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Abstract 

Liquid fuel cell, with its high energy density and ease of fuel handling, has attracted 

great attention world-wide. However, its real application is still being greatly hindered 

by its limited power density. Hence, the recently proposed and demonstrated fuel cell, 

using an electrically rechargeable liquid fuel (e-fuel), is believed to be a candidate with 

great potential due to its significant performance advancement. Unlike the conventional 

alcoholic liquid fuels, the e-fuel possesses excellent reactivity, even on carbon-based 

materials, which therefore allows the e-fuel cell to achieve superior performance 

without any noble metal catalysts. However, it is found that, during the cell operation, 

the water generated at the cathode following the oxygen reduction reaction could lead 
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to water flooding problem and further limit the cell performance. To address this issue, 

in this work, by manipulating the cathode composition, a blended binder cathode using 

both Nafion and polytetrafluoroethylene (PTFE) as binding agents is fabricated and 

demonstrated its superiority in the fuel cell to achieve an enhanced water management 

and cell performance. Furthermore, using the developed cathode, a fuel cell stack is 

designed and fabricated to power a 3D-printed toy car, presenting this system as a 

promising device feasible for future study and real applications. 
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1. Introduction  

Due to the rapid change of climate and imminent energy crisis, the development of 

renewable energy to replace conventional fossil fuels for power generation has become 

an imperative option across the globe in the last decades.1-3 Among the diverse types of 

renewable power generation systems, the proton exchange membrane fuel cell (PEMFC) 

using hydrogen and oxygen for electricity production has received an increasing 

attention.4, 5 The PEMFC possesses a lot of advantages including high efficiencies, zero 

emission, and fast refueling.6, 7 However, up till now, the production, storage, and 

transportation of hydrogen still lack effective solutions and hence greatly restrict the 

commercialization progress of PEMFCs.8 Alternatively, direct liquid fuel cells (DLFCs) 

using liquid alcohols have made notable progress and are considered to be a promising 

power generation candidate.9-11 However, while the DLFCs cracked the fuel 

transportation difficulties faced by PEMFCs, by using liquid fuels, their limited power 

densities are still far from practical application requirements.11 

Recently, a novel fuel cell using the electrically rechargeable fuel (e-fuel) for power 

generation has been demonstrated.12, 13 The e-fuel can be made of a wide range of 

electroactive materials. In our previous studies, we developed a liquid e-fuel cell 

employing vanadium-based e-fuel and oxygen as reactants,14-18 and demonstrated its 

power generation capability under different operating conditions. While the cell is 

proved to exhibit a substantially improved performance which exceeds other 

conventional direct alcohol fuel cells, it is found that the water generated at the cathode 

during the cell operation due to the oxygen reduction reaction could lead to water 
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flooding problem.19 Such a phenomenon would block the reactive sites at the cathode 

and further impede the mass transport of reactive species, which thereby could lead to 

unstable and limited cell performance, especially at low oxidant flow rates.19 

Hence, in this work, to resolve the water flooding problem in the fuel cell, 

polytetrafluoroethylene (PTFE) as one of the widely used hydrophobic binding 

agents,20, 21 has been blended with Nafion and used as the binder for cathode fabrication. 

It is believed that the PTFE not only helps with the excessive water removal to avoid 

water flooding problem during the cell operation, but also reduces the cathode 

production cost due to its cheaper price in comparison to Nafion.21 Using this blended 

binder cathode, a fuel cell with an improved cell stability and a higher peak power 

density in comparison to the cell using pure Nafion for the cathode is demonstrated. 

Furthermore, an e-fuel cell stack, using the blended binder cathode, has also been 

designed and fabricated, of which an excellent performance consistency between its 

two individual cells is found and is capable of powering a 3D-printed toy car. The 

significant cell performance and demonstration achieved in this work thus present the 

fuel cell as a promising device feasible for future real-world applications. 

2. Working principle 

As shown in Fig. 1, a catalyst-free graphite-felt anode, a Pt/C coated oxygen cathode, 

and a proton exchange membrane constitute the membrane electrode assembly (MEA) 

inside the fuel cell. While the vanadium ion oxidation reaction occurs at anode, oxygen 

reduction reaction takes place at cathode and water is then produced. The overall 

reaction is thus as shown below: 
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𝑉𝑉2+ +
1
4
𝑂𝑂2 + 𝐻𝐻+ → 𝑉𝑉3+ +

1
2
𝐻𝐻2𝑂𝑂                         ∆𝐸𝐸 = 1.49𝑉𝑉 

3. Experimental 

3.1. Preparation of the membrane electrode assembly 

The home-made MEA used in this work consisted of an anode, a cathode and a Nafion 

211 membrane in the middle. The graphite felt (AvCarb G100, Fuel Cell Store) was 

thermally treated in the air for 5 hours at 500˚C before its usage as the anode to enhance 

its hydrophilicity and activity. Meanwhile, the Pt/C coated carbon paper cathodes were 

prepared following the previously reported method.13 The catalyst ink was first 

prepared by mixing 60 wt. % Pt/C (Johnson Matthey Co., USA) as catalyst, 5 wt. % 

Nafion (Fuel Cell Store, USA) and 60 wt. % PTFE (Fuel Cell Store, USA) of different 

weight ratios as binder, and ethanol as solvent. Afterwards, the ink was sprayed onto 

the carbon paper to form the catalyst layer with a metallic loading of 2.0 mg cm-2. In 

this work, by altering the binder compositions during ink preparation, three types of 

cathodes using 100 wt.% Nafion, 50 wt.% Nafion and 50 wt.% PTFE, and 100 wt.% 

PTFE were prepared and are denoted as Nafion1.0, Nafion0.5PTFE0.5, and PTFE1.0, 

respectively. The Nafion 211 membrane was pretreated following the reported standard 

procedure to ensure high proton conductivity and reduce the membrane area resistance, 

which in turn lowers the ohmic polarization loss of the cell for better performance.13 

3.2. Experimental apparatus 

The surface morphologies and hydrophobicity of each fabricated cathode were 

characterized by the field emission scanning electron microscope (SEM) (Tescan 

VEGA3, Czechoslovakia) and the contact angle test instrument (Theta Flex, Biolin, 
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Sweden), respectively. The transparent fuel cell was designed and fabricated using a 

transparent acrylic plate to visualize the water flooding phenomenon at the cathode. 

During the test, the e-fuel is delivered to the anode by a peristaltic pump at a flow rate 

of 60 mL min–1 from a tank of 120 mL e-fuel, while pure oxygen was fed to the cathode 

at a flow rate of 10 sccm. The polarization curve tests were conducted using another 

home-made active13-15 and passive fuel cells16 as reported before, both of which have 

an active area of 2.0*2.0 cm2. For the active fuel cell, the e-fuel and the oxygen were 

fed into the cell at 60 mL min-1 and 10 sccm, respectively. While for the passive fuel 

cell, a current collector with an open ratio of 70 % was adopted.16 Both cells used 20 

mL e-fuel during the tests. The stack performance was investigated with a home-made 

fuel cell stack, which consists of two individual passive fuel cells each with 20 mL e-

fuel tank. The active area of each individual cell in the stack was 2.0*4.0 cm2. For all 

the tests, the e-fuel was prepared by first dissolving VOSO4 in H2SO4 and then charging 

it using a typical flow cell. The polarization and constant-current discharging tests were 

carried out using an Arbin BT2000 (Arbin Instrument Inc.). All the experiments were 

performed under room temperature. 

4. Results and Discussion 

4.1 Characterization of the electrodes 

Excellent water management has been well recognized as a critical requirement to 

provide the fuel cell with superior performance.22, 23 On the one hand, good wettability 

of the electrode plays significant influence towards securing a suitable humidity to 

ensure adequate membrane hydration level and thereby allowing the ease of ion 
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conduction and a lower ohmic loss.22 However, it is also required for the electrode to 

be capable of removing excess liquid water so as to prevent water flooding.24 Hence, in 

this work, to achieve a balance between adequate membrane hydration level and 

cathode water removal ability, the hydrophobic PTFE has been blended with the 

hydrophilic Nafion during the catalyst ink preparation for the cathode fabrication.25 

Then, to investigate the effects of the binder compositions on the hydrophilicity of the 

cathode catalyst layer, the water contact angles of the prepared cathodes have also been 

tested as shown in Figs. 2 (a-c). It is observed that, a contact angle of 140.00˚, 152.99˚, 

and 158.42˚ is presented for the Nafion1.0, Nafion0.5PTFE0.5, and PTFE1.0 cathodes, 

respectively. Such result thereby suggests that the use of more PTFE during electrode 

fabrication can result in better hydrophobicity as expected, which thereafter can 

enhance the water removal ability of the cathode.24 Furthermore, to examine the effects 

of the binder composition on the surface morphologies of the cathodes, the SEM images 

of the three cathodes have also been captured. As presented in Fig. S1 (a-c), no obvious 

morphology change is found, which thereby demonstrates that the addition of PTFE to 

Nafion does not make any significant influence on the cathode catalyst layer structure. 

4.2 General Performance 

In this work, to address the water flooding issue, the hydrophobic PTFE ionomer has 

been blended with the conventional Nafion resin and used as the binding agents to 

fabricate a blended binder cathode. The fabricated Nafion0.5PTFE0.5 cathode using a 

blended binder of 50% wt. Nafion and 50% wt. PTFE is then examined and the results 

are as shown in Figs. 3 (a) and (c). It can be seen that, with the active and passive cell 
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design, a peak power density of 552.68 and 120.90 mW cm-2 has been demonstrated, 

respectively. Such a superior performance not only exceeds that of the pure 

Nafion/PTFE cathodes as presented below, but also substantially surpasses those of the 

conventional alcohol fuel cells (Figs. 3 (b) and (d)). Thus, with the advantages of 

achieving a balance between an adequate membrane hydration level and a satisfactory 

cathode water removal ability as demonstrated in the following sections, this presented 

blended binder cathode is believed to be a promising candidate for future use. 

Furthermore, this fuel cell system should be considered as a powerful competitor with 

promising potential for practical applications. 

4.3 Visualizations of the cathode water flooding 

As discussed previously, the water flooding problem at the cathode could severely 

deteriorate the cell performance.26 Hence, to evaluate the impact of the prepared 

cathodes on the cell performance and demonstrate their abilities for water removal, a 

fuel cell with a transparent cathode flow field has been designed and fabricated (Fig. 4 

(a)) to enable the visualizations of the water flooding phenomenon. Three cathodes of 

different binder compositions have been assembled into the cell for the analysis and the 

results are as shown in Figs. 4 (b-c). It can be seen that, when Nafion1.0 is tested, the 

cell can only be operated for ~50 mins before the cell voltage drops to 0.5 V. Such a 

limited cell performance is mainly caused by the poor water removal ability of the 

cathode as evidenced in Fig. 4 (c), where obvious water flooding phenomenon can be 

seen especially at points A4 and A5. It is attributed to the presence of excessive liquid 

water which not only covers the active reaction surface, but also impedes the transport 
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of oxygen molecules, resulting in insufficient oxidant feeding and thereby leading to 

the sudden voltage drop.27 In order to further justify this conclusion, immediately after 

the cell voltage drops to 0.5V the oxygen flow rate has been increased from 10 to 500 

sccm and as shown Fig. S2, a sudden voltage jump can be seen right after the change 

of the oxygen flow rate and the cell is found to be capable of operating stably thereafter. 

Such a phenomenon therefore again proves that the limited cell performance using 

Nafion1.0 arises from the poor cathode water removal ability while the high oxygen flow 

rate can help with the water removal due to the enhanced gas sweeping effect on the 

liquid water, which thereby alleviate the water flooding issue.28 In contrast, for the fuel 

cell using Nafion0.5PTFE0.5 and PTFE1.0 cathodes, the cell is found to be capable of 

operating stably for three hours under the same operating condition. Furthermore, as 

shown in the photos (Fig. 4 (c)), the cathode flow channels are also found to be 

relatively dry during the whole test, which thereby proves the improved water removal 

ability of the cathode with the addition of PTFE during the electrode fabrication. In 

summary, water flooding is found to be of critical issue which could influence and limit 

the cell performance, however, the Nafion0.5PTFE0.5 and PTFE1.0 cathodes have been 

proven to ease water removal during the cell operation. 

4.4 Effect of the cathode binder composition 

The wettability of the cathode not only closely relates to its water removal ability but 

also plays a pivotal role in influencing the membrane hydration level, which further 

determines the cell performance.26 Hence, to further evaluate the effects of the binder 

compositions, the polarization tests have been conducted for cells assembled with three 
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different cathodes, as shown in Fig. 5. It can be seen that, with both the active (Fig. 5 

(a-b)) and passive (Fig. 5 (c-d)) fuel cell designs, Nafion0.5PTFE0.5 cathode is 

demonstrated to achieve the best cell performance. Such a result is due to that the 

Nafion0.5PTFE0.5 cathode can achieve a more balanced membrane hydration level and 

cathode water removal ability.29 In comparison to Nafion0.5PTFE0.5, the Nafion1.0 

cathode due to its better wettability can ensure the membrane with higher ionic 

conductivity and thereby a lower ohmic loss.19, 22 However, it can also result in the 

difficulty of removing excess water generated during cell operation, which thereafter 

hampers the oxidant delivery and further deteriorates the cell performance. In contrast, 

the PTFE1.0 cathode, though grants better oxidant delivery, also results in larger ohmic 

loss and thereby limits the cell performance as it adversely influences the membrane 

hydration level.30 Therefore, overall, the Nafion0.5PTFE0.5 cathode with its best 

performance among all the cathodes tested and lower price than the Nafion1.0 cathode, 

is believed to possess great potential for future applications. It is also worth mentioning 

that, when tested in the passive fuel cell, the PTFE1.0 cathode demonstrate a better and 

preferable performance in comparison to the Nafion1.0 cathode, which thereby proves 

the significant effects of water flooding on the passive fuel cell performance. 

4.5 General stack performance 

As proved in the previous sections, using the Nafion0.5PTFE0.5 cathode, this presented 

fuel cell is found to achieve a performance exceeding that of conventional direct liquid 

fuel cells. Hence, to demonstrate the potential of this fuel cell for real application, in 

this work, a liquid fuel cell stack consisting of two cells has been designed and 
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fabricated as shown in Fig. 6 (a-b). To begin with, in order to confirm the performance 

consistency of individual cell, independent tests have been conducted on both cells 

under the same operating condition and the results are as presented in Fig. 6 (c). It is 

observed that the two individual cells show an excellent performance consistency over 

the whole tested current range, which thereby proves the good reproducibility of the 

fabricated cell and justifies its potential for mass production and wide application in 

future.9 On top of this, the performance of the whole stack has also been investigated 

as shown in Fig. 6 (d). It is found that the whole stack is able to generate an open circuit 

voltage of 2.37 V, a peak power of 1771.8 mW, and a maximum current of 1441 mA. 

Such a superior performance, that outperforms the majority of conventional liquid 

alcohol cell stacks at the same size in the open literatures,31-33 therefore presents this 

system to be of great potential in realizing practical applications in the future. 

4.6 Demonstration of the passive stack to power a toy car 

To further exhibit the application potential of this system, as a prototype demonstration, 

a home-made toy car powered by the prepared liquid fuel cell stack is designed and 

then fabricated using the 3D printing technology, as shown in Fig. 7 (a-b). Before 

starting, the constant-current discharging test has been first performed for the liquid 

fuel cell stack and the results are shown in Fig. 7 (c). During the operation at 20 mA, 

the stack exhibits a stable operation for ~5 hours indicating the capability of this cell 

for continuous power generation. Afterwards, when assembled into the toy car, it can 

be seen in Video S1 that the stack is capable of generating enough power to drive the 

toy car stably. Such a result therefore again suggests that this fuel cell stack is of great 



12 

 

potential to achieve real application such as powering the future fuel cell electric 

vehicles. However, it is worth mentioning that, one major limitation of this system is 

its relatively low energy efficiency of 12.55 %, which may be attributed to the reactive 

species crossover issue and the undesired side reaction at the anode side as reported 

before,16 both of which can result in the loss of fuel capacity. Therefore, it is suggested 

that future studies are still required to address these problems before realizing the 

widespread commercialization of this system.  

5. Conclusion 

In this work, by manipulating the cathode composition, a blended binder PTFE/Nafion 

cathode is fabricated and examined in an e-fuel cell. It is found that, introducing PTFE 

during cathode fabrication not only allows a more balanced membrane hydration level 

and cathode water removal ability, but also reduces the cathode production cost, which 

thereby grants the cell higher peak power density, better stability, and lower capital cost. 

Furthermore, to demonstrate the application potential of this system, a liquid e-fuel cell 

stack consisting of two individual cells has also been designed and fabricated. This 

stack is found to exhibit an excellent performance consistency for its two individual 

cells and is capable of powering a toy car, which therefore presents this system as a 

promising device feasible for future study and real applications. However, it is also 

found that the energy efficiency of this stack is still limited, which thereby requires 

future investigations. 
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Figure captions: 

Fig. 1 Working principle of a liquid fuel cell. 

Fig. 2 Contact angles of (a) Nafion1.0, (b) Nafion0.5PTFE0.5, and (c) PTFE1.0 cathodes, 

respectively. 

Fig. 3 General performance and peak power density comparison of (a-b) active and (c-

d) passive fuel cells with the data available in the open literature. 

Fig. 4 (a) Design of a fuel cell with a transparent cathode endplate. (b) Constant-current 

discharging behaviors and (c) visualization of flow channel with three cathodes. 

Fig. 5 Experimental set-up and polarization & power density curves of (a-b) the active 

and (c-d) the passive fuel cell assembled with three cathodes. 

Fig. 6 (a) Design and (b) fabrication of a fuel cell stack. (c) The consistency of two 

individual cells. (d) General performance of this passive fuel cell stack.  

Fig. 7 (a) Design and (b) fabrication of a fuel cell powered toy car. (c) Constant-current 

discharging behaviors of the fuel cell stack. 
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Fig. 1 Working principle of a liquid fuel cell. 
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Fig. 2 Contact angles of (a) Nafion1.0, (b) Nafion0.5PTFE0.5, and (c) PTFE1.0 cathodes, 
respectively. 
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Fig. 3 General performance and peak power density comparison of (a-b) active and (c-
d) passive fuel cells with the data available in the open literature. 
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Fig. 4 (a) Design of a fuel cell with a transparent cathode endplate. (b) Constant-current 
discharging behaviors and (c) visualization of flow channel with three cathodes. 
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Fig. 5 Experimental set-up and polarization & power density curves of (a-b) the active 
and (c-d) the passive fuel cell assembled with three cathodes. 
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Fig. 6 (a) Design and (b) fabrication of a fuel cell stack. (c) The consistency of two 
individual cells. (d) General performance of this passive fuel cell stack.  
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Fig. 7 (a) Design and (b) fabrication of a fuel cell powered toy car. (c) Constant-current 
discharging behaviors of the fuel cell stack. 
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