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Abstract 

The dual-layer electrode for fuel cells is typically prepared by binding discrete 

catalyst nanoparticles onto a diffusion layer. Such a random packing forms a dense 

catalyst layer and thus creates a barrier for mass/ion transport, particularly for direct 

liquid fuel cells. Three-dimensional porous electrodes, a thin nano-porous catalyst 

layer uniformly distributed on the matrix surface of a foam-like structure, are 

typically employed to improve the mass/ion transport. Such a three-dimensional 

porous structure brings two critical advantages: i) reduced mass/ion transport 

resistance for the delivery of the reactants via shortening the transport distance and ii) 

enlarged electrochemical surface area, via reducing the dead pores, isolated particles 

and severe aggregations, for interfacial reactions. Moreover, the three-dimensional 

design is capable of fabricating binder-free electrodes, thereby eliminating the use of 

ionomers/binders and simplifying the fabrication process. In this work, three types of 

three-dimensional porous electrode are fabricated, via different preparation methods, 

for direct formate fuel cells: i) Pd/C nanoparticles coating on the nickel foam matrix 
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surface (Pd-C/NF) via a dip-coating method, ii) Pd nanoparticles depositing on the 

nickel foam matrix surface (Pd/NF) via reduction reaction deposition, and iii) Pd 

nanoparticles embedding in the nickel foam matrix (Pd/(in)NF) via replacement 

reaction deposition. The latter two are binder-free three-dimensional porous 

electrodes. As a comparison, a conventional dual-layer design, Pd/C nanoparticles 

painting on the nickel foam layer (Pd-C//NF), is also prepared via direct painting 

method. It is shown that the use of the three-dimensional Pd-C/NF electrode as the 

anode in a direct formate fuel cell results in a peak power density of 45.0 mW cm-2 at 

60 oC, which is two times of that achieved by using a conventional dual-layer design 

(19.5 mW cm-2). This performance improvement is mainly attributed to the unique 

three-dimensional structure design, which effectively enhances the mass/ion transport 

through the porous electrode and enlarges the electrochemical surface area (accessible 

active area) for interfacial reactions. In addition, the delivery of the fuel solution is 

still sufficient even when the flow rate is as low as 2.0 mL min-1. It is also 

demonstrated that direct formate fuel cells using two binder-free electrodes yield the 

peak power densities of 13.5 mW cm-2 (Pd/(in)NF) and 14.0 mW cm-2 (Pd/NF) at 60 

oC, respectively, both of which are much lower than the power density achieved by 

using the Pd-C/NF electrode. This is because the electrochemical surface areas of two 

binder-free electrodes are much smaller than the Pd/C-based electrodes, since the 

specific area of Pd/C nanoparticles is much larger.  

Keywords: Direct formate fuel cells; dual-layer structure; three-dimensional porous 

structure; binder-free; mass/ion transport; electrochemical surface area
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1. Introduction 

The global energy demand has reached 14×109 TOE (ton of oil equivalent) per year, 

over 80% of which comes from the use of the oil, coal and natural gases [1]. The fast 

consumption rate has led to the depletion of these fossil fuels in the years to come. 

The massive use of fossil fuels also creates enormous environmentally harmful gases 

and soot, which seriously damages the living environment and the health of humans. 

Another issue will also be a challenge of meeting the enormous global energy demand. 

Hence, it is critically important to develop various sustainable energy technologies, 

such as fuel cells, solar cells, wind turbines, and even nuclear stations to achieve the 

clean energy supply as well as overcome the energy crisis and environmental 

pollution issues.  

As an emerging sustainable power generation technology, direct formate fuel cells 

(DFFCs), which directly convert the chemical energy stored in formate to electricity, 

have received ever-increasing attentions, primarily because of the following superior 

features: i) the fuel, formate, can be easily stored, transported and handled in solid 

state [2]; ii) formate oxidation reaction is facile in alkaline medium, particularly on 

Pd-based catalysts, which are less expensive than Pt-based ones [3]; iii) the products, 

such as water and carbonates, are safe to the operators, users and the environment, 

since they are non-toxic, inflammable and environmentally friendly small molecules 

[4]; iv) the theoretical open-circuit voltage (OCV) is as high as 1.45 V [5], which 

exceeds those of other fuel cells, e.g., 1.23 V of proton exchange membrane fuel cells 
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[6], 1.21 V of direct methanol fuel cells [7-10], 1.14 V of direct ethanol fuel cells [11], 

1.09 V of direct ethylene glycol fuel cells [12-18] and 1.09 V of direct 

peroxide-peroxide fuel cells [19]; and v) the fuel, formate, can be produced via 

electrochemical/photoelectrochemical reactions, serving as the energy storage 

medium [20]. Because of the outstanding safety and convenience in operation as well 

as the compact and light-weighted structure, DFFCs are even more suitable for 

powering mobile vehicles and portable electronic devices [21]. 

Although promising, the widespread commercialization of this fuel cell technology is 

hindered by its high cost, which results from the use of high-loading expensive 

catalysts. The DFFCs have to employ noble metal catalysts, e.g., Pt and Pd, for the 

anodic formate oxidation reaction (FOR) [3]. An effective approach to reducing the 

system cost is to increase the utilization efficiency of catalysts and thus decrease the 

catalyst loading. Hence, many efforts have been made to achieve rational porous 

electrode designs for DFFCs [3, 22-25]. The first DFFC was developed and 

demonstrated by Bartrom et al. [3], in which the electrodes were prepared using the 

painting technique. The electrodes with a dual-layer design consisted of a diffusion 

layer (made of carbon cloth) and a catalyst layer (Pd black on the anode and Pt black 

on the cathode, with a loading of 2.0 mg cm-2). A peak power density of 144 mW cm-2 

was achieved when this DFFC was operated at 60 oC with a fuel solution flow 

containing 2.0 M potassium formate and 2.0 M potassium hydroxide fed at 1.0 mL 

min-1 and a pure oxygen flow fed at 100 sccm (standard cubic centimeter per minute). 

Bartrom et al. [22] further optimized the anode fabrication method via adjusting the 
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catalyst loading (2.0-12.0 mg cm-2), catalyst substrate (directly sprayed on the 

membrane or brushed on the diffusion layer), and mass ratio of ionomer to catalyst 

(1:3-1:12). It was found that when 4.0 mg cm-2 was sprayed on the membrane, 

additionally 4.0 mg cm-2 was brushed on the diffusion layer, and the ionomer to 

catalyst ratio was 1:6, the DFFC reached a peak power density of 267 mW cm-2. 

Nguyen et al. [23] fabricated and investigated an anion exchange membrane (AEM) 

Pt-free DFFC, where the anode was a piece of Pd black painted carbon cloth and the 

cathode was a piece of Fe-Co painted carbon paper. This DFFC yielded a peak power 

density of 35 mW cm-2 at 20 oC when operated with a 1.0-mL min-1 fuel solution flow 

having 1.0 M potassium formate and 2.0 M potassium hydroxide as well as a 

400-sccm air flow. Zeng et al. [24] developed a DFFC employing a home-made 

quaternized polysulfone membrane, a piece of Pd/C painted nickel foam as the anode 

and a piece of Fe-Co painted carbon paper as the cathode. The fuel cell generated a 

peak power density of 250 mW cm-2 at 80 oC, when operated with a 1.0-mL min-1 fuel 

solution flow containing 1.0 M potassium formate and 2.0 M potassium hydroxide as 

well as a 100-sccm pure oxygen flow. Li et al. [25] developed a DFFC using a cation 

exchange membrane (CEM) (a pre-treated Nafion 211 membrane) and a pair of Pd/C 

painted carbon paper as anode and cathode, respectively, which was capable of 

producing electricity and base simultaneously. The maximum current density was 210 

mA cm-2 and a peak power density of 36 mW cm-2 were obtained at 80 oC with a fuel 

solution flow containing 2.0 M sodium formate fed at 1.0 mL min-1 and a pure oxygen 

flow fed at 100 sccm. In addition, a high-performance direct formate-peroxide fuel 
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cell (DFPFC), which replaces the oxygen with hydrogen peroxide as the oxidant, was 

also extensively studied [26-29]. Li et al. [26] tested the performance of an alkali-free 

CEM DFPFC, which used a piece of Pd/C painted carbon paper as the anode and a 

piece of Pt/C painted wet-proofing micro-porous layer-based carbon paper as the 

cathode. This DFPFC resulted in a peak power density of 38 mW cm-2 at 40 oC, when 

operated with a 1.0-mL min-1 fuel flow containing 7.0 M potassium formate and a 3.0 

mL min-1 oxidant flow containing 15 wt. % hydrogen peroxide. Li et al. [27] further 

comprehensively investigated the performance characteristics of DFPFCs. The effects 

of not only the operation conditions but also the catalyst loadings on the fuel cell were 

tested. After optimization, the peak power density was improved to 600 mW cm-2. 

The optimal parameters were 2.0 mg cm-2 Pd loading at the anode, 2.0 mg cm-2 Pt 

loading at the cathode, 1.0 M sodium formate and 3.0 M sodium hydroxide in the fuel 

solution, as well as an operating temperature of 60 oC. Moreover, some other passive 

designs were also fabricated and demonstrated [21, 28, 29]. Copenhaver et al. [28] 

presented a paper‐based dual-cell microfluidic DFFC. The cell was composed on a 

paper substrate, with a Y‐shaped microfluidic flow field for each side, several Pd/C 

dots as the anode and several colloidal graphite dots as the cathode, resulting in a Pd 

loading of 0.2 mg cm-2 on each side. A peak power density of 2.5 mW -1
Pdmg  was 

reached at room temperature, when operated with a fuel flow (5.0 M potassium 

formate and 1.0 M potassium hydroxide), as well as an oxidant flow (30 wt. % 

hydrogen peroxide and 1.0 M hydrogen chloride). This microfluidic DFFC can be 

operated under a passive supply, where fuel and oxidant flows are driven by the 
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capillary force and thus the use of external pumps is eliminated. Under such a supply 

mode, the output voltage maintained about 0.5 V at a current of 1.0 mA, and the 

discharging duration reached 15 mins. Galvan et al. [29] successfully optimized the 

structural design parameters, e.g., width and length of the flow field, materials of the 

current collector, and mass ratios of carbon in the composite catalyst, on this 

microfluidic paper-based DFFC. Three DFFCs with the optimized design were 

demonstrated in powering several LED lights and a handheld calculator. Su and Pan 

[21] developed a passive DFFC, which eliminated the use of pumps, gas compressors, 

and gas blowers. A piece of Pd/C sprayed carbon cloth was employed as the anode, a 

piece of Pt/C sprayed carbon cloth was employed as the cathode, and a CEM was 

used as the solid electrolyte. A peak power density of 16.6 mW cm-2 was achieved at 

60 oC, when this fuel cell was running on the anolyte containing 5.0 M sodium 

formate and 3.0 M sodium hydroxide.  

It can be seen from the literature review that the conventional dual-layer electrode is 

widely used in DFFCs, consisting of a diffusion layer and a catalyst layer. This 

dual-layer structure is just borrowed from proton exchange membrane fuel cells [30]. 

Such a random packing forms a dense catalyst layer and thus creates a barrier for 

mass/ion transport particularly for direct liquid fuel cells, including DFFCs. For this 

reason, three-dimensional porous electrodes, a thin nano-porous catalyst layer 

uniformly distributed on the matrix surface of a foam-like structure, are typically 

employed to improve the mass/ion transport and thus fuel cell performance. Therefore, 

three-dimensional porous structures have been extensively investigated to promote the 
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species transport in direct liquid fuel cells, such as direct alcohol fuel cells [33, 34, 40] 

and direct borohydride fuel cells [41-42]. Li et al. [33] compared the performance of 

direct ethanol fuel cells using a conventional dual-layer anode and a 

three-dimensional anode, respectively. It was found that the change from a dual-layer 

anode to a three-dimensional anode led to an increase in the peak power density from 

46.7 mW cm-2 to 74 mW cm-2 at 60 oC. Regarding a micro direct ethanol fuel cell, Li 

et al. [34] also found an improvement in the peak power density by 100~200% at 25 

oC with a three-dimensional electrode, achieved even at a very low flow rate (1.0 mL 

min-1). An et al. [40] developed a binder-free three-dimensional cathode for 

alkaline-acid direct ethanol fuel cells, which was formed by depositing highly 

dispersed gold nanoparticles onto a nickel-chromium (Ni-Cr) foam. With this 

three-dimensional cathode, the peak power density was increased from 135 mW cm-2 

(using a conventional dual-layer cathode) to 200 mW cm-2 at 60 oC, which is 

attributed to the fact that this three-dimensional cathode not only retards the H2O2 

decomposition, but also enhances the species transport. Guo et al. [41] proposed and 

fabricated a Ni-Co/NF electrode via ion implantation method for direct borohydride 

fuel cells. This electrode exhibited faster kinetics of the borohydride oxidation 

reaction, and the constant-potential discharging performance was extremely stable for 

more than 20 hours. Guo et al. [42] fabricated a three-dimensional CoB/NF electrode 

via reduction reaction deposition and applied it as the anode of a direct borohydride 

fuel cell. This fuel cell resulted in a high peak power density of 230 mW cm-2 at 40 

oC. 
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In this work, three types of three-dimensional porous electrode are fabricated, via 

different preparation methods, for DFFCs: i) Pd/C nanoparticles coating on the nickel 

foam matrix surface (Pd-C/NF) via a dip-coating method, ii) Pd nanoparticles 

depositing on the nickel foam matrix surface (Pd/NF) via reduction reaction 

deposition, and iii) Pd nanoparticles embedding in the nickel foam matrix (Pd/(in)NF) 

via replacement reaction deposition. Experimentally, it is demonstrated that the use of 

the three-dimensional Pd-C/NF electrode as the anode in a direct formate fuel cell 

results in a peak power density of 45.0 mW cm-2 at 60 oC, which is two times of that 

achieved by using a conventional dual-layer design (19.5 mW cm-2). This 

performance improvement is mainly attributed to the unique three-dimensional 

structure design, which effectively enhances mass/ion transport through the porous 

electrode and enlarges the electrochemical surface area for interfacial reactions. 

2. Analysis 

The dual-layer electrode consists of a diffusion layer and a catalyst layer, which is just 

borrowed from proton exchange membrane fuel cells. Figure 1 (a) shows the transport 

pathway from the flow channel through the diffusion layer to the catalyst layer in a 

dual-layer electrode. The transport distance includes the whole thickness of diffusion 

layer and approximately the half thickness of the catalyst layer. 

The approximate transport resistance through a dual-layer structure is given as [31, 

32]: 

DLE DL CL
i i iR =R +R                           (1) 
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where x
iR , xL and xε  are the resistance for the transport of the reactant i, thickness 

and porosity of the component x. x represents diffusion layer (DL), catalyst layer (CL) 

or dual-layer electrode (DLE), while iD  represents the diffusivity of the reactant i in 

the fuel solution. 

Although the catalyst layer is thin (thickness: ~ 30 - 50 µm [43, 44]), but quite dense 

(porosity: ~ 30% [45]), creating a barrier for mass/ion transport and limiting the 

accessibility of active sites.  

Three-dimensional porous electrode is made of a very thin nano-porous catalyst layer 

uniformly distributed on the matrix surface of a foam-like structure, which is typically 

employed to improve the mass/ion transport and thus fuel cell performance. The 

porous structure is a foam-like matrix and offers a very high porosity (typically > 

95% [40]), while catalyst nanoparticles are uniformly distributed on the matrix 

surface, creating a very thin catalyst layer and thus making it more accessible for 

reactants. Such a foam-like structure not only greatly shortens the transport distance 

for the delivery of reactants, but also largely increases the accessible active area for 

interfacial reactions. Figure 1 (b) the transport pathway from the flow channel to the 

nano-porous catalyst layer in a three-dimensional electrode. The transport distance 

includes approximately the half thickness of the foam-like structure and the half 

thickness of the catalyst layer.  
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The approximate transport resistance through a three-dimensional structure is given as 

[31, 32]: 

3 3
2 2

11
TDE,CL2TDE TDE2

i
TDE i CL i

LLR = +
ε D ε D

                         (4) 

where TDEL  and TDEε  are the thickness and porosity of a three-dimensional 

electrode (TDE), while TDE,CLL  and CLε  the thickness and porosity of the catalyst 

layer in the three-dimensional electrode.  

The typical thickness of a nickel foam adopted in fuel cell applications is ~ 1.0 mm 

[33], while the specific surface area is ~ 5 - 10ⅹ103 m-1 (m2/m3) [40, 46]. Hence, the 

surface area of the catalyst layer that directly contacts the fuel solution will be 

increased by 5 - 10 times while the thickness will be slightly reduced to 10% - 20% in 

a three-dimensional electrode: 

TDE,CL CL
1 1L ( ~ ) L

10 5
≈ ×                       (5) 

As the nano-porous catalyst layer thickness is much smaller than the pore size of 

nickel foam (~ 200 µm [33]) and the nickel foam thickness (~ 1.0 mm [33]), the 

presence of the uniformly distributed catalyst nanoparticles on the form-like matrix 

will not significantly affect the dimension of the form-like structure. Hence, we can 

have 

TDE DLL L≈  and TDE DLε ε≈                    (6) 

Hence, combining the above-mentioned equations results in the following relation 

3 3 3 3
2 2 2 2

11 1
TDE,CL2TDE DL CL DL CL DLETDE CL2 DL 2

i i i i i i
TDE i CL i DL i CL i

LL LL1 1 1 1 1 1R = + +( ~ ) = R +( ~ )R <R +R =R
2 10 5 2 10 5ε D ε D ε D ε D

≈

   (7) 
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Therefore, such a three-dimensional porous structure can reduce the mass/ion 

transport resistance for the delivery of the reactants via shortening the transport 

distance. In addition, the unique design is capable of largely increasing the accessible 

surface area for interfacial reactions. 

3. Experiments 

3.1 Preparations of porous electrodes 

Three types of three-dimensional porous electrode are fabricated, via different 

preparation methods, for DFFCs: i) Pd/C nanoparticles coating on the nickel foam 

matrix surface (Pd-C/NF) via a dip-coating method [33], ii) Pd nanoparticles 

depositing on the nickel foam matrix surface (Pd/NF) via reduction reaction 

deposition [35], and iii) Pd nanoparticles embedding in the nickel foam matrix 

(Pd/(in)NF) via replacement reaction deposition [36]. As a comparison, a 

conventional dual-layer design, Pd/C nanoparticles painting on the nickel foam layer 

(Pd-C//NF), is also prepared via direct painting method [37]. The metallic catalyst 

loadings of four electrodes are the same, i.e.,1.0 mg cm-2. The specific preparation 

procedures are given as follows: 

3.1.1. Pd/C nanoparticles painting on the nickel foam layer (Pd-C//NF) 

i) The Pd/C catalyst (60 wt. %, Sigma-Aldrich Co., USA) was mixed with the 

PTFE suspension solution (60 wt. %, Fuel Cell Store, USA) and an appropriate 

amount of pure ethanol. PTFE weight content in the catalyst layer is 5 wt. %. 

ii) The mixture was continuously stirred in an ultrasonic bath for 20 minutes. 

iii) The well dispersed ink was painted onto the nickel foam layer. 
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iv) The painted nickel foam was dried and weighed. 

v) Steps iii) and iv) were repeated until the metallic loading reached 1.0 mg cm-2. 

vi) The painted nickel foam was trimmed into pieces with a geometric area of 1.0 cm 

× 1.0 cm and stored in cabinet prior to further use. 

3.1.2. Pd/C nanoparticles coating on the nickel foam matrix surface (Pd-C/NF) 

i) The nickel foam piece was trimmed out in a geometric area of 1.0 cm × 1.0 cm. 

ii) The nickel foam was immersed in a mixture of acetone and ethanol with a 

volume ratio of 1:1 in an ultrasonic bath for 20 minutes and then transferred into a 1.0 

M HCl solution for 15 minutes, to remove the surficial grease and metal oxide. 

iii) The Pd/C catalyst (60 wt. %, Sigma-Aldrich Co., USA) was mixed with the 

PTFE suspension solution (60 wt. %, Fuel Cell Store, USA) and an appropriate 

amount of pure ethanol. PTFE weight content in the coating layer is 5 wt. %. 

iv) The nickel foam was immersed in the diluted catalyst ink for 1 minute and then 

dried in the air (by a hot blower), as well as weighed.  

v) Step iv) was repeated until the metallic loading (Pd) reached 1.0 mg cm-2. 

3.1.3. Pd nanoparticles depositing on the nickel foam matrix surface (Pd/NF) 

i) The nickel foam piece was trimmed out in a geometric area of 1.0 cm × 1.0 cm 

and then pre-treated in the same way of the second step in Section 3.1.2. 

ii) The nickel foam was first placed in a beaker. A 10.0-mM NaBH4 solution (1.0 mL 

is sufficient to reduce Pd2+ ions) and a 5.0-mM PdCl2 solution (1.9 mL based on the 

Pd loading of 1.0 mg cm-2) were sequentially added into the beaker. The mixture was 

vigorously stirred for 15 minutes. In this procedure, Pd+ ions were reduced to Pd 
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nanoparticles, which were deposited on the surface of the nickel foam to form the 

three-dimensional porous electrode: 

NF2+ - + -
2 4 24Pd +2H O+BH 4Pd/NF+8H +BO→                (8) 

iii) The as-prepared electrode was washed with the DI water and stored in the DI 

water. 

3.1.4. Pd nanoparticles embedding in the nickel foam matrix (Pd/(in)NF) 

i) The nickel foam piece was trimmed out in a geometric area of 1.0 cm × 1.0 cm 

and then pre-treated in the same way of the second step in Section 3.1.2. 

ii) The nickel foam was immersed in a 5.0-mM PdCl2 solution (1.9 mL based on the 

Pd loading of 1.0 mg cm-2). In this procedure, Pd+ ions reacted with nickel on the 

matrix surface to form Pd nanoparticles, which were embedded in the nickel foam 

matrix: 

NF2+ 2NF Pd Pd/(in)NF+Ni ++ →                    (9) 

iii) After 12-hour immersion, the as-prepared electrode was washed in the DI water 

to remove the redundant chemicals and stored in the DI water prior to further use.  

3.2. Pre-treatment of anion exchange membranes 

Prior to the assembly of fuel cells, AEMs (Fumasep FAS-30, Fuel Cell Store, USA) 

was pre-treated to exchange the Br- ions with the OH- ions. Several pieces of AEM 

were immersed in a 1.0-M NaOH solution for 24 hours, followed by being rinsed in 

the DI water to remove the redundant NaOH. After that, the AEMs were stored in DI 

water before further use. 

3.3. Fabrication of membrane electrode assemblies  
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Each membrane electrode assembly (MEA) consists of an as-prepared anode, a 

pre-treated AEM and a commercial cathode (Pt/C nanoparticles painted carbon paper 

with a metallic loading of 2.0 mg cm-2, purchased from Johnson Matthey). The 

geometric area of four MEAs was 1.0 cm × 1.0 cm. 

3.4. Assembly of fuel cells 

Each fuel cell was constructed by fixing a MEA with two flow field plates, which 

were made of stainless steel 316L, as shown in Figure 3. Each flow field plate 

possessed a 0.5-mm deep and 1.0-mm wide single serpentine flow channel. Gaskets, 

wooden insulators, connectors, bolts and nuts were used to complete the fuel cell 

setup. 

3.5. Physical and electrochemical characterizations of four porous electrodes  

The morphologies of four porous electrodes were observed by using a scanning 

electron microscopy (SEM) (TESCAN MAIA3, Japan). The ECSAs were measured 

via cyclic voltammetry (CV), which were conducted using a three-electrode 

electrochemical cell and an electrochemical workstation (CHI-605C, CH Instruments, 

China), as shown in Figure 4. The three-electrode electrochemical cell was consisted 

of an as-prepared electrode as working electrode, a standard Hg/HgO electrode as 

reference electrode, a Pt mesh as counter electrode and 0.1 M KOH aqueous solution 

as the electrolyte. The scan rate was 50 mV s-1, and the potential window was in a 

range from -0.926 V to 0.274 V (vs. reference electrode). 

3.6. Fuel cell testing 

The fuel cell performance was tested in a home-constructed fuel cell testing system, 



 16 

which included a fuel supply system, an oxygen supply system, a temperature 

controlling system and a fuel cell testing workstation (BT2000, Arbin instrument Inc.), 

as shown in Figure 5. The fuel supply system employed a peristaltic pump (BT100-2J, 

Longer Pump Co.) to feed the fuel solution from a “fresh fuel solution” reservoir to 

the anode flow field, and the exhausted solution was collected in another reservoir. 

Pure oxygen was withdrawn from a high-pressure gas cylinder and delivered into the 

cathode flow field, as well as its flow rate was controlled by a flowmeter 

(Cole-Parmer International, USA). The temperature controlling system was employed 

to heat up the fuel cell and maintain the temperature as desired. It was constructed by 

a heating rod and a thermocouple, as well as an automatic temperature controller. An 

electric load was used to control the discharging current for performance 

measurements. 

4. Results and discussion 

4.1. Physical and chemical characterizations of four porous electrodes 

Figure 6 shows the scanning electron microscope (SEM) images of the as-prepared 

electrodes at different scales (200X, 1,000X and 10,000X). The morphologies of 

different types of porous electrode can be seen: i) in the dual-layer Pd-C//NF 

electrode, the Pd/C catalyst nanoparticles were well dispersed and randomly packed 

on the backing layer, forming a dense catalyst layer on the nickel foam and thus 

creating a high mass/ion transport resistance; ii) in the three-dimensional Pd-C/NF 

electrode, the Pd/C catalyst nanoparticles were uniformly distributed on the matrix 

surface of the nickel foam, resulting in an ultrathin catalyst layer and thus creating 
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more electrochemical surface area accessible for interfacial reactions; iii) in the 

three-dimensional Pd/NF electrode, Pd nanoparticles were well dispersed and 

deposited on the matrix surface of the nickel foam, forming a binder-free 

three-dimensional porous electrode; and iv) in the Pd/(in)NF electrode, Pd 

nanoparticles were embedded in the matrix surface of the nickel foam, forming a 

binder-free three-dimensional porous electrode. 

In fuel cells, only the electrochemical surface (active site), i.e. triple phase boundary 

that offers three continuous transport pathways for mass, ions and electrons, 

respectively, can make the electrochemical reactions occur [49]. When the catalyst 

nanoparticles form a structure, some catalyst surface will be sacrificed due to the 

formation of dead pores and isolated particles, leading to the discontinuous pathways 

for mass, ions or electrons. In addition, the ionomer/binder can also cover the catalyst 

surface, blocking the transport pathway for mass, ions or electrons. Moreover, some 

severely aggregated nanoparticles do not provide large enough pores for effective 

transport of reactants, limiting the electrochemical surface of the functional electrode. 

For these reasons, although the catalyst loading is the same, the four electrodes have 

different structures and thus the corresponding ECSAs are different. 

In this work, we also measured the ECSA for each porous electrode, as shown in 

Figure 7. The overall ECSAs (unit: m2) and the specific ECSAs (unit: m2 g-1) of the 

four porous electrodes were calculated from the CV results, based on the assumption 

that the specific charge to reduce the monolayer of PdO into Pd is the same. The 

calculation formula is given as [33, 38, 39]: e 
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ECSA=Q/q                            (4) 

where Q is the total cathodic charge in the CV test, and q is the specific charge to 

reduce the PdO monolayer, i.e., 405 µC cm-2 [33, 38, 39]. The calculated ECSAs and 

specific ECSAs of the four electrodes are summarized in Table 1. The ECSA of the 

dual-layer Pd-C//NF electrode was 0.080 m2 and its specific ECSA was 79.6 m2 -1
Pdg , 

which is comparable to the result (71 m2 -1
Pdg ) measured by Pattabiraman et al. [38]. 

The three-dimensional Pd-C/NF electrode offered a higher specific ECSA (91.6 m2 

-1
Pdg , 15.1% higher than the conventional dual-layer design), primarily because the 

catalyst layer thickness is greatly reduced and thus the formations of the dead pores, 

isolated particles and the severe aggregation of the nanoparticles are reduced. Two 

binder-free electrodes, i.e., Pd/NF and Pd/(in)NF, showed much lower specific 

ECSAs due to the too large particles sizes and thus the smaller specific surface area 

[47, 48]. On the other hand, the CV results also show that the different peak locations 

indicate that the Pd catalyst nanoparticles on the four porous electrodes showed 

different activities. Although all the functional catalysts (carbon supported or nickel 

foam supported) of the four porous electrodes were the Pd nanoparticles, the different 

activities were caused by various side products during preparation, which strongly 

depends on the preparation methods: i) Pd oxides, i.e., PdO and PdO2, are formed in 

the oxidation reaction on the active Pd sites by the ambient air [50]; ii) PdNi alloys, 

i.e., PdNi, PdNi2 and PdNi3, are formed in the replacement reaction between the 

nickel foam matrix with the Pd2+ ions [51]; iii) Pd hydride, i.e., PdHx, are formed 

during the reduction reaction between Pd nanoparticles and highly-reductive NaBH4 
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[52]. On the other hand, the above-mentioned side reactions also led to a change in 

the crystal structure of the Pd metal [53]. Hence, the different chemical compositions 

on the four porous electrodes and the change of the Pd crystal structure resulted in the 

different activities. 

4.2. Fuel cell performance comparison  

In addition to chemical characterizations of the four porous electrodes in a 

three-electrode electrochemical system, we also designed (Figure 3a), fabricated 

(Figure 3b) and tested (Figure 5) the four DFFCs using the four as-prepared porous 

electrodes as the anode, respectively. Figure 8 shows the polarization curves and the 

power density curves of the DFFCs at 60 oC, fed with the respective optimal NaOH 

concentration, i.e., 3.0 M for Pd-C//NF, 3.0 M for Pd-C/NF, 5.0 M for Pd/NF and 1.0 

M for Pd/(in)NF. The difference in the optimal NaOH concentration for the four 

DFFCs, primarily resulting from the different catalytic activities and the transport 

characteristics of the four porous electrodes. It is seen from Figure 8 that the DFFC 

using the three-dimensional Pd-C/NF electrode yielded a much better performance 

than that using the conventional dual-layer Pd-C//NF electrode did: i) the OCV of the 

DFFC was increased from 0.87 V to 0.97 V with replacing the conventional 

dual-layer Pd-C//NF electrode by the three-dimensional Pd-C/NF electrode; ii) the 

peak power density of the DFFC using the Pd-C/NF electrode was 45.0 mW cm-2, 

which was more than two times higher than that using the Pd-C//NF electrode (19.5 

mW cm-2); and iii) the maximum current density yielded by the DFFC using the 

Pd-C/NF electrode was 230 mA cm-2, which was over two times higher than the 
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conventional design (90 mA cm-2). The improved performance with the 

three-dimensional Pd-C/NF electrode can be explained as follows. i) As discussed in 

Section 2, the mass/ion transport resistance of the electrode can be greatly reduced 

with a three-dimensional structure, which increases the reactant concentration in the 

catalyst layer during the fuel cell operation, lowering the concentration and activation 

losses. ii) The ECSA of the three-dimensional Pd-C/NF electrode is higher than that 

of the dual-layer Pd-C//NF electrode, as supported by the ECSA results, which lowers 

the local current density and thus the activation loss. Hence, the increased 

concentration of reactants and the enlarged ECSA by using the three-dimensional 

Pd-C/NF electrode lower the concentration and activation losses, resulting in a 

superior fuel cell performance  

It can be also seen that the peak power densities achieved by using two binder-free 

electrodes were relatively low (13.5 mW cm-2 of the Pd/NF electrode and 14.0 mW 

cm-2 of the Pd/(in)NF electrode), which were even lower than that using the 

dual-layer electrode (19.5 mW cm-2). The low performance is mainly attributed to 

much smaller ECSAs yielded by two binder-free electrodes, as supported by the CV 

results, seriously increasing the local current density and thus the activation loss. 

Figure 9 shows the polarization curves and peak power density curves at various 

NaOH concentrations, i.e., 0, 1.0, 3.0, and 5.0 M. It is seen from Figure 9 that at each 

NaOH concentration, the DFFC using the three-dimensional Pd-C/NF electrode 

showed much higher performance than that using the conventional dual-layer 

Pd-C//NF electrode. At 0 M NaOH concentration in the fuel solution, the DFFC using 
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the three-dimensional Pd-C/NF electrode yielded an OCV of 0.79 V, a peak power 

density of 15.2 mW cm-2 and a maximum current density of 100.0 mA cm-2, while the 

one using the dual-layer Pd-C//NF yielded an OCV of 0.71 V, a peak power density of 

8.2 mW cm-2 and a maximum current density of 50.0 mA cm-2; ii) at 1.0 M NaOH 

concentration in the fuel solution, the DFFC using the three-dimensional Pd-C/NF 

electrode yielded an OCV of 0.97 V, a peak power density of 36.3 mW cm-2 and a 

maximum current density of 160.0 mA cm-2, while the one using the dual-layer 

Pd-C//NF yielded an OCV of 0.87 V, a peak power density of 19.0 mW cm-2 and a 

maximum current density of 100.0 mA cm-2; iii) at 3.0 M NaOH concentration in the 

fuel solution, the OCV yielded by the DFFC using the three-dimensional Pd-C/NF 

electrode was 0.97 V, the peak power density was 45.0 mW cm-2 and the maximum 

current density was 215.0 mA cm-2, while the OCV yielded by using the dual-layer 

Pd-C//NF was 0.88 V, the peak power density was 19.5 mW cm-2 and the maximum 

current density was 90.0 mA cm-2; and iv) at 5.0 M NaOH concentration in the fuel 

solution, the OCV yielded by using the three-dimensional Pd-C/NF electrode was 

0.98 V, the peak power density was 44.3 mW cm-2 and the maximum current density 

was 200.0 mA cm-2, while the OCV yielded by using the dual-layer Pd-C//NF was 

0.91 V, the peak power density was 14.2 mW cm-2 and the maximum current density 

was 65.0 mA cm-2. The above-mentioned results further confirmed the superior fuel 

cell performance by using the three-dimensional Pd-C/NF electrode.  

The DFFCs, fabricated by using two binder-free electrodes, showed lower 

performance than those using the binder-based electrodes (Pd-C//NF and Pd-C/NF), 
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as much lower ECSAs yielded by the binder-free electrodes, seriously increasing the 

local current density and thus the activation loss. When the NaOH concentration was 

0 M in the fuel solution, the fuel cell performance using the three-dimensional 

binder-free Pd/NF electrode was extremely low (peak power density is only 3.1 mW 

cm-2), since the Pd nanoparticle size on the Pd/NF electrode was relatively larger and 

thus the ECSA was even lower than the other binder-free Pd/(in)NF electrode. When 

the NaOH concentration was increased to 1.0 M, the peak power densities using the 

Pd/NF and Pd/(in)NF electrodes were increased to 8.7 and 13.0 mW cm-2, 

respectively. When the NaOH concentration was further increased to 3.0 M, the peak 

power densities using the two binder-free electrodes were comparable: i) the peak 

power density of using the Pd/NF electrode was increased to 9.9 mW cm-2, as the 

oxidation of the COads species on the Pd hydride surface was facilitated by the 

increased OH- concentration; and ii) while the peak power density using the 

Pd/(in)NF electrode was decreased to 11.2 mW cm-2, as the adsorption of HCOO- ions 

on the Pd and PdNi surface was hindered by the excessive OH- ions [54]. 

4.3. Effect of the NaOH concentration 

Figure 10 shows the effect of the NaOH concentration on the fuel cell performance. It 

is seen that the NaOH concentration significantly affects the DFFC performance: i) 

when the NaOH concentration was increased from 0 to 3.0 M, the peak power 

densities using the Pd-C//NF electrode and the Pd-C/NF electrode were increased 

from 8.2 and 15.2 mW cm-2 to 19.5 and 45.0 mW cm-2, respectively, because the 

oxidation of the COads species on the Pd surface was enhanced by the increased 
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OH- concentration [54], and increasing the NaOH concentration will enhance the 

electrochemical reaction kinetics and enhance the transport of hydroxide ions; ii) 

when the NaOH concentration was further increased to 5.0 M, the peak power density 

using the Pd-C//NF electrode was significantly decreased to 14.2 mW cm-2, which is 

mainly attributed to the increased fuel solution viscosity by increasing the NaOH 

concentration that slows down the transport rate of formate ions to the anode catalyst 

layer and thus decreases the formate concentration in the anode catalyst layer; and iii) 

similarly, the peak power density of the DFFC using the Pd-C/NF electrode was 

slightly decreased to 44.3 mW cm-2. Hence, the optimal NaOH concentration results 

from a balance between the insufficient OH- ions in the catalyst layer at a low NaOH 

feeding concentration, and the excessive NaOH- ions hindering the transport and 

adsorption of formate ions. Specially, the optimal NaOH concentrations are 3.0 M for 

the DFFCs using the Pd-C//NF and Pd-C/NF electrodes, 5.0 M for the DFFC using 

the Pd/NF electrode, and 1.0 M for the DFFC using the Pd/(in)NF electrode. The 

difference in the optimal NaOH concentration among the four DFFCs can be 

attributed to the different transport characteristics and catalytic activities. The latter 

one is due to the side products induced during the electrode preparations: i) in the 

replacement reaction between the nickel foam matrix and Pd2+ ions, PdNi alloys, i.e., 

PdNi, PdNi2 and PdNi3, were formed [51]; and ii) in the reduction reaction between 

Pd nanoparticles and highly-reductive NaBH4, Pd hydride, i.e., PdHx, were formed 

[52]. Hence, the side products led to the different adsorption rates of formate and 

hydroxide ions on the active sites. 
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4.4. Effect of the anolyte flow rate 

Figure 11 shows the polarization curves and peak power density curves at various fuel 

solution (anolyte) flow rates (1.0, 2.0 and 10.0 mL min-1). For the DFFC using the 

Pd-C//NF electrode, increasing the flow rate slightly increased both the peak power 

density and the maximum current density: the peak power density was increased from 

14.7 to 15.8 mW cm-2, while the maximum current density was increased from 60.0 to 

75.0 mA cm-2. The increment in the fuel cell performance is attributed to the fact that 

the reactant concentration drop in the anode flow field was decreased with the faster 

delivery of the fuel solution and thus increase the reactant concentration in the 

catalyst layer. The increment for the DFFC using the Pd-C//NF electrode was very 

limited, as the relatively long transport distance for this type of electrode structure. In 

the DFFC using the three-dimensional Pd-C/NF electrode, with increasing the flow 

rate from 1.0 to 2.0 mL min-1, the peak power density was significantly increased 

from 16.7 to 28.7 mW cm-2 and the maximum current density was increased from 

75.0 to 115.0 mA cm-2. With a further increase of the flow rate to 10.0 mL min-1, the 

peak power density and maximum current density were almost unchanged (27.9 mW 

cm-2 and 115.0 mA cm-2). This phenomenon indicates that the delivery of the reactants 

in the anode flow field was sufficient even when the flow rate was as low as 2.0 mL 

min-1. In the two binder-free electrodes, the aggravation of fuel crossover with the 

anolyte flow rate was found. The peak power density of the DFFC using the Pd/NF 

electrode was firstly increased from 7.1 to 8.3 mW cm-2 with the flow rate from 1.0 to 

2.0 mL min-1, and thus decreased significantly to 6.0 mW cm-2 with a further increase 
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of the flow rate to 10.0 mL min-1. The decrease in the DFFC performance using the 

Pd/NF electrode is attributed to the extremely high permeability of the electrode 

structure to the fuel, resulting from the extremely thin Pd nanoparticle monolayer on 

the matrix surface. The fuel crossover in the DFFC using the Pd/(in)NF electrode was 

even more serious: the peak power density was decreased from 8.0 to 4.8 mW cm-2 

with the flow rate from 1.0 to 2.0 mL min-1, because the Pd nanoparticles was 

embedded into the nickel foam surface and thus the permeability of this electrode 

structure was even higher. 

5. Concluding remarks 

In this work, we have designed, fabricated and evaluated three types of 

three-dimensional porous electrode via different preparation methods: i) Pd/C 

nanoparticles coating on the nickel foam matrix surface (Pd-C/NF) via a dip-coating 

method, ii) Pd nanoparticles depositing on the nickel foam matrix surface (Pd/NF) via 

reduction reaction deposition, and iii) Pd nanoparticles embedding in the nickel foam 

matrix (Pd/(in)NF) via replacement reaction deposition. As a comparison, a 

conventional dual-layer design, Pd/C nanoparticles painting on the nickel foam layer 

(Pd-C//NF), is also prepared via direct painting method. An analysis on the mass/ion 

transport characteristics of three-dimensional porous electrodes shows that the 

three-dimensional structure can greatly reduce the resistance via shortening the 

transport distance, as compared to the conventional dual-layer structure. 

Experimentally, it is demonstrated that the use of the three-dimensional Pd-C/NF 

electrode as the anode in a direct formate fuel cell results in a peak power density of 
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45.0 mW cm-2, when the fuel cell is operated with a 1.0 mL min-1 fuel solution 

containing 1.0 M HCOONa and 3.0 M NaOH as well as a 100 sccm oxygen flow at 

60 oC, which is over two times higher than that using a conventional dual-layer design 

(19.5 mW cm-2). This performance improvement is mainly attributed to the unique 

three-dimensional structure design, which effectively enhances mass/ion transport 

through the porous electrode and enlarges the electrochemical surface area for 

interfacial reactions. It also can be concluded that in order to obtain a 

high-performance three-dimensional porous electrode for direct liquid fuel cells, it is 

critically important to maximize the electrochemical surface area while maintaining 

the transport properties of the porous electrode, such as effective diffusivity and 

permeability. 
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Figure captions 

Figure 1 Transport characteristics in (a) a dual-layer electrode and (b) a 

three-dimensional electrode of direct liquid fuel cells.  

Figure 2 Structural characteristics of (a) a dual-layer electrode and (b) three types of 

three-dimensional electrode. 

Figure 3. (a) Design and (b) fabrication of the present direct formate fuel cell. 

Figure 4. The three-electrode electrochemical cell and electrochemical workstation. 

Figure 5. (a) Illustration and (b) construction of the fuel cell testing system. 

Figure 6. Surface morphologies of the four porous electrodes at different scales (200X, 

1,000X and 10,000X): (a) conventional dual-layer Pd-C//NF electrode, (b) 

three-dimensional Pd-C/NF electrode, (c) three-dimensional binder-free Pd/NF 

electrode and (d) three-dimensional binder-free Pd/(in)NF electrode. 

Figure 7. Cyclic voltammetry curves of the four porous electrodes. 

Figure 8. Comparison of the fuel cell performance using four porous electrodes. 

Figure 9. Polarization curves and peak power density curves achieved by using four 

porous electrodes at various NaOH concentrations. 

Figure 10. Effect of the NaOH concentration on the fuel cell performance using the 

four porous electrodes. 

Figure 11. Polarization curves and peak power density curves achieved by using four 

porous electrodes at various anolyte flow rates. 



 35 

Nomenclature 

D Diffusivity, m2 s-1 

L Thickness, m 

R Mass/ion transport resistance, s/m 

 

Greek 
ε  Porosity, 1 

 

Superscripts and subscripts 

DLE Dual-layer electrode 

TDE Three-dimensional electrode 

DL Diffusion layer 

CL Catalyst layer 
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Table 1. ECSAs and specific ECSAs of the four porous electrodes 

Electrode ECSA (cm2) Specific ECSA (m2 -1
Pdg ) 

Pd-C//NF 795.8 79.6 

Pd-C/NF 916.3 91.6 

Pd/NF 37.6 3.8 

Pd/(in)NF 164.5 16.6 
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(b) 

Figure 1 Transport characteristics in (a) a dual-layer electrode and (b) a 

three-dimensional electrode of direct liquid fuel cells.
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Figure 2 Structural characteristics of (a) a dual-layer electrode and (b) three types of 

three-dimensional electrode. 
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Figure 3. (a) Design and (b) fabrication of the present direct formate fuel cell. 
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Figure 4. The three-electrode electrochemical cell and electrochemical workstation. 
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Figure 5. (a) Illustration and (b) construction of the fuel cell testing system. 
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Figure 6. Surface morphologies of the four porous electrodes at different scales (200X, 

1,000X and 10,000X): (a) conventional dual-layer Pd-C//NF electrode, (b) 

three-dimensional Pd-C/NF electrode, (c) three-dimensional binder-free Pd/NF 

electrode and (d) three-dimensional binder-free Pd/(in)NF electrode. 
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Figure 7. Cyclic voltammetry curves of the four porous electrodes. 
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Figure 8. Comparison of the fuel cell performance using four porous electrodes. 
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Figure 9. Polarization curves and peak power density curves achieved by using four 

porous electrodes at various NaOH concentrations. 

 

 



 48 

  

 

 

 

 

Figure 10. Effect of the NaOH concentration on the fuel cell performance using the 

four porous electrodes. 
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Figure 11. Polarization curves and peak power density curves achieved by using four 

porous electrodes at various anolyte flow rates. 
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