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Abstract 

A newly introduced fuel cell which employs an electrically rechargeable liquid fuel (e-

fuel) has piqued increasing research interest in recent years as it eliminates the need for 

catalyst materials at the anode. To further boost the performance of the e-fuel cell and 

realize its application in airtight environments, hydrogen peroxide (H2O2) is considered as 

an alternative oxidant instead of oxygen. Here, the operation and performance of a H2O2-

based fuel cell is investigated. The novel e-fuel/H2O2 fuel cell displays a peak power 

density of 1456.0 mW cm-2 at 60 ℃, which is 70% higher than the use of oxygen (857.0 

mW cm-2). A maximum current density exceeding 3000 mA cm-2 is also achieved by the 

cell. Such impressive performance not only outclasses the e-fuel cell supplied with oxygen 

but also exceeds many liquid fuel cells that use H2O2 as oxidant. This therefore reveals the 

https://doi.org/10.1016/j.jpowsour.2022.232114 This is the Pre-Published Version.

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

mailto:liang.an@polyu.edu.hk
mailto:metzhao@ust.hk


2 
 

capability of e-fuel/H2O2 fuel cell as a promising power source in airtight environments 

and high-power applications. The performance of the cell at various operating conditions 

including its discharge behaviour at constant currents are also investigated. This study thus 

offers stimulating insights for advanced investigations towards improving the design and 

operational characteristics of this H2O2-based fuel cell. 
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 1. Introduction 

Depletion of resources and energy crisis in tandem with the increase in global population 

are undoubtedly some of the threatening challenges in our modern society.1, 2 To 

significantly cut down the massive energy dependence on the limited and inefficient fossil 

fuels as well as their corresponding greenhouse gas emissions, the development and use of 

clean and renewable power sources are now of increasing importance and thus remain as 

one of the ultimate targets for researchers and scientists across the globe.3-6 Over the years, 

fuel cell technology has emerged as an efficient and environmentally friendly energy 

conversion option as it converts the chemical energy available in fuel directly to electrical 

energy7, 8. Beginning with the use of hydrogen, a chemical energy carrier, hydrogen fuel 

cells received a broad array of applications, including the transport sector. However, the 

high-pressure requirement, safety and flammability issues, storage as well as transport 

difficulties of hydrogen seriously limit the continuous application and large-scale 

deployment of hydrogen fuel cells.8-10 This therefore necessitated the needs to introduce 

and employ alternative fuels for the operation of fuel cell systems. 

Due to the modularity and flexibility of utilization of fuel cells, a number of liquid fuels, 

including alcohols such as methanol and ethanol, have been employed to operate fuel cells. 

These liquid fuel cells have also been demonstrated to offer several benefits, including high 

energy density, high safety, and easy storage, in comparison to hydrogen fuel cells.11, 12 

Nevertheless, the high catalyst cost, fuel crossover, short durability, limited energy 

efficiency, and low power density associated with these direct liquid fuel cells later raised 

major concerns on the needs to utilize more efficient liquid fuels towards improving the 

cell performance. In response to this, the idea of using an electrically rechargeable liquid 
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fuel (e-fuel) was recently put forward13 and is currently receiving an increasing research 

attention.14, 15 Interestingly, both organic and inorganic materials were stated as prospective 

and suitable candidates to produce e-fuels. Subsequently, an e-fuel solution which contains 

vanadium ions dissolved in sulphuric acid was used to fuel the anode of a fuel cell and 

thereafter showcased its promising capabilities for running a fuel cell system.16-18 

Addressing the fuel issues prevalent in hydrogen and alcoholic fuel cells, the use of this e-

fuel offers several advantages including the elimination of catalyst material at the anode, 

thereby reducing the fabrication cost of the cell. This particular e-fuel has therefore been 

demonstrated to possess excellent potential and fascinating properties to remain dominant 

over a long term in fuel cell applications. 

Generally, an oxidant is required at the cathode of fuel cells. Gaseous oxygen or ambient 

air has been mostly employed for this purpose. However, their utility and performance are 

largely limited in air/oxygen-free environments and similar special conditions, such as 

space propulsion, underwater power systems, and applications requiring compact systems 

19-22 As an alternative and a realistic oxidant, hydrogen peroxide has been demonstrated to 

be workable in fuel cells under the above-mentioned air-independent systems and for high 

power applications. In addition, the use of hydrogen peroxide provides several advantages 

in comparison with gaseous oxygen:23-25 (1) significantly increases the theoretical voltage 

of the fuel cell, (2) offers low activation loss of reduction reaction due to two-electron 

transfer, (3) avoids water flooding issue and simplifies heat removal as a result of its 

intrinsic liquid phase, (4) offers higher current density due to its higher mass density 

compared to gas, and thus ultimately improves the performance of the fuel cell. Following 
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these intriguing advantages, hydrogen peroxide has been employed as oxidant in the 

operation of fuel cells. 

Interestingly, the reduction reaction of hydrogen peroxide can occur in both acidic and 

alkaline media.23 However, to achieve high fuel cell performance, the reduction reaction is 

mostly preferred in acidic media as a result of its inherently higher potential (1.78 V) 

compared to alkaline media (0.87 V).23, 26 In addition, hydrogen peroxide is less stable in 

alkaline solution leading to its high decomposition rate.27 On the other hand, the addition 

of sulfuric acid not only stabilizes the hydrogen peroxide solution but also enhances its 

electrochemical reduction.23 While various fuels, including hydrazine20 and ethylene 

glycol,28 have been paired with hydrogen peroxide for fuel cell operations, sodium 

borohydride is the mostly used fuel in H2O2-based fuel cells with numerous studies, 

including the development of anode29-32 and cathode electrocatalysts33-35, and bipolar 

interface membrane electrode assembly36, 37 with the aim to improve the performance of 

direct borohydride hydrogen peroxide fuel cells. However, the toxic nature and safety 

concerns regarding the hydrogen evolution of the borohydride solution and the undesired 

disparity between the pH environment of the alkaline anolyte and acidic catholyte38, 39 have 

largely constrained the commercialization of direct borohydride hydrogen peroxide fuel 

cells.  

Herein, the operation as well as the performance of an inherently compact H2O2-based e-

fuel cell, as it combines an all-aqueous reactant and the superior advantages of both e-fuel 

(at the anode) and H2O2 (at the cathode), is experimentally examined. The hydrogen 

peroxide aqueous solution used at the cathode is, however, directly acidified using sulfuric 
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acid. The operation principle of this H2O2-based cell system, schematically presented in 

Fig. 1, is simply described below: 

At the anode, the e-fuel is oxidized as follows:40 

𝑉𝑉2+ → 𝑉𝑉3+ + 𝑒𝑒−                    𝐸𝐸𝑎𝑎 = −0.26 𝑉𝑉 vs. SHE        (1) 

At the cathode, the reduction reaction of the hydrogen peroxide is as follows:41 

𝐻𝐻2𝑂𝑂2 + 2𝐻𝐻+ + 2𝑒𝑒− → 2𝐻𝐻2𝑂𝑂             𝐸𝐸𝑐𝑐 = 1.78 𝑉𝑉 vs. SHE        (2) 

The overall reaction of the e-fuel/hydrogen peroxide cell is: 

2𝑉𝑉2+ + 𝐻𝐻2𝑂𝑂2 + 2𝐻𝐻+ → 2𝑉𝑉3+ + 2𝐻𝐻2𝑂𝑂           𝐸𝐸0 = 2.04 𝑉𝑉                    (3) 

The experimental investigation of this novel e-fuel/hydrogen peroxide fuel cell produced a 

peak power density of 1456.0 mW cm-2 at 60 ℃, which is 70% higher than the use of 

oxygen (857.0 mW cm-2)16, and also indicates a maximum current density exceeding 3000 

mA cm-2. Such impressive performance not only outshines the e-fuel cells receiving 

oxygen as oxidant, but also exceeds many of the regular direct liquid fuel cells whose 

oxidant is H2O2. This therefore reveals the capability of this e-fuel/hydrogen peroxide fuel 

cell as a promising power generation system in airtight environments and high-power 

applications. We further investigated the performance of the cell at various operating 

conditions including varying hydrogen peroxide concentration, sulfuric acid concentration, 

vanadium ion concentration, operating cell temperature, Nafion membrane thicknesses, 

and its constant-current discharge characteristics. The details of the experiment and the 

various results obtained from the investigations are discussed in subsequent sections. 
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2. Experimental details 

2.1 Membrane electrode assembly 

For the membrane electrode assembly, a catalyst-free graphite-felt electrode having a 

surface area of 4.0 cm2 and treated by heating for five hours in the air while subjected to a 

temperature of 500℃ was used as the anode. A pretreated Nafion membrane, adopting the 

preparation method as reported in detail elsewhere,42 of size 9.0 cm2 was used for the 

experiment. A Pt/C coated carbon paper of 0.50 mg cm-2 loading produced by simply 

following the procedure used in one of our previous studies43 was used as the cathode. 

Thereafter, these three aforementioned materials were assembled such that the Nafion 

membrane was properly placed in between the anode and the cathode to achieve the 

membrane electrode assembly.    

2.2 Preparation of electrolytes 

The anolyte, known as e-fuel, which fuels the anode was prepared as follows. VOSO4 

powder was first dissolved in H2SO4, the resulting solution was thereafter subjected to a 

charging process in a classic flow cell as described in an earlier study.44 The catholyte, 

which is mostly referred to as oxidant in this study, is also an aqueous solution simply 

prepared by mixing sulfuric acid solution and hydrogen peroxide. After the preparation of 

both solutions, a 40.0 mL of both anolyte and catholyte was released into separate tanks 

for storage and in readiness for the cell operation. 

2.3 Fuel cell set-up and instruments 

The devices set-up for this experimental study is presented in Fig. 2. A peristaltic pump 

was assigned to each side of the cell to circulate the electrolytes through the cell. A 

temperature controller device (Anthone Electronic Co. Ltd., China) which has two heating 
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rods was later inserted, each for heating the anode and cathode side of the cell, and 

thermocouples for monitoring the temperature of the cell was also employed during the 

cell operation. The various experimental tests reported in this study were performed and 

recorded using a fuel cell testing system (Neware Technology Limited, China).  

3. Results and discussion 

3.1 General cell performance 

The general performance of this H2O2-based fuel cell is presented in this section. The 

anolyte delivered into the cell during its operation is composed of 1.5 M V2+ in 4.0 M 

H2SO4 while the catholyte is a combination of 4.0 M H2O2 in 1.0 M H2SO4. Both anolyte 

and catholyte are pumped and circulated through the cell at a flow rate of 50.0 mL min-1. 

The operating temperature of the cell is set at 60 ℃. Under such an operating condition, 

the cell achieved a peak power density of 1456.0 mW cm-2 and an open circuit voltage of 

1.09 V as shown in Fig. 3a. The peak power density of this H2O2-based fuel cell 

demonstrates an impressive improvement in comparison to previous studies where 

oxygen/air are employed as oxidant in the demonstration of the e-fuel cell at 60 ℃ as 

presented in Table S1. The considerable performance enhancement can be majorly 

attributed to the several benefits, including higher theoretical voltage and lower cathode 

overpotential, of utilizing hydrogen peroxide as oxidant in the fuel cells. In comparison to 

direct liquid fuel cells that also employed hydrogen peroxide as oxidant, the performance 

of this H2O2-based e-fuel cell also substantially outperforms them all as presented in Fig. 

3b and Table S2. For instance, a hydrazine/hydrogen peroxide fuel cell demonstrated at 

60 ℃ could only achieved a peak power density of 780 mW cm-2,20 which is about half of 

the peak power density attained by the H2O2-based fuel cell in this study. Even at a higher 
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operating temperature (80 ℃), the peak power density exhibited by the hydrazine/hydrogen 

peroxide fuel cell is 1020 mW cm-2 which is still lower than that of the e-fuel/hydrogen 

peroxide fuel cell. The widely studied direct borohydride/ hydrogen peroxide fuel cell 

demonstrated at 70 ℃ has been reported to achieve a peak power density of 890 mW cm-2 

after introducing bipolar interface membrane electrode assembly.45 In another research 

group, the direct borohydride fuel cell with hydrogen peroxide as oxidant exhibited a peak 

power density of 685 mW cm-2 at an operating cell temperature of 60 ℃.46 Elsewhere, the 

direct borohydride/hydrogen peroxide fuel cell demonstrated similar performance at 60 ℃ 

to yield a peak power density of 680 mW cm-2.47 To the best of our knowledge, the peak 

power densities achieved by other fuel cells that employed hydrogen peroxide as oxidant 

all fall below 700 mW cm-2, which further justify the superiority of this e-fuel/hydrogen 

peroxide fuel cell. Regarding open circuit voltage, the result achieved from this H2O2-

based fuel cell is not only lower compared to when the cell was fed with oxygen at the 

cathode, but also lesser than its theoretical voltage. The drop in voltage can be ascribed to 

the decomposition of the hydrogen peroxide to produce oxygen at the cathode which in 

turn decreases the cathode potential.41, 48 Moreover, the crossover of reactants from both 

sides of the cell, as both reactants are in liquid phase and can penetrate the Nafion 

membrane, can also reduce the open circuit voltage.49 In particular, the crossover of the e-

fuel to the cathode can cause large loss in the cathode potential as a result of mixed 

potential. While these issues are suggested to be addressed in future studies to increase the 

open circuit voltage, the impressive peak power density demonstrated by this e-

fuel/hydrogen peroxide fuel cell positions it as a promising power generation system for 

air-free and high-power applications. 
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3.2 Effect of hydrogen peroxide concentration 

Concentration is generally considered to be of significant influence on the rate of 

decomposition of hydrogen peroxide. Hence the effect of hydrogen peroxide concentration 

on the performance of this fuel cell is examined in this section. Here, various hydrogen 

peroxide concentrations varying from 1.0 to 6.0 M are considered with the concentration 

of the sulfuric acid set as 1.0 M for the oxidant at the cathode while the e-fuel solution at 

the anode is composed of 1.5 M V2+ in 4.0 M H2SO4. Fig. 4. displays the cell polarization 

and power density curves obtained from the investigations at an operating temperature of 

60 ℃. As it can be seen, an upgrade in the performance of the cell is achieved all through 

the current density range when the hydrogen peroxide concentration is first increased from 

1.0 M to 2.0 M. With an increase in the hydrogen peroxide concentration to 4.0 M, the cell 

performance was not only further enhanced but also displayed the highest performance. 

The commensurate increase in the cell performance with increase in the hydrogen peroxide 

concentration is majorly due to the enhanced mass transport of the reactive species at the 

cathode which consequently reduces concentration polarization loss and further improves 

the cell performance.43, 50 A further increase in the hydrogen peroxide concentration to 6.0 

M, however, decreases the cell performance below that of 4.0 M at all the current density 

region. The general decrease in the performance of the cell when the hydrogen peroxide 

concentration was increased to 6.0 M can be said to be from the competitive adsorption 

that happens between H2O2 and H+ on the reactive spots in the cathode as a result of 

redundant H2O2.51, 52 This therefore facilitates the undesirable concentration loss of H+ and 

also heightens the internal resistance within the cell. In comparison to concentration at 2.0 

M, the obtained cell voltage at the use of 6.0 M is also seen to fall below that of 2.0 M at 



11 
 

the low current density region and later increases above that of 2.0 M at higher current 

density. At low current density, the reduced cell voltage can be attributed to higher 

crossover rate of hydrogen peroxide to the anode as the membrane is permeable to 

hydrogen peroxide.41, 53 The hydrogen peroxide that crossed over to the anode can react 

with the e-fuel and result to mixed potential at the anode which could raise the anode 

overpotential and hence decrease the cell voltage. At higher current density range, the 

reduced concentration loss as a result of high hydrogen peroxide concentration could be 

considered to have compensated for the mixed potential at the anode and thus only upgrade 

the cell performance above that of hydrogen peroxide concentration at 1.0 and 2.0 M but 

not that of 4.0 M. Overall, increasing the hydrogen peroxide concentration to 6.0 M is not 

beneficial to the cell voltage and its general performance, which therefore position an  

hydrogen peroxide concentration of 4.0 M as the optimal value to yield the best 

performance for the operation of this fuel cell.  

3.3 Effect of sulfuric acid concentration 

In this study, the hydrogen peroxide used at the cathode is directly acidified using sulfuric 

acid. As initially stated, the high potential of the reduction of hydrogen peroxide makes an 

acidic solution the more preferred media.23 The addition of sulfuric acid to the hydrogen 

peroxide has also been reported to not only stabilizes the hydrogen peroxide but also 

enhances its electroreduction.54 The concentration of the sulfuric acid added to the 

hydrogen peroxide aqueous solution would definitely influence the properties of the 

oxidant at the cathode and thus the overall performance of the cell. We therefore investigate 

the influence of the sulfuric acid concentration on the cell performance in this section. 

Here, the e-fuel is composed of 1.5 M V2+ in 4.0 M H2SO4 while 4.0 M H2O2 with varying 
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sulfuric acid concentrations from 0 to 3.0 M are used as the oxidant. The cell polarization 

and power density curves derived from this investigation at an operating temperature of 60 

℃ are presented in Fig. 5. At first, the cell was tested using a pure hydrogen peroxide 

solution, without adding sulfuric acid, as oxidant. It can be seen that the cell performance 

obtained is very low with a peak power density slightly above 400 mW cm-2. With the 

addition of 1.0 M H2SO4 to the hydrogen peroxide solution as the catholyte, the peak power 

density is seen to dramatically increase and exhibit the highest performance of the cell. The 

explanation for this is that the presence of sulfuric acid results in higher concentration of 

H+ at the cathode and also enhances its transport to the active sites in the catalyst layer, 

thereby accelerating the reduction reaction of the hydrogen peroxide.51 Following this, the 

kinetic loss of the reduction reaction at cathode is reduced while the cathode potential and 

cell performance are improved. Afterwards, as the sulfuric acid concentration was further 

increased to 2.0 and 3.0 M, it can be seen that higher concentration of sulfuric acid does 

not offer improvement to the cell performance but rather a decrease throughout the whole 

current density region. The decrease in the cell voltage and power density with increase in 

the concentration of sulfuric acid can be attributed to the blocking of the active sites by the 

excessive sulfuric acid which in turn leads to insufficient presence of H2O2 in the catalyst 

layer leading to its concentration loss at the cathode thereby degrading the cell 

performance.41, 51 In addition, higher concentration of sulfuric acid increases the viscosity 

of the catholyte which also impedes the transport of the reactants and in turn increases 

ohmic loss and degrade the cell performance.52 The fuel cell therefore has its best 

performance when the concentration of the sulfuric acid employed acidify the hydrogen 

peroxide is 1.0 M. 
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3.4 Effect of vanadium ion concentration 

The effect of vanadium ion concentrations on the cell performance was also explored. In 

this case, the concentration of the sulfuric acid in the anolyte was maintained at 4.0 M 

while various vanadium ion concentration of 0.1, 0.5, 1.0, and 1.5 M were used. The 

composition of the solution pumped into the cathode is 4.0 M H2O2 in 1.0 M H2SO4. The 

various polarization and power density curves obtained from this particular test at an 

operating temperature of 60 ℃ are shown in Fig. 6. As it can be viewed, the open circuit 

voltage, peak power density, and maximum current density of the cell significantly 

improve all through the current density range when the vanadium ion concentration was 

increased from 0.1 M to 1.5 M. In more details, with the first increase of the vanadium ion 

concentration from 0.1 M to 0.5 M, the open circuit voltage, peak power density, and 

maximum current density of the cell is observed to increase from 0.75 V, 145.3 mW cm-2, 

and 660 mA cm-2 to 0.89 V, 701.9 mW cm-2, and 2550 mA cm-2, respectively. With a 

further increase of the vanadium ion concentration to 1.0 M and 1.5 M, it can be seen that 

in addition to the improvement in the open circuit voltage and peak power density of the 

cell, the maximum current density of the cell apparently exceeds 3000 mA cm-2 in both 

cases. Nevertheless, the highest performance of the cell with a peak power density of 

1456.0 mW cm-2 was achieved at a vanadium ion concentration of 1.5 M. The cell 

performance significantly improves with the increase of the vanadium ion concentration 

due to the increase in the amount and supply of the reactant to the active sites at the anode. 

This therefore enhances the mass transport of the reactant at the anode which beneficially 

lowers concentration loss.17, 55 Moreover, the increase of the vanadium ion concentration 

boosts the reaction kinetics at the anode which in turn reduces activation loss and augments 
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the cell performance. However, it is undeniable that the increase of vanadium concentration 

would also increase the viscosity of the fuel and thereby limit the mass transport of the 

reactants and eventually deteriorate the cell performance.56 Within the range tested in this 

study, however, a higher vanadium concentration up to 1.5 M produced a better 

performance. 

3.5 Effect of Nafion membranes 

Membrane is an indispensable element in fuel cell design which not only serves as a 

medium for ions transport between the two sides of the cell but also prevents reactants 

crossover57, 58. Nafion series have been mostly considered and adopted in the operation of 

fuel cells due to the excellent chemical stability in addition to the high proton conductivity 

of these membranes59, 60. A number of Nafion membranes – 117, 115, 212, and 211 are 

therefore incorporated into the setup of this cell. The effects of these membranes, 

particularly their thickness – 183.0, 127.0, 50.8, and 25.4 𝜇𝜇m, respectively, on the 

performance of the cell at an operating temperature of 60 ℃ are examined and the results 

are depicted in Fig. 7a. It can be seen that the general performance of the cell increases 

with the decrease in the thickness of the membranes used in the cell operation. In terms of 

their peak power density, Nafion 117, 115, 212, and 211 membranes exhibit 615.13, 

665.94, 1039.56, and 1456.0 mW cm-2, respectively. With the use of Nafion 211, the 

thinnest membrane, the cell was able to achieve a peak power density of 1456.0 mW cm-2 

which is more than twice the peak power density (615.13 mW cm-2) achieved when the 

thickest membrane, Nafion 117, was employed in the cell. In addition, the maximum 

current density observed when the cell used the thin membranes (Nafion 212 and 211) is 

apparently beyond 3000 mA cm-2 while the maximum current density realized with the use 
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of thick membranes (Nafion 117 and 115) are lower at 2100 and 2325 mA cm-2, 

respectively. The decrease in the cell performance as the membrane thickness increases 

can be explained by the higher internal resistance associated with thick membranes which 

often results in voltage loss.61, 62 However, the thick membranes are considered to be more 

suitable to prevent the crisscross of reactants to avoid mixed potential.59 In other words, 

the use of thinner membrane leads to species crossover and cause mixed potential which 

could reduce the cell voltage. As seen in Fig. 7a, the cell voltage achieved at the low current 

density range with the use of Nafion 211, the thinnest membrane, is initially lower than 

others which can be ascribed to the crossover reactants. The thicker membranes therefore 

attained better performance in the low current density region while the thinner membranes 

performed better at the high current densities. Overall, these findings suggest that the high 

internal resistance associated with thick membranes overrides the effects of species 

crossover on the cell performance to produce the best performance with the use of Nafion 

211. This therefore justifies the use of thinner membranes, such as Nafion 211, for cell 

operations where high power density is of paramount importance.  

3.6 Effect of operating temperature 

Operating temperature is a crucial parameter that is generally taken into consideration 

during the design and demonstration of fuel cells. The operating temperature not only 

reflects the thermal range of the fuel cell and its various components but also reflects their 

thermal behaviour and thereby provides useful insights on their thermal management. 

Furthermore, the chemical decomposition of the hydrogen peroxide used as the oxidant in 

this fuel cell is highly influenced by temperature and considered to be alleviated at lower 

temperatures.23 This section therefore examines the performance of this H2O2-based fuel 
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cell under various operating temperature. The outcome of the investigation as displayed in 

Fig. 7b clearly shows that both the cell voltage and power density increases in tandem with 

the operating temperature. Starting with the operation of the cell at room temperature, taken 

as 23 ℃, a peak power density as high as 1033.6 mW cm-2 was achieved. On increasing 

the cell temperature to 40 ℃, the peak power density of the cell rose by 12 % to reach 

1157.6 mW cm-2. The investigation of the cell performance at an operating temperature of 

60 ℃ accomplished a peak power density of 1456.0 mW cm-2 which is about 26 % higher 

than that of 40 ℃ . The corresponding upgrade in cell performance as the operating 

temperature was raised from 23 to 60 ℃ can be explained as follows. Increasing the cell 

temperature enhances the transport of the e-fuel at the anode and the delivery of hydrogen 

peroxide at the cathode to their electrochemical reactive spots and further increases product 

removal rates, which beneficially reduces concentration loss.63, 64 In addition, activation 

loss of the cell is significantly lowered as the operating temperature of the cell increases 

due to the improvement in the electrochemical kinetics on both electrodes. Furthermore, 

an increase in the operating temperature boosts the conductivity of the membrane which 

thus lessen the undesired ohmic loss within the cell and ultimately improves the cell 

performance.65, 66 However, it worth to mention that a further raise of the operating 

temperature from 60 ℃ to 80 ℃  could barely offer significant cell performance 

improvement as it can be seen in Fig. 7b. Such a high operating temperature speeds up the 

violent decomposition of hydrogen peroxide to oxygen, which consequently lowers the 

cathode potential.41, 48 Moreover, the cell is predisposed to a high reactant crossover at 

higher temperatures resulting into a mixed potential which degrades the electrode potential 
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and thus deteriorates the cell performance.63 Following this, 60 ℃ is considered as the 

optimal operating temperature suitable for the high performance of this cell. 

3.7 Constant-current discharge behaviour 

The purpose of the constant-current discharge test is to evaluate the performance of the 

fuel cell similar to its real-life applications. In this study, the constant current discharge test 

is conducted at 50, 100, and 200 mA cm-2 under an operating temperature of 60 ℃. Results 

from the constant-current discharge test are further used to calculate the Faradic, voltage, 

and energy efficiencies of the cell. As shown in Fig. 8a, it is clear that the voltage plateau 

and the discharge capacity of the cell increases with the constant current. This therefore 

produced voltage efficiency of 46.7%, 47.3%, and 47.3%, under the three different currents 

considered as shown in Fig. 8b. In addition, the discharge capacity of the cell under these 

three constant currents are 1.92, 6.67, and 12.5 Ah L-1, respectively, which clearly increases 

with the constant currents. Such results thus demonstrate the increase of the constant 

discharge current could enable a better utilization of the reactants, where the energy 

efficiency of the cell, as shown in Fig. 8b is also seen to increase from 2.3 % to 14.7 % as 

the operating current is increased from 50 to 200 mA cm-2. Even though, there is room for 

the improvement of the energy efficiency, this trend suggests that the cell has potential for 

higher energy efficiency when subjected to higher constant current. Furthermore, to 

ascertain the ability of this system for long-term operations, it has been refueled for 10 

times while discharging at a constant current of 10 mA cm-2 under an operating temperature 

of 60 ℃ (Fig. S1) proving its good stability. However, it is worth to mention that, during 

the cell operation, the e-fuel and hydrogen peroxide could penetrate the membrane to the 
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opposite side leading to the corrosion of the electrodes which in turn degrade the cell 

performance and thus require careful attention.  

4. Summary 

This study presents the operation and performance of a high-performance H2O2-based fuel 

cell for application in air-tight environments. As an alternative oxidant, in place of gaseous 

oxygen or ambient air, hydrogen peroxide is used at the cathode side of an e-fuel cell. The 

results obtained from this experimental study show that the application of hydrogen 

peroxide as oxidant substantially bolsters the performance of the cell to achieve a peak 

power density of 1456.0 mW cm-2 at 60 ℃ and a maximum current density which exceeds 

3000 mA cm-2. This impressive performance not only outshines the e-fuel cell fed with 

oxygen as oxidant but also exceeds most of the regular direct liquid fuel cells that also 

employ hydrogen peroxide as oxidant. Further investigations reveals that the cell 

performance increases with hydrogen peroxide concentration till 4.0 M, above which the 

performance starts to drop Acidifying the hydrogen peroxide with sulfuric acid 

concentration of 1.0 M yields the best cell performance. As for the vanadium ion, 

increasing its concentration from 0.5 M to 1.5 M contributes to the improvement of the cell 

performance. An operating temperature of 60 ℃ is considered suitable for the operation 

and high performance of this cell. Nafion 211 is demonstrated as the most suitable 

membrane for the cell operations as high-power density is of paramount importance for 

aerospace propulsion and underwater power systems. It is worth to mention that the use 

lower Pt/C loading at the cathode during the cell fabrication to further reduce the cost of 

the cell is of great importance before achieving the commercialization of this system and 

it will be one of our major study directions in the future. This study thus provides 
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stimulating insights for future investigations towards improving the design and operating 

condition of this particular H2O2-based fuel cell for advanced operations and applications. 
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Figure captions 

Fig. 1. The operation principle of the e-fuel/hydrogen peroxide fuel cell. 

Fig. 2. Experimental set-up for the operation of the e-fuel/hydrogen peroxide fuel cell. 

Fig. 3. Polarization and power density curves of the H2O2-based fuel cell and (b) 

Comparison of power density with data obtained from the open literature for direct liquid 

fuel cells that employed H2O2 as oxidant. 

Fig. 4. Effect of hydrogen peroxide concentration on the cell performance. 

Fig. 5. Effect of sulfuric acid concentration on the cell performance. 

Fig. 6. Effect of vanadium ion concentration on the cell performance. 

Fig. 7. (a) Effect of Nafion membranes on the cell performance and (b) Effect of operating 

temperature on the cell performance. 

Fig. 8. (a) Constant-current discharge performances and (b) Efficiencies of the cell under 

three different current densities – 50, 100, and 200 mA cm-2. 
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Figures 

 

Fig. 1. The operation principle of the e-fuel/hydrogen peroxide fuel cell.  
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Fig. 2. Experimental set-up for the operation of the e-fuel/hydrogen peroxide fuel cell. 
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Fig. 3(a) Polarization and power density curves of the H2O2-based fuel cell and (b) 

Comparison of power density with data obtained from the open literature for direct liquid 

fuel cells that employed H2O2 as oxidant. 
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Fig. 4. Effect of hydrogen peroxide concentration on the cell performance. 
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Fig. 5. Effect of sulfuric acid concentration on the cell performance. 
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Fig. 6. Effect of vanadium ion concentration on the cell performance. 
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Fig. 7. (a) Effect of Nafion membranes on the cell performance and (b) Effect of 

operating temperature on the cell performance. 
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Fig. 8(a) Constant-current discharge performances and (b) Efficiencies of the cell under 

three different current densities – 50, 100, and 200 mA cm-2. 
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Fig. S1. Durability of the cell showing its discharging behavior after refueling for 10 times. 
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Table S1. Performance comparison with previous e-fuel cells using different oxidants. 

Year Fuel Membrane Oxidant Temp. 
(℃) 

Cathode 
catalyst 

(mg cm-2) 

Peak 
power 
density 

(mW cm-2) 

Ref. 

2021 E-fuel Nafion 
117 Air 60 Pt/C 

(0.5) 199.5 18 

2021 E-fuel Nafion 
211 Oxygen 60 Pt/C 

(4.0) 857.0 16 

2022 E-fuel Nafion 
211 

Hydrogen 
peroxide 60 Pt/C 

(0.5) 1456.0 This 
work 
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Table S2. Performance comparison of direct liquid fuel cells that employed hydrogen 
peroxide as oxidant. 

Year Fuel Membrane Temp 
(℃) 

Cathode 
Catalyst 
(mg cm-2) 

Peak 
power 
density 

(mW cm-2) 

Ref. 

2004 Sodium 
borohydride Nafion 117 70 Pt/C  

(1.0) 350 67 

2005 Sodium 
borohydride Nafion 117 70 PbSO4/C 

(8.0) 120 54 

2005 Sodium 
borohydride Nafion 117 70 Pt/C  

(1.0) 150 68 

2009 Sodium 
borohydride Nafion 112 60 Pd 

(0.1) 680 47 

2009 Sodium 
borohydride 

Nafion 
membrane 80 Pt/C  

(1.8) 410 69 

2010 Hydrazine Nafion 112 80 Au/C 
(1.0) 1020 20 

2010 Sodium 
borohydride Nafion 117 80 MnO2 

(4.0) 130 62 

2010 Sodium 
borohydride Nafion 117 22 Pt 470 70 

2010 Sodium 
borohydride Nafion 212 60 Pd 

(1.0) 665 71 

2011 Ethanol Nafion 117 60 PdNi/C 
(3.9) 240 72 

2011 Ethanol Nafion 211 60 Pt/C  
(4.0)  360 73 

2011 Sodium 
borohydride Nafion 117 70 Pd/C 

(1.0) 589 74 

2011 Ethanol Nafion 117 60 Au/C 
(1.2) 200 53 

2012 Hydrazine Nafion 115 80 Pt/C 
(0.1) 195 75 

2012 Sodium 
borohydride 

Chitosan 
hydrogel 60 Pd 685 46 

2013 Formate - 25 Pt/C  
(1.0) 4.9 76 

2013 Sodium 
borohydride Nafion 212 80 

Nano porous 
gold leaves 

(0.12) 
390 77 

2014 Ethanol A201 80 ACTA 
(1.0) 160 65 

2014 Formate Nafion 115 60 Pt/C  
(3.0) 331 48 

2014 Ethanol Nafion 117 60 - 450 66 
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Year Fuel Membrane Temp 
(℃) 

Cathode 
Catalyst 
(mg cm-2) 

Peak 
power 
density 

(mW cm-2) 

Ref. 

2014 Sodium 
borohydride 

Bipolar 
junction 70 Pt/C  

(1.0) 110 37 

2015 Formate Nafion 115 60 Pt/C  
(2.0) 591 63 

2015 Sodium 
borohydride Nafion 117 25 Pt/C  

(0.14) 79.9 78 

2015 Methanol Nafion 115 60 PB/CNT 
(20.0) 125 79 

2016 Formate A201 40 Pt/C  
(2.0) 23 80 

2017 Hydrazine Nafion 117 60 Au/C 
(1.0) 122.75 81 

2018 Hydrazine Nafion 117 60 Pt/C  
(0.5) 204.8 82 

2018 Ethylene 
glycol Nafion 212 80 Au/C 

(2.66) 115.3 41 

2019 Sodium 
borohydride Nafion 117 25 Pt/C  

(0.3) 275 29 

2019 Ethylene 
glycol Nafion 211 60 Au/C 

(2.66) 65.8 51 

2019 Sodium 
borohydride 

Bipolar 
junction 70 Pt/C  

(3.0) 630 36 

2019 Sodium 
borohydride Nafion HP 60 Pt/CB ~600 83 

2020 Ethylene 
glycol Nafion 211 60 Au/C 

(2.66) 120 84 

2020 Sodium 
borohydride 

Bipolar 
interface 70 Pt/C  

(1.0) 446 85 

2020 Methanol Nafion 115 85 PB 
(6.7) 20.5 86 

2020 Sodium 
borohydride 

Bipolar 
interface 25 Pt/C  

(3.0) 580 87 

2020 Sodium 
borohydride 

Bipolar 
interface 70 Pt/C  

(3.0) 890 45 

2021 Hydrazine Nafion 117 60 Pt/C  
(0.5) 216.71 88 

2021 Hydrazine Nafion 117 60 Pt/C  
(0.5) 148.58 89 

2021 Sodium 
borohydride Nafion 115 50 Pt/C  

(0.5) 139 64 

2021 Sodium 
borohydride Nafion 212 50 Au-Ni/ 

MWCNTs 279.5 34 
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Year Fuel Membrane Temp 
(℃) 

Cathode 
Catalyst 
(mg cm-2) 

Peak 
power 
density 

(mW cm-2) 

Ref. 

(1.0) 

2021 Sodium 
borohydride 

Bipolar 
interface 25 Pt/C  

(3.0) 466 90 

2022 E-fuel Nafion 211 60 Pt/C 
(0.5) 1456.0 This 

work 
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Highlights 

• An e-fuel/hydrogen peroxide fuel cell is proposed. 

• The fuel cell exhibits a peak power density of 1456.0 mW cm-2 at 60 ℃. 

• Effects of various operating conditions on the cell performance are investigated. 

• The cell demonstrates its promising applications for high-power systems. 
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