermediates (mainly CO and –CHO) produced during the oxidation reaction poison the anode catalyst and in turn reduce the catalytic efficiency. Pt-based catalysts are recognized as the best catalysts for low temperature fuel cells. However, the high cost and limited resource of Pt limited its use as catalysts. At the same time, the poor utilization and the poisoning of Pt catalyst particularly in alkaline solution also limited its applications. A great deal of interest has recently been focused on the cheaper materials than platinum and the use of non-noble transition metals in alkaline media, in particular, the performance of alloys of Pd with non-noble metals for the oxidation of ethanol. In acidic environment, the complete oxidation of ethanol is difficult and the catalytic activities of the catalysts for ethanol oxidation reaction (EOR) could be significantly improved in alkaline media, where Pd-based catalyst has comparable or even better catalytic activity compared with Pt-based catalysts for ethanol oxidation [128,129]. This is why that the Pd-based materials are intensively studied for the oxidation of ethanol.



Table 2 summerized the key factors of the EOR including the specific activity, the mass activity, the onset potential and the peak potential. It was found that the mass activity of Pd for ethanol oxidation could reach as high as 2200 A g−1Pd [130]. Such high activity originated from the higher utilization of Pd and at the same time the reduced metal content. The mass activity could be even higher for the alloys if the current was only account by the mass of Pd. Alloying with other metals, especially, Ni could improve the kinetics of the ethanol oxidation as revealed by the negatively shifted onset potential and peak potential [131,132,133]. The construction of the core-shell structure was found to be an effective way to reduce the overpoential [38]. It is found that the Ru@PtPd/C [134] and Pd–Ni–Zn/C [135] show highest mass activity in the EOR, implying the advantages of multi-alloy and core-shell structure. Two components alloying of Pd with other metals have been intensively studied, while the multi-alloying still needs to be put more attention, and the muli-alloying also provides vast variations in the choice and combination of different metals. Novel nanostructure of Pd is still a popular topic in this field [136,137,138,139,140,141].
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Table 2. Details of the ethanol oxidation on Pd catalysts. (SA: Specific Activity; MA: Mass Activity; OP: Onset Potential and PP: Peak Potential).
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Catalysts

	
SA1/mA cm−2

	
MA2/A g−1Pd

	
OP3/V RHE

	
PP4/V RHE

	
Conditions Ethanol/KOH/Scan Rate

	
References






	
Dendritic Pd

	
17

	
/

	
−0.353

	
−0.003

	
1 M/1 M/20 mV s−1

	
[28]




	
Pd/CNTs

	
/

	
800

	
−0.353

	
0.007

	
0.5 M/0.5 M/50 mV s−1

	
[35]




	
Pd shell/Au core

	
0.890

	
/

	
−0.582

	
−0.15

	
1 M/1 M/50 mV s−1

	
[38]




	
Pd/HCHs

	
42

	
2200

	
−0.352

	
−0.072

	
2 M/1 M/50 mV s−1

	
[130]




	
PdNPs/CFCNT

	
16

	
/

	
−0.24

	
0.14

	
1 M/1 M/60 mV s−1

	
[136]




	
Pd–In2O3/CNTs

	
61

	
/

	
−0.347

	
−0.022

	
1 M/0.5 M/50 mV s−1

	
[137]




	
Pd/CNFs

	
74.5

	
/

	
−0.541

	
−0.021

	
1 M/1 M/50 mV s−1

	
[138]




	
Pd/CNFs

	
66.1

	
1187

	
−0.511

	
−0.057

	
1 M/1 M/50 mV s−1

	
[139]




	
Pd/CNFs

	
80

	
1400

	
−0.46

	
−0.04

	
1 M/1 M/50 mV s−1

	
[140]




	
Pd-Ni/CNFs

	
200

	
/

	
−0.602

	
−0.072

	
1 M/1 M/10 mV s−1

	
[141]




	
Pd/SnO2-GNS

	
46.1

	
/

	
−0.403

	
0.227

	
0.25 M/0.25 M/50 mV s−1

	
[142]




	
Pd-PANI

	
/

	
1300

	
−0.46

	
0.07

	
1 M/0.5 M/100 mV s−1

	
[56]




	
Pd/polyamide 6

	
70

	
/

	
/

	
−0.072

	
0.5 M/1.5 M/50 mV s−1

	
[143]




	
Pd/Nickel foam

	
107.7

	
/

	
−0.442

	
0.078

	
1 M/1 M/50 mV s−1

	
[144]




	
Pd-TiN

	
2.87

	
59.2

	
−0.474

	
0.022

	
0.5 M/1 M/20 mV s−1

	
[145]




	
Pd-NiO/MgO@C

	
69.3

	
/

	
−0.602

	
−0.052

	
1 M/1 M/10 mV s−1

	
[146]




	
Ru@PtPd/C

	
/

	
3600

	
−0.402

	
−0.052

	
1 M/1 M/30 mV s−1

	
[134]




	
Pd particles

	
151

	
/

	
−0.548

	
/

	
1 M/1 M/50 mV s−1

	
[147]




	
Nanoporous Pd

	
90.64

	
227.7

	
−0.403

	
0

	
0.5 M/1 M/10 mV s−1

	
[148]




	
Pd NWs

	
/

	
7.96 *

	
/

	
−0.01

	
0.5 M/1 M/50 mV s−1

	
[149]




	
Pd NWs

	
/

	
2.16 *

	
−0.566

	
−0.068

	
1 M/1 M/50 mV s−1

	
[150]




	
Pd/Au NWA

	
199

	
/

	
−0.402

	
0.138

	
1 M/1 M/50 mV s−1

	
[151]




	
PdPt

	
34

	
478

	
−0.523

	
0.077

	
1 M/1 M/50 mV s−1

	
[152]




	
Pd-Sn/C

	
121.59

	

	
−0.46

	
0.135

	
3 M/0.5 M/50 mV s−1

	
[153]




	
Pd-Ru-Sn/C

	
65

	
/

	
−0.536

	
0.097

	
3 M/0.5 M/50 mV s−1

	
[153]




	
Pd91Sn9/C

	
130

	
/

	
−0.205

	
0.347

	
1 M/1 M/50 mV s−1

	
[154]




	
Pd7 Ir/C

	
103

	
/

	
−0.584

	
0.008

	
1 M/1 M/50 mV s−1

	
[155]




	
Pd-Ni

	
6

	
/

	
/

	
−0.03

	
0.5 M/1 M/50mV s−1

	
[156]




	
Pd40 Ni60

	
180

	
/

	
−0.712

	
0.098

	
1 M/1 M/50mV s−1

	
[157]




	
Pd-Ni/CNF

	
199.8

	
/

	
−0.602

	
−0.0.072

	
1 M/1 M/10mV s−1

	
[131]




	
Pd-Ni-Zn/C

	
78.5

	
3600

	
−0.423

	
0.057

	
10 wt%/2 M/50mV s−1

	
[135]




	
Pd-Ni-Zn-P/C

	
108.7

	
3030

	
−0.373

	
0.097

	
10wt%/2 M/50 mV s−1

	
[135]




	
Pd- Ag/C

	
3.7**

	
/

	
−0.602

	
0.018

	
1 M/1 M/50mV s−1

	
[158]




	
Pd-Ag film

	
5 **

	
/

	

	
0.02

	
1 M/1 M/20 mV s−1

	
[159]




	
Pd–Pb/C

	
4.25 **

	
/

	
−0.452

	
−0.0.012

	
1 M/1 M/20 mV s−1

	
[160]




	
PdAu/C

	
165

	
/

	
−0.402

	
0.0273

	
1 M/1 M/50 mV s−1

	
[132]




	
Pd4Au/C

	
/

	
/

	
0.5

	
0.88

	
1 M/0.25 M/10 mV s−1

	
[161]




	
Pd2.5Sn/C

	
/

	
/

	
0.55

	
0.86

	
1 M/0.25 M/10 mV s−1

	
[161]




	
PdAu nanowire

	
83.7

	
/

	
−0.472

	
−0.001

	
1 M/1 M/50 mV s−1

	
[133]




	
Pd@Au/C

	
/

	
800

	
−0.41

	
0.04

	
1 M/1 M/50 mV s−1

	
[162]








* Unit: A·cm−2·mg−1; ** This value was divided by the EASA.







4.1. Pd Supported on Carbon Materials


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



4.1.1. Pd Supported on Carbon Spheres


In a series of work, Yan et al. [163,164,165] synthesized hollow carbon spheres/hemispheres and used them as catalyst support. The hollow carbon hemispheres (HCHs) provided high surface area (up to 1095.59 m2 g−1) at reduced volume to improve the dispersion of the nanoparticles of the noble metal. At the same time, the hemispherical structure with hollow shell resulted in the improvement in the mass transfer, which leads to greatly improved stability. The peak current density of the ethanol oxidation on the Pd/carbon spheres catalyst reached almost four times higher than that of Pd/C catalyst. Figure 7 shows the typical results of the materials for the alcohol oxidation in alkaline solution. The catalyst showed the best performance for ethanol oxidation. It was revealed that on the same carbon support, the morphology of Pd greatly influenced the activity of ethanol oxidation, the Pd nanobars on carbon have much negative oxidation peak of ethanol than Pd particle on carbon [166].
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Figure 7. SEM microgram (a) and TEM image (b) of the HCHs with the mass ratio of PSs to glucose of 1:2 and the cyclic voltammograms of (c) different alcohol oxidation on Pd/HCH electrodes in 1.0 mol dm−3 KOH/1.0 mol dm−3 alcohol solution at 303 K, scan rate: 50 mV s−1 and (d) ethanol oxidation on Pd/HCH and Pd/C electrodes in 1.0 mol dm−3 KOH/1.0 mol dm−3 ethanol solution at 303 K, scan rate: 50 mV s−1. The inset in Figure 7d is the cyclic voltammograms of Pd/HCH and Pd/C in 1.0 mol dm−3 KOH solution at 303 K, scan rate: 50 mV s−1. Reproduced with permission from reference [130]. 
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4.1.2. Pd Supported on Carbon Nanotubes


Carbon nanotubes (CNTs) can work as ideal substrate to modify the electrode surface used in electrochemistry. Immobilizing metal nanoparticles on CNTs has turned into an interesting field mainly due to the key role of CNTs and metal nanoparticles in the field of electrocatalysis. There are three typical methods for generating Pd nanoparticles on a CNTs surface: chemical reduction reaction, thermal decomposition and electrochemical reduction reaction. Chen et al. [136] synthesized Pd nanoparticles-carboxylic functional carbon nanotubes without surfactant. The material revealed high electrochemical activity and excellent catalytic characteristic for alcohol oxidation. Ding et al. [167,168] prepared Pd nanoparticles supported on multiwalled carbon nanotubes. Chu et al. [169] prepared Pd-In2O3/CNTs composite catalysts. The results showed that the addition of nanoparticles of In2O3 into Pd catalysts could significantly promote the catalytic activity for ethanol oxidation. Carbon nanotubes have higher graphitization degree than amorphous carbon which leads to higher stability in electrical environment, but higher graphitization also brings a drawback: it is not easy to load Pd nanoparticles on the surface of carbon nanotube evenly. The resolve of the dilemma will greatly accelerate the application of carbon naotube as catalyst support material in fuel cell.




4.1.3. Pd Supported on Carbon Nanofibers


Carbon nanofibers (CNFs) as a novel carbon material offered an ideal opportunity as catalyst support due to their superior electronic conductivity, anti-corrosion ability, and high surface area. Qin et al. [170,171,172] prepared Pd catalyst supported on carbon nanofibers (CNFs). The structure of the CNFs significantly affected the catalytic activity of the catalyst because the CNFs had high ratio of edge atoms to basal atoms and correspondingly faster electrode kinetics and stronger Pd-CNFs interaction. Maiyalagan et al. [131] prepared carbon nanofibers (CNF) supported Pd–Ni nanoparticles. The onset potential was 200 mV lower and the peak current density four times higher for ethanol oxidation for Pd–Ni/CNF compared to that for Pd/C. Cabon fibers prepared with novel nanotechnology can take the advantage of carbon nanotubes such as high graphitization and high surface area, at the same time it is also possible to construct functional groups on the surface of carbon fibers which is beneficial of the deposition of Pd nanoparticles, so carbon fiber will be a potential candidate as support material of Pd.




4.1.4. Pd Supported on Graphene


The combination of the high specific surface area (theoretical value of 2600 m2 g−1), excellent electronic conductivity, high chemical stability, unique graphitized basal plane structure and potentially low manufacturing cost, graphene nanosheets (GNS) can thus be exploited as an alternative material for catalyst support in fuel cells. Recently, graphene has received great attention as the catalyst support for fuel cell application. Wen et al. [173] prepared Tin oxide (SnO2)/GNS composite as the catalyst support for direct ethanol fuel cells. Compared with Pd/GNS, the Pd/SnO2-GNS catalyst showed superior electrocatalytic activity for ethanol oxidation. Chen et al. [174] prepared ultrafine Pd nanoparticles on graphene oxide (GO) surfaces. The as-made catalyst expressed high electrocatalytic ability in ethanol oxidation relative to a commercial Pd/C catalyst. Singh et al. [142] used graphene nanosheets (GNS) as a catalyst support of palladium nanoparticles for the electrooxidation of ethanol. The Pd nanoparticles dispersed on GNS were more active compared to those dispersed on nanocarbon particles (NC) or multiwall carbon nanotubes (MWCNTs) for electrooxidation under similar experimental conditions. The enhanced electrochemical activity of Pd/GNS toward alcohol oxidation can be ascribed to the greatly enhanced electrochemical active surface area of Pd nanoparticles on the GNS support.





4.2. Pd Supported on Non-Carbon Supports


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



4.2.1. Pd Supported on Conducting Polymers


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




4.2.2. Pd Supported on Zeolite


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




4.2.3. Pd Supported on Metal Supports


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



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




4.2.4. Pd Supported on Nitrides


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





4.3. Performance of Pd Novel Nano Structures


4.3.1. Core-Shell Structure


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




4.3.2. Other Structures


Yu et al. [28] prepared dendritic Pd nanostructures, which exhibited high catalytic activity toward ethanol oxidation in alkaline media. Yin et al. [147] prepared Pd nanoparticles and the ethanol oxidation on the Pd catalysts took place at a more negative anodic potential, implying a reduced overpotential. Wang et al. [148] fabricated nanoporous Pd composites through chemical dealloying of the Al70Pd30 alloy. The nanoporous Pd composites had high electrochemical active surface areas and exhibited remarkable catalytic activities toward ethanol oxidation in alkaline media. Liu et al. [149] synthesized Pd nanowires with high catalytic activity and long-term stability toward the oxidation of alcohols. Ksar et al. [150] synthesized Pd nanowires with length of a few tens of nanometers. The Pd nanowires exhibited both a very important catalytic activity for ethanol oxidation and a very high stability. Liu et al. [31] prepared raspberry hollow Pd nanospheres (HPNs)-decorated carbon nanotube (CNT) for the oxidation of ethanol in alkaline media. The catalyst was fabricated by attaching HPNs onto the surface of the functionalized CNT. The hybrid nanostructure exhibited higher mass activity toward ethanol oxidation which increased the utilization of Pd. Pd dentric structure, Pd nanowires, hollow raspberry spheres, hollow spheres [179], nanoparticles and nanomembrane [180] are prepared and all showed superior catalytic activity in ehthanol oxidation, but they share the same problem with the core-shell structure: how to a material with high half-cell performance into a material with high full cell performance, which still needs great efforts in the preparation technique.





4.4. Pd Alloys


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



4.4.1. PdNi Alloys


Qiu et al. [156] prepared bimetallic Pd-Ni thin film on glass carbon electrodes (GCEs). The high catalytic activity and the low cost of the Pd-Ni films enable them to be promising catalyst for the oxidation of methanol and ethanol in alkaline media. Qi et al. [157] fabricated Pd40Ni60 alloy catalyst with an enhanced catalytic performance toward ethanol oxidation in alkaline media comoared with nanoporous Pd. Maiyalagan et al. [131] prepared carbon nanofibers (CNF) supported Pd–Ni nanoparticles. The onset potential was 200 mV lower and the peak current density was four times higher for ethanol oxidation on Pd–Ni/CNF compared with that of Pd/C. Shen et al. [182] synthesized carbon-supported PdNi catalysts for the ethanol oxidation reaction in alkaline direct ethanol fuel cells. The Pd2Ni3/C catalyst exhibited higher activity and stability for the EOR in an alkaline medium than that on Pd/C catalyst. Bambagioni et al. [135] prepared Pd–(Ni–Zn)/C and Pd–(Ni–Zn–P)/C catalysts which provided excellent results in terms of the specific current and onset potential at room temperature.




4.4.2. PdAu Alloys


Xu et al. [132] prepare Pd-Au alloy catalyst for the EOR in an alkaline medium. The catalyst samples were in sequence of Pd/C > Pd3Au/C > Pd7Au/C > PdAu/C in terms of the peak current density. However, the stability tests demonstrated that the catalyst samples were in sequence of PdAu/C > Pd3Au/C > Pd7Au/C > Pd/C. Cheng et al. [133] prepared highly ordered PdAu nanowire arrays (NWAs). The onset potential of ethanol oxidation on the PdAuNWAs electrode was 123 mV more negative compared with that on the Pd NWAs due to the synergistic effect of Pd-Au bimetallic alloy. He et al. [161] prepared carbon-supported Pd4Au and Pd2.5Sn-alloyed nanoparticles, the results suggested that the Pd-based alloy catalysts represented promising candidates for the oxidation of ethanol. The Pd4Au/C displayed the best catalytic activity among the series for the ethanol oxidation in alkaline media. Zhu et al. [162] decorated carbon-supported gold nanoparticles with mono- or sub-monolayer Pd atoms, the Pd@Au/C had higher specific activities than that of Pd/C for the oxidation of ethanol in alkaline media. This suggested that the Pd utilization was improved with such a surface-alloyed nanostructure. Several other alloys such as the PdPt alloy [152,183,184,185],



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





4.5. Single Fuel Cell Characterizations


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






Figure 8. Peak powder density of single fuel cell performance of the Pd catalysts in anion-exchange membrane direct ethanol fuel cells (AEMDEFCs).



[image: Catalysts 05 01221 g008]







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


Oxygen reduction reaction (ORR) is one of the important catalytic reactions due to its role in metal corrosion and electrochemical energy converters and, in particularly, fuel cells. Pt group metal based catalysts were currently used for PEMFCs to reduce the large ORR overpotential. Unfortunately, even on the most active Pt surface, the overpotential was over 250 mV at open circuit voltage (OCV). The thermodynamic efficiency droped from 83% (1.229 V) to 66% at an OCV value of 0.98 V under standard conditions. Since the exchange current density of the ORR is several orders of magnitude slower than that of the hydrogen oxidation reaction (HOR) (10−9 A cm−2 vs. 10−3 A cm−2), the operating voltage must be largely reduced to about 0.65 V at a reasonable current density, making the electronic efficiency of the PEMFCs only at 44% [194]. Pt is widely used as the catalyst for ORR due to its high activity and excellent chemical stability. However, Pt is expensive and the limited supply of Pt poses serious problems to widespread commercialization of the fuel cell technology. Thus, research efforts in the development of cathode catalyst have been focused on decreasing the Pt content or replacing it with less expensive materials while maintaining high ORR activity. An alternative approach is to replace Pt with less expensive, catalytically active, and relatively stable noble metals and to alloy the noble metals with base metals to enhance their stability and activity via electronic modification. Pd is the second most active metal for the ORR. Pd possesses a similar valence electronic configuration and lattice constant to Pt and highly methanol-tolerant ability. However its mass activity for the ORR is approximately five times lower than that of Pt. In an acidic electrolyte, the exchange current density of Pd for ORR is 10−10 A cm−2, which is one magnitude lower than that of Pt (10−9 A cm−2). Binary Pd-base metal (BM) (where BM = Co, Ni, Fe, Cu, W and Mo) systems have been identified as promising PEFC cathode catalyst with enhanced activity for ORR and stability compared to Pd alone. The origin of the enhanced activity has been linked to the modification of the electronic structure of Pd upon bonding with the alloying metal. In addition to enhancing activity, the dissolution potentials of the noble metals may be shifted to higher potentials, stabilizing the catalyst against dissolution in acidic medium.



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



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

	
Mass Activity/mA mg−1Pd

	
Onset Potential/V vs. RHE

	
Conditions Solution **/Scan Rate/Rotating Speed

	
References






	
Pd/C

	
/

	
0.87

	
A/5 mV s−1/1600 rpm

	
[195]




	
Pt/C (JM)

	
/

	
1.05

	
A/5 mV s−1/1600 rpm

	
[195]




	
Pd–PPy/C

	
/

	
0.82 (NHE)

	
A/5 mV s−1/1600 rpm

	
[196]




	
40% E-TEK Pt/C

	
/

	
0.98 (NHE)

	
A/5 mV s−1/1600 rpm

	
[196]




	
Pd/Vulcan XC-72R

	
47 at 0.7 V *

	
0.82

	
A/5 mV s−1/1600 rpm

	
[197]




	
20% E-TEK Pt/C

	

	
0.92

	
A/5 mV s−1/1600 rpm

	
[197]




	
E-Tek 20% Pd/C

	
23 at 0.7 V *

	
0.77

	
A/5 mV s−1/1600 rpm

	
[197]




	
PdFe-WC/C

	
/

	
0.91

	
A/10 mV s−1/1600 rpm

	
[198]




	
Pt50Au50/CexC

	
4.1 at 0.7 V *

	
/

	
A/5 mV s−1/1600 rpm

	
[180]




	
PdCoMo/CDX975

	
4.1 at 0.7 V *

	
0.915

	
A/5 mV s−1/1600 rpm

	
[199]




	
Pd/CDX975

	
1.6 at 0.7 V *

	
0.84

	
A/5 mV s−1/1600 rpm

	
[199]




	
Pd100−xWx

	
/

	
0.85

	
A/5 mV s−1/1600 rpm

	
[200]




	
Pd

	
/

	
0.7

	
A/5 mV s−1/1600 rpm

	
[200]




	
PdPt/C

	
/

	
0.98

	
A/5 mV s−1/1600 rpm

	
[201]




	
Pt rich-core Pd rich-shell

	
9 at 0.85 V * (catalyst)

	
/

	
A/5 mV s−1/1600 rpm

	
[202]




	
JM20 Pt/C

	
5.8 at 0.85 V * (catalyst)

	
/

	
A/5 mV s−1/1600 rpm

	
[202]




	
Pd/Au

	
0.34 at 0.8 V *

	
/

	
A/10 mV s−1

	
[203]




	
1.1 at 0.8 V *

	
/

	
B/10 mV s−1

	
[203]




	
Pd/MWCNTs

	
/

	
0.76 (SHE)

	
B/10 mV s−1

	
[91]




	
PdCu/C

	
23 at 0.9 V *

	
0.96

	
B/10 mV s−1/1600 rpm

	
[204]




	
Pd–Cu film

	
/

	
0.86

	
B/5 mV s−1/1000 rpm

	
[205]




	
Pd–Co/C

	
3.6 at 0.7 V *

	
/

	
B/5 mV s−1/1600 rpm

	
[206]




	
Pt–Pd/C

	
/

	
0.92

	
B/5 mV s−1/1600 rpm

	
[207]




	
Pt–Pd/C

	
114.87 at 0.9 V * (Pt)

	
1.05

	
B/5 mV s−1/1600 rpm

	
[208]




	
Pt/C

	
73.87 at 0.9 V * (Pt)

	
1.0

	
B/5 mV s−1/1600 rpm

	
[208]




	
PdFe@PdPt/C

	
1.92 at 0.8 V * (Pt)

	
/

	
B/20 mV s−1/1600 rpm

	
[209]




	
1.2 at 0.8 V * (Pt)

	
/

	
B/20 mV s−1/1600 rpm

	
[209]




	
PdCo@PdPt/C

	
65 at 0.9 V * (Pt)

	
/

	
B/20 mV s−1/1600 rpm

	
[210]




	
Pt/C

	
14 at 0.9 V * (Pt)

	
/

	
B/20 mV s−1/1600 rpm

	
[210]




	
PdFe Nanorods

	
284 at 0.85 V *

	
/

	
B/10 mV s−1/1600 rpm

	
[211]




	
Pt/C

	
265 at 0.85 V * (Pt)

	
/

	
B/10 mV s−1/1600 rpm

	
[211]




	
Pt/Pd/Pd3Fe

	
1.8 at 0.9 V *

	
/

	
B/20 mV s−1/1600 rpm

	
[212]




	
Pt(111)

	
0.8 at 0.9 V *

	
/

	
B/20 mV s−1/1600 rpm

	
[212]




	
Pd/SnO2–KB

	
0.75 at 0.8 V *

	
0.88

	
B/5 mV s−1/900 rpm

	
[64]




	
Pd/KB

	
0.28 at 0.8 V *

	
0.86

	
B/5 mV s−1/900 rpm

	
[213]




	
Tanaka Pt/C

	
/

	
0.95

	
B/5 mV s−1/900 rpm

	
[213]




	
Pd/GNS

	
280 at 0.9 V *

	
1.06

	
C/10 mV s−1/1600 rpm

	
[188]




	
Pt/GNS

	
110 at 0.9 V *

	
1.0

	
C/10 mV s−1/1600 rpm

	
[188]




	
Pd@MnO2/C

	
450 at 0.9 V *

	
1.02

	
D/10 mV s−1/2500 rpm

	
[214]




	
Pd black

	
180 at 0.9 V *

	
1.07

	
D/10 mV s−1/2500 rpm

	
[214]








* The potentials were vs. RHE; **solution A: 0.5 M H2SO4, solution B: 0.1 M HClO4, solution C: 0.1 M NaOH and solution D: 0.1 M KOH.







5.1. Pd Supported on Carbon Materials


5.1.1. Pd on Carbon Powder


Although Pd is the second most active metal for the ORR, its mass activity is approximately five times lower than that of Pt since the ORR exchange current density is one magnitude lower than that of Pt. Tang et al. [195] synthesized a carbon supported Pd/C catalyst which showed high activity for the ORR. However, the performance of the Pd/C was still much poorer than that of the commercial Pt/C. There was a big difference in onset potential for the ORR in acidic solution. Single cell with Pd/C as the cathode displayed a maximum power density of 508 mW cm−2, which was almost half of that of the commercial Pt/C catalyst. Different supporting materials such as highly ordered pyrolytic graphite and modified carbon was studied [215]. Jeyabharathi et al. [196] synthesized carbon-supported Pd-polypyrrole (Pd-PPy/C) nanocomposite. The introduction of Pd in the conducting PPy/C matrix gave higher catalytic activity toward ORR with resistance to methanol oxidation. The performance of the Pd-PPy/C catalyst was still inferior to the Pt/C catalyst. Kumar et al. [197] studied the influence of the chemical pretreatment of carbon support for ORR on Pd nanoparticles in acidic electrolyte. They found that the chemical treatment significantly changed the surface chemical properties and surface area of the carbon support. The kinetics of ORR on these catalysts predominantly involved a four-electron step. The performance of the Pd on pretreated carbon support was found to be much higher than the commercial E-Tek 20% Pd/C catalyst with the mass activity of 47 mA mg−1Pd at 0.7 V RHE compared to 23 mA mg−1Pd of E-Tek catalyst. It is concluded that limited by the intrinsic kinetic of ORR on different metals, the performance of the most popular Pd/C catalyst is much less than the Pt/C catalyst. However, considering the difference in the cost, it is still meaningful to study the Pd/C catalyst, but new material or structure should be put more attention.




5.1.2. Pd Supported on Carbon Nanotubes


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




5.1.3. Pd Supported on Graphene


Graphene is found to have vast applications in many fields where carbon powder or carbon nanotubes are used, for example as catalyst support in electrocatalysis. There was no report to prove that the activity of Pd catalyst for the ORR could surpass that of Pt catalyst in acidic solution. However, it is possible for the Pd catalyst to perform better than that of the Pt catalyst for the ORR in alkaline solution when supported on graphene. Seo et al. [218] studied graphene supported Pd catalyst in alkaline media. The graphene-supported Pd catalyst (Pd/GNS) showed significantly high catalytic activity for the ORR with higher mass activity and surface area for ORR in an alkaline solution. The catalyst was more favorable for ORR than that of the Pt/GNS catalyst at high metal loadings. The mass activity at 0.85 V vs. RHE of the Pd/GNS reached 0.84 mA μg−1Pd, while, the value was 0.35 mA μg−1Pd for the Pt/GNS. Pd metal decorated graphene oxide was found to have high ORR activity via the direct four electron pathway [219]. Gotoh et al. [220,221] also proved that Pd supported on graphene oxide showed better performance in ORR than Pt.





5.2. Pd Supported on Oxides


Oxides such as manganese dioxide was used as support to form Pd@MnO2 catalyst [214]. The ORR onset potential on the Pd@MnO2 catalyst positively shifted for more than 250 mV compared with the MnO2 catalyst without Pd. Both the ORR onset potential and the limit current density obtained by the rotating disk electrode (RDE) measurements on the Pd@MnO2 catalyst were close to those on the Pd black catalyst. The mass activity of the Pd@MnO2 catalysts (normalized by Pd mass) was 2.5 times higher than that of the Pd black catalyst. The PtPd/TiO2 electrocatalyst with a proper ratio of Pt/Pd showed activity comparable to that of a commercial Pt/C catalyst [222]. The interaction between Pd and highly dispersed TiO2 is proven to improve the catalytic activity of Pd supported on TiO2-modified carbons [223].




5.3. Pd Alloys


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



5.3.1. PdFe Alloys


Yin et al. [198] synthesized a PdFe-WC/C cathodic catalyst for ORR. The ORR activity of the PdFe–WC/C catalyst in acidic solution was found to be comparable to that of Pt/C catalyst. It was believed that the high catalytic activity as a Pt-free catalyst originated from the synergistic effect between PdFe and WC. The alcohol-tolerance and selectivity of the PdFe-WC/C catalyst are favorable for the ORR. Tungsten-based materials as novel supports have been intensively studied due to their chemical and/or electrochemical activities for various reactions as they exhibit a synergistic effect in many reactions. The use of WC as the catalyst support for PEMFCs and DMFCs has also been reported [227,228,229,230,231] PdFe/C catalyst was also found to have better performance in ORR than Pd/C catalyst [232,233].




5.3.2. PdCu Alloys


Gobal et al. [234,235] prepared CuPd alloys with different compositions on nickel. The number of transferred electrons involved in the ORR on Pd-Cu alloys is four, which is the same as Pt. A 60 mV/dec Tafel slope for the ORR was found for all the PdCu alloys. The enhancement of the activity of the alloy toward ORR was attributed to the change in geometric and electronic structures of Pd caused by the insertion of Cu. Kariuki et al. [204] prepared monodispersed PdCu alloy nanoparticles, which showed high ORR activity in acidic electrolyte. Fouda-Onana et al. [205] found Pd50Cu50 exhibited the high activity in ORR. The enhancement was attributed to an optimal d-band property that made the OOH dissociative adsorption easier, which was considered as chemical rate determining step (RDS) for the ORR [236,237].




5.3.3. PdAg Alloys


Ag catalysts have lower activity in ORR than those of Pt catalysts because of their weak interaction for binding O2. However, the inexpensive Ag nanoparticles have been shown to have higher stability than pure Pt cathodes during long-term operation. Lee et al. [238] supported AgPd alloy on multiwalled carbon nanotubes and found that the ORR proceeded through a two-electron pathway, while according to other authors the ORR on AgPd alloy was a four-electron process [239,240]. In alkaline medium the electrode reaction kinetics is higher than that in the acidic medium, enabling the use of Pt-free catalysts. Oliveira et al. [159] evaluated PdAg alloys toward the ORR in alkaline medium and found that alloying Pd with Ag leaded to an increase in the ORR kinetics relative to Pd.




5.3.4. PdAu Alloys


Gold has been used as support material for studying the catalytic behaviour of Pd. Sarapuu et al. [203] evaluated the influence of the Pd film thickness and Au substrate to the ORR activity of Pd. The ORR proceeded through 4-electron pathway on all PdAu electrodes. The specific activity of ORR was lower in H2SO4 solution and decreased slightly with decreasing the Pd film thickness. In HClO4, the specific activity was higher and was not significantly dependent on the film thickness. Xu et al. [241] found Au-modified Pd catalyst exhibited increased catalytic activity for ORR in alkaline media, which was 1.4 times higher than that with the mono-Pd catalyst.




5.3.5. PdCo Alloys


There was an in-depth understanding of the various factors that ifluence the catalytic activity of the PdCo nanoalloys [242,243,244]. It was found that a mild annealing of the alloys at moderate temperatures (350 °C) was desirable to clean the surface and maximize the catalytic activity and durability [245,246,247]. Tominaka et al. [248] synthesized a mesoporous PdCo sponge-like nanostructure with a most desirable lattice contraction into a Pd catalyst for the ORR. The mesoporous PdCo catalyst had a higher specific activity than that of the Pt catalyst. Wei et al. [206] obtained PdCo/C alloy catalysts with an atomic ratio of 3:1. They found the well-formed PdCo alloy showed excellent ORR activity. Serov et al. [249] investigated PdCo catalysts for ORR in a direct methanol fuel cell. Such a non-Pt catalyst showed comparable power density with a commercial MEA prepared using Pt cathode. Rao et al. [199] prepared PdCoMo alloy nanoparticles with better catalytic activity compared with Pd.




5.3.6. PdPt Alloys


The nanosized Pd supported on carbon black will gradually grow larger during long-term operation, thus reducing the electrochemical active surface area and resulting in irreversible performance loss. Many works had been tried to improve the performance and durability of the catalyst, alloying with other metal is one important method. Lots of works had been done on the alloys of Pd with other noble metal, for example Pt [250,251,252]. Pd and Pt had a face-centered cubic (fcc) phase with a unit length of 3.92 Å for Pt and 3.89 Å for Pd. The small lattice mismatch meant that the epitaxial growth should be favored. Figure 9 shows a typical result of PdPt alloy for the ORR. The PdPt nanodendrites were two and a half times more active than the state-of-the-art Pt/C catalyst [253,254,255].



The PtPd/C showed a comparable performance and better durability than that of the Pt/C [201]. Thanasilp et al. [256] demonstrated that the different Pt:Pd atomic ratios had a significant effect on the catalyst activity. Decreasing the Pt:Pd atomic ratio led to an increase in the particle size and decrease in the electrochemical activity. Fıçıcılar et al. [257] found that when the particle size of Pd increased with the content and a lower Pd content exhibited a considerable activity and increased stability Chang et al. [202] found that the Pt3Pd1/C nanocatalyst has a 50% enhancement in ORR due to the synergistic effect. Ohashi et al. [207] prepared various PtPd/C bimetallic catalysts with a higher tolerance to ripening induced by potential cycling. Peng et al. [208] designed a Pt particle-on-Pd structure to address both the activity and stability issues. Other alloys of Pd–W, [200] Pd–V, [258] Pd–Ni [259,260], Pd–Sn [261,262] and Pt–Ir–Re [263] were also studied as catalysts for the ORR.
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Figure 9. Comparison of the catalytic properties of the Pd-Pt nanodendrites, Pt/C catalyst (E-Tek), and Pt black (Aldrich). (A) The CV curves recorded at room temperature in an Ar-purged 0.1 M HClO4 solution with a sweep rate of 50 mV s−1; (B) specific ECSAs (electrochemical active surface area) for the Pd-Pt nanodendrites, Pt/C catalyst, and Pt black; (C) ORR polarization curves for the Pd-Pt nanodendrites, Pt/C catalyst and Pt black recorded at room temperature and 60 °C in an O2-saturated 0.1 M HClO4 solution with a sweep rate of 10 mV s−1 and a rotation rate of 1600 rpm and (D) mass activity at 0.9 V versus RHE (reversible hydrogen electrode) for these three catalysts. Reproduced with permission from reference [253]. 
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5.4. Novel Nanostructures


Recent attention has been drawn to the strong dependence of the catalytic properties of Pd on their surface morphologies. For example, the specific activity of the Pd nanorods prepared by electrodeposition was found to be close to that of Pt in acidic solution and was 10 times higher than that of electrodeposited Pd nanoparticles [264]. The higher activity was attributed to the exposure of Pd (110) surface facet. The activity of the Pd with low index planes increased in the following order: Pd(110) < Pd(111) < Pd(100) [265,266,267]. The Pd(100) single crystal plane was even more active than Pt(110) in 0.1 M HClO4. The low indexed Pd became favorable in the electrochemical reaction, controlling the morphology is one of the commonly used methods to get low indexed metal.



5.4.1. Core-Shell Structures


The heterogeneous core shell structure has many advantages. First of all, the core-shell structure can greatly reduce the cost of the catalyst. Second, the strain caused by the lattice mismatch between the surface and core components may be used to modify the electronic properties of the surface metal atoms, most notably their d-band centres, which affect the rates of one or more elementary steps in the overall catalytic reaction [268,269,270].



Lim et al. [253] synthesized PdPt bimetallic nanodendrites consisting of Pt branches as shell and Pd as core, the nanodendrites were two and half times more active for the ORR than the state-of-the-art Pt/C catalyst. Peng et al. [208] also found improved stability for ORR with a Pt-on-Pd core-shell nanostructure. It was calculated that the optimal coverage of Pt on Pd (111) surface was on the order of two monolayers [271]. Yang et al. [209] prepared a core-shell structure with a PdFe core and a PdPt shell, which showed four times ORR activity compared with a commercial Pt/C catalyst. Yang et al. [210] constructed a PdPt shell on a PdCo core with six fold increases in the activity and with much higher stability. Sasaki et al. [272] illustrated a core/shell catalyst with Pd and Pd9Au1 alloy as core and Pt monolayer as shell with high activity and very high stability. The origin of the improved activity and stability of the core-shell catalyst was studied. The Pd core not only assured the long-term stability of the monolayer Pt shell, but increased the activity of Pt by causing it to contract slightly, lowering its d-band centre energy and reducing the bond strength of the adsorbed oxygen intermediates. These effects decreased the bonding of OH and O to Pt that inhibited the ORR kinetics and also stabilize Pt against oxidation and dissolution.




5.4.2. Unsupported Pd


Besides the most frequently used supported Pd catalysts, the application of nano-structured Pd as catalyst for the ORR has also been studied. For example, PdFe nanorods [211], PdCoxCNy [273], Pt monolayer supported on Pd/Pd3Fe [212] and Pd/SnO2 [213] demonstrated significantly increased ORR activity. The catalytic activity of Pd could become comparable to that of Pt upon appropriate modification of its electronic structure. The surface specific activity of Pd nanorods (Pd-NRs) toward the ORR was found to be not only 10-fold higher than that of Pd nanoparticles (Pd-NPs), but also comparable to that of Pt at operating potentials of fuel cell cathodes [264]. Zhang et al. [194] prepared PdFe-nanoleaves with Pd-rich nanowires surrounded by Fe-rich sheets. The structure demonstrated three times increased specific activity and 2.7 times increased mass activity compared witha commercial Pt/C catalyst.5.5. Singal Fuel Cell Characterizations



Two kinds of fuel cells, the PEMFC feeding with H2/O2 and direct alcohol (ethanol of methanol) fuel cells, were studied by using above mentioned catalysts. In PEMFC applications, Tang et al. [195] proved the performance of Pd/C was much less than that of the commercial Pt/C. Single cell with Pd/C as the cathode displayed a maximum power density of 508 mW cm−2 which was almost half of that of commercial Pt/C catalyst. This result was the same with the half cell test, that is, the performance of Pd/C catalyst was much inferior to that of the Pt/C catalyst for the ORR. Thanasilp et al. [256] studied the influence of Pt:Pd atomic ratios on a carbon supported upon its suitability as a cathode for a PEMFC. Although the different Pt:Pd atomic ratios had a significant effect on the performance in a H2/O2 fuel cell, the performance of the PdPt alloy was still much lower than that of Pt/C catalyst. Rosa et al. [274] directly sprayed Pd ink on carbon paper to form a novel oxygen diffusion electrode for the PEMFC, but the utilization efficiency of Pd was not satisfactory. With the help of nanotechnology, the performance of Pd catalyst with novel nano-structures as the PEMFC cathode was greatly improved. Li et al. [211] synthesized PdFe nanorods with tunable length which showed a better PEMFC performance than that of the commercial Pt/C due to their high intrinsic activity to ORR at reduced cell inner resistance and improved mass transport.



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






6. Conclusions and Future Perspective


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



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



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



Considering the cost and comparable activity with Pt, the Pd-based catalysts are potential candidates as main catalysts for fuel cells to reduce the use of Pt and the cost for commercialization.
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