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Abstract 

Direct ethylene glycol fuel cells (DEGFCs), a clean and efficient power 

generation technology, have attracted great research interest as a promising 

power source, primarily because of excellent properties of ethylene glycol 

(EG), including high energy density and ease of transportation, storage as 

well as handling. Conventional alkaline fuel cells typically use ambient air 

as oxidant, but the ambient air containing carbon dioxide will lead to the 

carbonate issue in alkaline fuel cells, which refers to the reaction between 

carbon dioxide and hydroxide ions forming carbonates. It has been recently 

demonstrated that rather than using the ambient air or pure oxygen, using 

hydrogen peroxide (H2O2) as oxidant has attracted ever-increasing attention, 

primarily due to several unique characteristics of liquid hydrogen peroxide: 

(1) the use of hydrogen peroxide can substantially increase the theoretical 

voltage of EG fuel cells from 1.09 V to 2.47 V, potentially boosting the fuel 

cell performance; (2) the activation loss on the cathode can be lowered due 

to the two-electron-transfer process for hydrogen peroxide reduction 

reaction; (3) the serious water flooding problem occurring in air/oxygen-

based fuel cells can be alleviated because of the intrinsic liquid state of 

hydrogen peroxide; and more impressively, (5) the use of hydrogen 

peroxide can achieve the operation of fuel cells in an oxygen-tight 

environment, such as outer space and underwater. The primary objective of 

this thesis is to investigate and understand the performance characteristics 

of EG fuel cells using hydrogen peroxide as oxidant through experimental 

and numerical approaches. Firstly, Nafion or polytetrafluoroethylene 

(PTFE) is typically used as binder in preparing porous electrodes, but the 
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effective active sites are limited due to the fact that Nafion tends to be clad 

on the catalyst nanoparticles and PTFE tends to form inaccessible active 

sites, creating the barrier for mass/ion transport to active sites. A cost-

effective poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) 

is adopted as electrode binder, which tends to form a porous structure and 

adhere the catalyst nanoparticles onto the nickel foam skeleton but not to 

isolate the catalyst nanoparticles, achieving a higher effective active area. 

Meanwhile, it contains more amorphous domains capable of trapping a 

large amount of liquid electrolyte, creating more effective active sites. At 

the electrode level, the electrochemical surface areas of the three electrodes 

using PVDF-HFP, Nafion, and PTFE are 24.10, 18.62, and 16.44 m2 g-1, 

respectively. At the cell level, using the PVDF-HFP-based electrode 

exhibits the best performance with an open-circuit voltage (OCV) of 1.47 

V, a maximum current density of 300 mA cm-2, and a peak power density 

of 120.0 mW cm-2 at 60oC, which shows an improvement of 13.7% and 

58.1%, respectively, comparing to the fuel cell performance achieved by 

using Nafion and PTFE as the electrode binder. Secondly, an active fuel cell 

using EG as fuel and hydrogen peroxide as oxidant is designed, fabricated, 

and tested, which theoretically offers a theoretical voltage as high as 2.47 

V. This active fuel cell can experimentally output an OCV of 1.41V and a 

peak power density of 80.9 mW cm-2 at 60oC, which is 20.8% higher than 

that of using oxygen (67 mW cm-2). The performance improvement is 

mainly attributed to the faster kinetics of the two-electron-transfer hydrogen 

peroxide reduction reaction. Thirdly, the addition of auxiliary devices, such 

as liquid pumps and gas compressors, makes the active fuel cell system 
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bulkier and more complex, reducing not only the volumetric energy density 

but also the design flexibility. Hence, a passive fuel cell using EG as fuel 

and hydrogen peroxide as oxidant is demonstrated, which avoids the usage 

of auxiliary devices. Although the passive fuel cell generates a lower power 

density than does an active one, it is more structurally compact, no parasitic 

loss in power, and can be operated under ambient conditions, making it a 

suitable candidate for powering portable electronic devices. It is found that 

this passive fuel cell yields an OCV of 1.58 V and peak power densities of 

30.3 mW cm-2 and 65.8 mW cm-2 at 23oC and 60oC, respectively, showing 

an impressive improvement comparing to a passive air-based fuel cell, 

which is more than two times higher in the OCV (0.7 V) and more than five 

times higher in the peak power density (12 mW cm-2). In addition, it is also 

found that the heat generated by hydrogen peroxide self-decomposition 

shows a negligible effect on the fuel cell operation over the discharging 

process. Fourthly, a passive fuel cell stack consisting of two single cells is 

developed to examine the feasibility of this fuel cell technology in practical 

applications and then demonstrated to power an electric fan in underwater 

condition. This passive fuel cell stack exhibits an actual OCV of 3.0 V, a 

maximum current of 860 mA, and a peak power of 1178 mW at room 

temperature. The individual cell in the passive stack exhibits a good 

consistency over the whole current region, indicating a high degree of 

reproducibility achieved by the appropriate electrode manufacturing and 

cell assembly processes. Moreover, the running time (per refueling) of an 

electric fan powered by this passive stack is 2 hours and 36 minutes in 

underwater condition, demonstrating that this passive fuel cell stack is a 
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promising power source for airtight situations, such as underwater and outer 

space. Lastly, a mathematical model is developed to give the in-depth 

insights of physical and chemical processes occurring in this fuel cell, 

which incorporates mass/charge transport and electrochemical reactions. 

Previous models treat the local concentration as the actual reactant 

concentration participating in the electrochemical reaction, suggesting that 

EG molecules and OH- ions are completely adsorbed on active sites. For a 

specific active site, however, the reactant with a higher local concentration 

is more likely to be adsorbed, which may lead to active sites fully occupied. 

The other with a lower local concentration cannot be further adsorbed, 

hindering the electrochemical reaction. As such, the fuel cell performance 

is significantly affected by the fuel solution composition and their transport 

characteristics. By considering the competitive adsorption of reactants on 

active sites, the present model accurately predicts the voltage losses, 

electrode potentials, local concentrations, and thus fuel cell performance 

under various operating and structural design parameters. 
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 Introduction 

1.1.  Background 

The global energy demand, the modern society heavily relying on, has 

reached 14×109 TOE (ton of oil equivalent) per year to maintain sustainable 

development of the society. Over 80% of the energy, however, comes from 

the use of the oil, coal and natural gases. The massive use of fossil fuels 

leads to the fuel overexploitation resulting in the energy crisis and the 

increasing CO2 emission resulting in the climate change. We have to adopt 

new energy supply technologies that utilize renewable energy sources, due 

to the current energy and environmental issues we are facing today [1-8]. 

Fuel cells have been considered as one of the most promising clean and 

efficient power generation technologies for a sustainable future [9-15]. 

Hence, tremendous efforts have been made on the development of fuel cells 

[16-22]. Alkaline fuel cells (AFCs) that use potassium hydroxide (KOH) 

solution as the liquid electrolyte have shown much success since the 1960s, 

particularly working as the energy supply devices powering the Gemini and 

Apollo spacecraft, due to the fact that the electrochemical kinetics of the 

oxygen reduction reaction (ORR) is much enhanced resulting from the 

alkaline environment, allowing the absence of expensive noble metals in 

preparing the electrocatalysts and thus reducing the cost of the fuel cell 

system [23-25]. Despite its compelling merits, however, this fuel cell 

technology has not made sufficient progress in market presence yet. One 

significant factor preventing widespread commercialization is the use of the 

alkaline liquid electrolyte, which may cause two problems [26]. One is the 

carbonate, the product of the side reaction between hydroxide ions in the 
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liquid electrolyte and carbon dioxide in the air, reducing the concentration 

of hydroxide ions and potentially blocking the pores of the porous electrode 

via the precipitation of the metal carbonate [27-29]. The other is electrode 

flooding and drying problems, which are more likely to arise if the liquid 

electrolyte is not well controlled [30, 31].  

To address the issues caused by involving the liquid electrolyte, ion 

exchange membrane fuel cells that employ solid electrolyte have received 

ever-increasing attention [32-36]. The use of solid electrolyte membranes 

in fuel cells can remove the carbonate problem and avoid the liquid 

electrolyte management. A typical example is the proton exchange 

membrane fuel cell (PEMFC) employing the proton exchange membrane 

(PEM) to transport protons from the anode to cathode. Together with the 

PEM, the anode and the cathode, generally using carbon supported Pt 

electrocatalysts, form the membrane electrode assembly (MEA), which is 

the core component of PEMFCs. The compact layer-by-layer structure 

provides higher specific and volumetric energy densities. As a result, the 

PEMFC is a suitable candidate for portable, transportation, and stationary 

applications. 

1.2.  Direct liquid fuel cells 

In PEMFCs, the gas hydrogen is used as the fuel, so the only product is 

water, which is environmentally friendly and causes minimal corrosion of 

the system. However, the green and sustainable production of hydrogen 

needs further development. As hydrogen is the lightest gas, its storage and 

transportation require compressing gas hydrogen into liquid hydrogen at 

high pressure, which leads to potential explosion issue when the hydrogen 
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is not properly handled. For this reason, direct liquid fuel cells (DLFCs) 

using liquid alcohol fuels have attracted increasing research attention, 

primarily due to liquid fuels processing much higher energy densities and 

being easier to store, transport, and handle. 

1.3.  Direct ethylene glycol fuel cells 

1.3.1.  Features 

Currently, methanol, ethanol, and ethylene glycol (EG) are three most 

common liquid fuels utilized in fuel cells. As for methanol, severe fuel 

crossover can result in dramatic performance degradation [37]. As for 

ethanol, the C-C bond is hardly broken in fuel cells running at low 

temperatures (generally < 60oC), leading to a low electron transfer rate (i.e., 

33%) [20, 38]. EG, an alcohol with 2 hydroxyl groups, has received 

considerable interest for mobile, stationary, and portable applications, 

resulting from its promising theoretical energy capacity of 4.8 Ah mL-1, 

high boiling point of 198oC, and outstanding efficiency of electric power 

conversion [39]. Hence, direct ethylene glycol fuel cells (DEGFCs) using 

liquid EG not only avoids the poisoning and safety problems, but also 

possesses an electron transfer rate as high as 80% [24]. In addition, EG has 

a well-established supply chain producing more than 7 million tons 

annually. Figure 1.1 shows a conventional DEGFC using oxygen as oxidant. 

1.3.2.  Research and development 

Due to the above-mentioned advantages, DEGFCs have attracted ever-

increasing attention, particularly these fuel cells using anion exchange 

membranes (AEMs) due to the both enhanced anodic and cathodic kinetics 

[38, 40-42]. AEMs and cation exchange membranes (CEMs) are classified 



4 

 

by the charge type of fixed functional groups, which can selectively allow 

the passage of oppositely charged ions (counter-ions), while obstruct 

similarly charged ions (co-ions) [43]. An et al. [44] compared the AEM and 

CEM in direct ethanol fuel cells (DEFCs). It was found that the AEM 

possessed the higher ionic conductivity and mechanical property, but the 

worse thermal stability. In addition, the CEM showed the lower ionic 

conductivity, but acceptable thermal stability, mechanical property, and 

species permeability. There is no significant difference in the fuel cell 

performance between the AEM and CEM at low operating temperatures 

(<60oC), but the CEM-DEFC can operate stably at high operating 

temperatures (typically 90oC). 

In the past decade, numerous effects have been made on performance 

improvement, catalyst development, and system innovations [24, 45-51]. 

An et al. [45] developed and tested an alkaline DEGFC using an AEM, 

which exhibited a peak power density of 67 mW cm-2 at 60oC. The 

outstanding performance was ascribed to the alkaline environment, which 

much enhances the kinetics of both the ORR and ethylene glycol oxidation 

reaction (EGOR). Considering the poor stability of AEM at high 

temperatures, generally over 60oC, they replaced the AEM with an alkali-

doped polybenzimidazole in an alkaline DEGFC, which allows the 

operation of the fuel cell at higher temperatures (90oC). As a result, it was 

found that a higher peak power density of 112 mW cm-2 was achieved at 

90oC [24]. To improve the activity of the catalyst toward EGOR, Feng et al. 

[46] reported networked Pt‐Pb nanowires (NWs), which was synthesized 

via a large‐scalable wet‐chemical approach. The electrocatalyst showed a 
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3D networked structure with rich defects/steps. Using the acidified 

hydrogen peroxide rather than the oxygen or air in the cathode as the 

oxidant has been tested in fuel cells running on various fuels such as 

formate [52], propanol, and glycerol [53]. Li [52] found that the AEM direct 

formate-peroxide fuel cell showed a more stable cell voltage than the AEM 

direct ethanol fuel cell in a conceptual half-hour constant-current discharge. 

Chino et al. [53] reported that the split pH environment improved the 

thermodynamics of the fuel cell by creating a large potential difference 

between electrodes. However, the decomposition of H2O2 and thus 

generation of O2 may form a two-phase flow in the cathode flow channel, 

resulting in the voltage fluctuation, which is not desirable in the practical 

applications. Meanwhile, it creates a large transport resistance of H2O2 from 

the cathode flow channel to the cathode catalyst layer (CL), which may lead 

to the H2O2 in the cathode CL at a starving state, thus the cathodic reaction 

kinetics is sluggish [54]. 

Moreover, to meet the voltage requirement of electronics in practice, a fuel 

cell stack rather than a single cell is used, which is constituted by cells 

connected in series. Cremers et al. [55] developed an active AEM-DEGFC 

stack using the air as oxidant. When the feeding rates were 12 mL min-1 on 

the anode and 800 sccm on the cathode, the fuel cell stack showed a peak 

power density of 44 mW cm-2 at 50oC. Although the performance is 

promising, the active operation mode needs auxiliary equipment such as 

liquid pumps and gas compressors, leading to a more complicated and 

heavier system [56, 57]. To meet the demand for portable electronic devices, 

the active operation mode can be replaced by a passive way, which makes 
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the reactants store in the reservoirs and transport to the catalyst layer mainly 

via diffusion, driven by the concentration gradient [58]. It should be 

mentioned that the delivery of reactants at the passive operation mode in 

the porous electrode is slower than the active one does, which is attributed 

to the fact that an additional driving force of convection for the delivery of 

reactants exits at the active operation mode. Hence, the passive fuel cell 

performance is generally lower than the active fuel cell does at the same 

operation conditions. Marchionni et al. [59] synthesized Pd-(Ni-Zn)/C 

catalyst, which was Pd nanoparticles supported on a Ni–Zn phase, and 

adopted it as the anode catalyst in a passive DEGFC. It was found that the 

peak power density increased from 12 mW cm-2 to 24 mW cm-2 for passive 

mode at 25oC and 65 mW cm-2 to 95 mW cm-2 for active mode at 80oC 

when the Pd-(Ni-Zn)/C replaced the Pd/C. Fashedemi et al. [42] prepared 

Pd-based ternary core-shell (FeCo@Fe@Pd) nanocatalyst using multi-

walled carbon nanotubes bearing carboxylic (MWCNT-COOH) as 

supporting platform and compared its performance with the Pd/MWCNT-

COOH in a passive DEGFC. It was reported that the running time of the 

fuel cell using the FeCo@Fe@Pd/MWCNT-COOH-based anode was 

around 4.7 h at a discharging current density of 20 mA cm-2, which was 

higher than the Pd/MWCNT-COOH-based anode did (3.3 h). 

1.3.3.  Working principle 

As shown in Figure ??, the hybrid DEGFC consists of an anode diffusion 

layer (DL), an anode CL, a CEM, a cathode CL, and a cathode DL. In the 

anode where EGOR takes place, the EG reacts with OH- to produce oxalate, 

electrons, and water according to [20]: 
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C2H6O2+10OH-→(COO-)2+8e-+8H2O      EEGOR=-0.69 V   (1) 

Then the produced electrons transport from the external circuit and reach 

the cathode CL, participating in the hydrogen peroxide reduction reaction 

(HPRR), to react with hydrogen peroxide and protons to generate water 

according to [60]: 

4H2O2+8H++8e-→8H2O           EHPRR=1.78 V    (2) 

The sodium ions transport through the CEM from the anode to the cathode 

to form the ionic current. Therefore, combining the Eqs. (1) and (2), the 

overall reaction of the hybrid DEGFC can be obtained as follows: 

C2H6O2+4H2O2+8H++10OH-→(COO-)2+16H2O   E=2.47 V  (3) 

Although the theoretical voltage of this hybrid DEGFC is so high, the 

practical voltage exhibits a severe degradation due to the activation loss, 

ohmic loss, as well as concentration loss. In addition, the mixed potential 

in the cathode, lowering the cell voltage, needs to be paid special attention 

to. 

1.3.4.  State-of-the-art performance 

From the literature review in section 1.3.3, the performance of DEGFCs 

increases from 12 mW cm-2 to 112 mW cm-2. The reasons for the 

performance difference can be concluded as follows: i) the highly active 

electrocatalyst will enhance the reaction kinetics and lowers the activation 

loss, ii) the highly conductive membrane will facilitate the ion transport and 

lowers the ohmic loss, and iii) the higher operating temperature will 

enhance the reaction kinetics and mass transport. 

1.3.5.  Remaining challenges and issues 

Although significant progress has been made in DEGFCs, there are still 
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some remaining challenges and issues, which can be concluded as follows: 

i) the conventional layer-by-layer electrode design has large mass transport 

resistance in CL, and generates tremendous unaccessible active sites, ii) the 

water flooding on cathode, water transporting from the anode to cathode, 

limits the gas oxygen transport to the cathode CL, iii) the complicated 

design and bulky auxiliary equipment reduce the specific and volumetric 

energy densities of fuel cell system, and iv) few demonstration of DEGFC 

applications is reported. Before the worldwide commercialization of this 

technology, it is expected that the performance should be substantially 

improved. To achieve this goal, a better understanding on the mass transport 

characteristics of DEGFCs and innovative electrode designs are needed. 

1.4.  Objectives of this thesis 

The primary objective of this thesis is to investigate and understand the 

performance characteristics of EG fuel cells using hydrogen peroxide as 

oxidant through experimental and numerical approaches. Firstly, a cost-

effective poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) 

is adopted as electrode binder, which tends to form a porous structure and 

adhere the catalyst nanoparticles onto the nickel foam skeleton but not to 

isolate the catalyst nanoparticles, achieving a higher effective active area. 

Meanwhile, it contains more amorphous domains capable of trapping a 

large amount of liquid electrolyte, creating more effective active sites. At 

the electrode level, the electrochemical surface areas of the three electrodes 

using PVDF-HFP, Nafion, and PTFE are 24.10, 18.62, and 16.44 m2 g-1, 

respectively. At the cell level, using the PVDF-HFP-based electrode 

exhibits the best performance with an open-circuit voltage (OCV) of 1.47 
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V, a maximum current density of 300 mA cm-2, and a peak power density 

of 120.0 mW cm-2 at 60oC, which shows an improvement of 13.7% and 

58.1%, respectively, comparing to the fuel cell performance achieved by 

using Nafion and PTFE as the electrode binder. Secondly, an active fuel cell 

using EG as fuel and hydrogen peroxide as oxidant is designed, fabricated, 

and tested, which theoretically offers a theoretical voltage as high as 2.47 

V. This active fuel cell can experimentally output an OCV of 1.41V and a 

peak power density of 80.9 mW cm-2 at 60oC, which is 20.8% higher than 

that of using oxygen (67 mW cm-2). The performance improvement is 

mainly attributed to the faster kinetics of the two-electron-transfer hydrogen 

peroxide reduction reaction. Thirdly, a passive fuel cell using EG as fuel 

and hydrogen peroxide as oxidant is demonstrated, which avoids the usage 

of auxiliary devices. Although the passive fuel cell generates a lower power 

density than does an active one, it is more structurally compact, no parasitic 

loss in power, and can be operated under ambient conditions, making it a 

suitable candidate for powering portable electronic devices. It is found that 

this passive fuel cell yields an OCV of 1.58 V and peak power densities of 

30.3 mW cm-2 and 65.8 mW cm-2 at 23oC and 60oC, respectively, showing 

an impressive improvement comparing to a passive air-based fuel cell, 

which is more than two times higher in the OCV (0.7 V) and more than five 

times higher in the peak power density (12 mW cm-2). Fourthly, a passive 

fuel cell stack consisting of two single cells is developed to examine the 

feasibility of this fuel cell technology in practical applications and then 

demonstrated to power an electric fan in underwater condition. This passive 

fuel cell stack exhibits an actual OCV of 3.0 V, a maximum current of 860 
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mA, and a peak power of 1178 mW at room temperature. The individual 

cell in the passive stack exhibits a good consistency over the whole current 

region, indicating a high degree of reproducibility achieved by the 

appropriate electrode manufacturing and cell assembly processes. 

Moreover, the running time (per refueling) of an electric fan powered by 

this passive stack is 2 hours and 36 minutes in underwater condition, 

demonstrating that this passive fuel cell stack is a promising power source 

for airtight situations, such as underwater and outer space. Lastly, a 

mathematical model is developed to give the in-depth insights of physical 

and chemical processes occurring in this fuel cell, which incorporates 

mass/charge transport and electrochemical reactions. Previous models treat 

the local concentration as the actual reactant concentration participating in 

the electrochemical reaction, suggesting that EG molecules and OH- ions 

are completely adsorbed on active sites. For a specific active site, however, 

the reactant with a higher local concentration is more likely to be adsorbed, 

which may lead to active sites fully occupied. The other with a lower local 

concentration cannot be further adsorbed, hindering the electrochemical 

reaction. As such, the fuel cell performance is significantly affected by the 

fuel solution composition and their transport characteristics. By considering 

the competitive adsorption of reactants on active sites, the present model 

accurately predicts the voltage losses, electrode potentials, local 

concentrations, and thus fuel cell performance under various operating and 

structural design parameters. The obtained results are applicable for other 

DLFCs and can provide guidance for electrode fabrication, fuel 

composition, as well as system design. 
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Figure 1.1 Schematic of a conventional DEGFC using oxygen as oxidant. 
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Figure 1.2 Schematic of a DEGFC using hydrogen peroxide as oxidant. 
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 Fuel cell fabrications and 

characterizations 

2.1.  Introduction 

This chapter is to introduce the procedures of fuel cell fabrications and 

characterizations of electrodes and fuel cells: i) section 2.2 is to introduce 

the preparation procedures of flow field plates, electrodes, membranes, 

membrane electrode assembly (MEA), single-cell setup, and fuel cell stack 

setup; ii) section 2.3 is to introduce the characterizations of electrodes 

including surface morphology and electrochemical surface area (ECSA) 

determination; and iii) section 2.4 is to introduce the characterizations of 

single cells including testing system, fuel supply system, oxygen supply 

system, temperature controlling system, polarization curves, constant-

current discharging behaviour, long-term durability, internal resistance 

measurement, and electrochemical impedance spectra (EIS). 

2.2.  Fuel cell fabrication and assembly 

Each MEA is fixed between an anode plate and a cathode plate, both of 

which were made of 316 L stainless steel plates with flow fields. Four bolts 

and nuts are used to compress the anode plate and cathode plate tightly. 

Wooden insulators are put between plates and bolts to prevent short circuit. 

2.2.1.  Flow field plates 

The anode and cathode plates are made of 316 L stainless steel plates with 

flow fields. The flow field is a single serpentine flow channel grooved by 

the wire-cut technique, which was 0.5 mm deep and 1.0 mm wide. A larger 
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hole is drilled for heating rods, and a smaller hole is drilled for 

thermocouples. 

2.2.2.  Preparation of electrodes 

The widely used electrode structure is a layer by layer structure constructed 

by coating a catalyst layer (CL), which is usually a dense layer consisting 

of pure electrocatalyst or carbon supported electrocatalyst and electrode 

binder, onto a backing layer (BL), which is usually a porous material, e.g. 

carbon clothe, carbon paper, and metal foam. Three methods are used in 

this thesis to coat the CL on the BL, which are brushing, spraying, and dip-

coating. The procedures to fabricate the nickel foam-based electrode with 

an area of 1.0 cm × 1.0 cm via brushing method are given as follows: 

i) A piece of nickel foam with an area of 2.0 cm × 2.0 cm is cut off, 

whose weight is recorded for calculating the catalyst loading. 

ii) The nickel foam is fixed onto a heating plate with tapes, exposing 

an area of 1.5 cm × 1.5 cm. 

iii) The electrocatalyst nanoparticles are mixed with 5 wt.% Nafion 

solution (Fuel Cell Store, USA) as the binder and an appropriate 

amount of ethanol as the solvent. 

iv) The electrocatalyst ink is stirred continuously in an ultrasonic bath 

for 20 min, making it well dispersed. 

v) The prepared electrocatalyst ink is brushed onto the nickel foam 

using a painting brush. 

vi) Wait for a few minutes until the catalyst layer is dried. 

vii) Repeat the procedures v) and vi) for several times, until the desired 

catalyst loading is achieved. 
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viii) Cut off the electrode with an area of 1.0 cm × 1.0 cm in the middle 

of the brushed nickel foam. 

The procedures to fabricate the carbon cloth-based electrode with an area 

of 1.0 cm × 1.0 cm via spraying method are given as follows: 

i) A piece of carbon cloth with an area of 1.5 cm × 1.5 cm is cut off, 

whose weight is recorded for calculating the catalyst loading. 

ii) The carbon cloth is fixed onto a heating plate with tapes, exposing 

an area of 1.0 cm × 1.0 cm. 

iii) The electrocatalyst nanoparticles are mixed with 5 wt.% Nafion 

solution as the binder and an appropriate amount of ethanol as the 

solvent. 

iv) The electrocatalyst ink is stirred continuously in an ultrasonic bath 

for 20 min, making it well dispersed. 

v) The prepared electrocatalyst ink is sprayed onto the carbon cloth 

using a spray gun. 

vi) Wait for a few minutes until the catalyst layer is dried. 

vii) Repeat the procedures v) and vi) for several times, until the desired 

catalyst loading is achieved. 

viii) Cut off the electrode with an area of 1.0 cm × 1.0 cm in the central 

of the sprayed carbon cloth. 

The procedures to fabricate the nickel foam-based electrode with an area of 

1.0 cm × 1.0 cm via dip-coating method are given as follows: 

i) A piece of nickel foam with an area of 1.0 cm × 1.0 cm is cut off, 

whose weight is recorded for calculating the catalyst loading. 
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ii) The electrocatalyst nanoparticles are mixed with 5 wt.% Nafion 

solution as the binder and an appropriate amount of ethanol as the 

solvent. 

iii) The electrocatalyst ink is stirred continuously in an ultrasonic bath 

for 20 min, making it well dispersed. 

iv) The prepared nickel foam is dipped in the catalyst ink for 1 min 

before withdrawing it from the ink. 

v) Wait for a few minutes until the catalyst layer is dried by a blower. 

vi) Repeat the procedures iv) and v) for several times, until the desired 

catalyst loading is achieved. 

The method to control the catalyst loading is same for brushing, painting, 

and spraying. The original weight of substrate will be obtained first. Then 

the catalyst ink with specific catalyst/binder ratio will be coated onto 

substrate. Finally, the catalyst loading is determined by the mass difference 

between the original substrate and the fabricated electrode and the ink ratio. 

2.2.3.  Preparation of membranes 

The membrane in fuel cells is to conduct the charge carrier and separate the 

fuel and oxidant. In this thesis, a cation exchange membrane conducting 

Na+ is used, which can be obtained by treating commercial Nafion 

membranes. The procedures are given as follows: 

i) Cut off a piece of Nafion membrane with the desire area. 

ii) Immerse the membranes into 2.5 M NaOH solution. 

iii) Heat up the solution to 80oC for 1 h. 

iv) Wash the membranes with DI water for several times. 

Before assembling the fuel cell, the CEM can be stored in DI water. 
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2.2.4.  Membrane electrode assembly 

MEAs are synthesized using the as prepared anode, membrane, and cathode 

with an active area of 1.0 cm × 1.0 cm and 2.0 cm × 2.0 cm for active fuel 

cells and passive fuel cells, respectively. 

2.3.  Characterizations of electrodes 

2.3.1.  Surface morphology 

The surface morphology of the prepared electrodes can be observed by 

conducting scanning electron microscopy (SEM) tests. The SEM image 

provides the information about pore sizes and electrocatalyst distribution. 

The working principle of the SEM test can be briefly described that an 

electron beam produced by an electron gun of SEM machine is applied to 

the sample surface and interacts with the surficial atoms of the sample, 

generating various signals that contain the information of the surface 

morphology. 

2.3.2.  Electrochemical surface area determination 

Electrochemical surface area (ECSA) is an important parameter to describe 

the electrochemical surface of the prepared electrode, where the 

electrochemical reaction can occur. The technique for determining the 

ECSA of electrodes by cyclic voltammetry (CV) tests has been used for 

several decades. The procedures are given as follows: CV tests are 

conducted in a three-electrode electrochemical cell, where the fabricated 

electrode, the Pt foil, and the Hg-HgO (MMO, 1.0 M KOH) are used as the 

working electrode, the counter electrode and the reference electrode, 

respectively. The CV curves are recorded by an electrochemical 

workstation (PGSTAT302N). The potential window for the CV tests is from 
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−1.126 to 0.074 V at a scan rate of 50 mV s-1. The ECSA can be calculated 

by the PdO reduction charge in the CV curves as shown in Equation (1): 

ECSA= 
Q

qm
                      (1) 

where Q is the coulombic charge, q is the charge value of 405 μC cm-2 for 

the reduction of PdO monolayer, and m is the Pd loading on the electrode 

[1]. 

2.4.  Characterizations of single cells 

2.4.1.  Testing system 

The fuel cell testing system consists of the core component of single fuel 

cell and other auxiliary systems, including fuel and oxidant supply system, 

operating temperature controlling system, and testing equipment, as shown 

in Figure 2.1. 

2.4.2.  Fuel supply system 

The fresh fuel solution is stored in a reservoir, which will be fed into the 

single cell via a peristaltic pump (BT100-2J, Longer Pump Co., China). The 

flow rate can be adjusted by the revolutions per minute (RPM) of the pump. 

Another reservoir is used to store the exhausted solution running out from 

the outlet. 

2.4.3.  Oxidant supply system 

The fresh oxidant solution is stored in a reservoir, which will be fed into the 

single cell via a peristaltic pump. The flow rate can be adjusted by the RPM 

of the pump. Another reservoir is used to store the exhausted solution 

running out from the outlet. 

2.4.4.  Temperature controlling system 
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Two electrical heating rods are installed in the larger holes on the anode 

plate and cathode plate to heat up the cell. Two thermocouples are installed 

in the larger holes on the anode plate and cathode plate to detect the 

temperature of the single cell. A temperature controller is used to maintain 

the temperature of the single cell at a set value. 

2.4.5.  Polarization curves 

A polarization curve is a critical method to evaluate the fuel cell 

performance, which contains three crucial performance indicators, i.e., 

open-circuit voltage, peak power density, and maximum current density. A 

typical polarization curve is illustrated in Figure 2.2 [2]. In general, the fuel 

cell voltage decreases with the increase of current density. The relationship 

can be expressed as equation (2): 

V𝑐𝑒𝑙𝑙 = 𝐸0 − 𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑖𝑅𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒           (2) 

where E0 is the theoretical voltage, ηactivation and ηconcentration are the 

activation and concentration overpotentials of two electrodes, and Rresistance 

is the internal resistance of the fuel cell.  

i) Activation overpotential, caused by the slowness of the reactions 

taking place on electrode surface, drives the electrons transferring 

to or from the electrode. 

ii) Concentration overpotential, caused by the insufficient reactant 

concentration on the electrode surface to support the fast reaction, 

changes the equilibrium potentials and reduces the exchange current 

density of the electrode. In general, it occurs at high current density 

region. 
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iii) Internal resistance is caused by the electronic and ionic resistance in 

the conductive fixture, electrodes, and membrane and contact 

interfaces between the electronic conductors. 

To measure the polarization curve, a testing equipment (BT-2000, Arbin 

Instruments, USA) is used. The fuel cell is discharging from 0 mA cm-2, 

and the discharging current density increases with a same step. At each 

current density, it takes 30 seconds for voltage stabilization. The 

polarization curve can be obtained after the voltage reduces to zero. 

2.4.6.  Constant-current discharging behavior 

The polarization test is basically a short-term test, because it only lasts for 

tens of minutes. In practical applications, however, the fuel cell is required 

to work for tens or hundreds of hours. To test its long-term stability, 

constant-current discharging is adopted. The fuel cell is discharging at a set 

and constant current density, and the voltage is recorded for hours or days, 

so the long-term stability can be tested. 

2.4.7.  Long-term durability 

Apart from the long-term stability, the long-term durability of the passive 

fuel cell is examined. A long-term stability is conducted first, then the used 

fuel and oxidant are extracted, and the fuel cell is washed with DI water 

several times and dried in an oven. Fresh fuel and oxidant are injected into 

the cell and the long-term stability is tested again. The procedures are 

repeated to examine the long-term durability of the fuel cell. 

2.4.8.  Internal resistance measurement 

The ohmic loss is determined by the internal resistance of fuel cell, which 

is measured by a current interrupt method. A small current pulse is induced 
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by the testing equipment and the transient voltage change is recorded. The 

internal resistance is calculated by the sudden voltage drop and the disrupt 

current. 

2.4.9.  Electrochemical impedance spectra 

Electrochemical impedance spectra (EIS) is used to test the reaction 

kinetics, ohmic resistance, and mass transport efficiency of fuel cells. 

During the test, an electrochemical workstation applies sinusoidal voltages 

with small amplitude and different frequencies (1~100000 Hz) to a fuel cell 

and records the current response. The ohmic resistance and charge transfer 

resistance dominate in the high-frequency region, while the mass transport 

resistance dominates in the low‐frequency region. 

2.5.  Summary 

In this chapter, the fabrications of fuel cell are introduced, including the 

flow field plates, preparation of electrodes, preparation of membranes, and 

membrane electrode assembly. The techniques for the characterizations of 

fuel cells both in electrode scale and single cell scale are reviewed.  
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Figure 2.1 Testing system of an active DEGFC. 

  



 

 

32 

 

 

 

 

 

 

 

Figure 2.2 A typical polarization curve of a PEM fuel cell [2]. 
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 Development of three-dimensional 

porous electrodes 

Abstract 

In preparing direct liquid fuel cell electrodes, an ionomer is necessary, 

whose functions are not only to bind the discrete catalyst nanoparticles onto 

the substrate materials to build the porous catalyst layer, but also to 

construct the triple phase boundaries to provide continuous pathways for 

reactant delivery. In this work, a cost-effective and chemically stable 

poly(vinylidene fluoride-co-hexafluoropropylene) electrode binder is 

adopted and compared with the conventional Nafion and 

polytetrafluoroethylene in terms of the electrode morphology and the fuel 

cell performance. It is found that the fuel cell using the poly(vinylidene 

fluoride-co-hexafluoropropylene)-based electrode exhibits the best 

performance in terms of an open-circuit voltage of 1.47 V, a maximum 

current density of 300 mA cm-2, and a peak power density of 120.0 mW cm-

2. Comparing to the fuel cell performances fabricated with the conventional 

Nafion and polytetrafluoroethylene as electrode binder, the peak power 

density achieved by using the new type of electrode binder shows an 

improvement of 13.7% and 58.1%, respectively. Poly(vinylidene fluoride-

co-hexafluoropropylene) shows the lowest cost of $0.18 kW-1, while 

polytetrafluoroethylene and Nafion possess the higher cost of $0.80 kW-1 

and $145.59 kW-1, respectively. The impressive improvement is attributed 

to the fact that the poly(vinylidene fluoride-co-hexafluoropropylene)-based 

electrode has a higher electrochemical surface area due to its intrinsic 
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porous property, enhancing the anodic reaction kinetics. It is found that the 

best cell performance is achieved with 1.0 M EG and 5.0 M KOH in the 

anolyte and 1.0 M H2O2 and 4.0 M H2SO4 in the catholyte at 60oC. 

 

Keywords: Direct ethylene glycol fuel cells; Electrode binder; Hydrogen 

peroxide; Operating parameters; Power density 

  



 

 

35 

 

3.1.  Introduction 

As two global issues of climate change and energy crisis are becoming 

severer, proton exchange membrane fuel cells (PEMFCs) that use hydrogen 

as fuel and oxygen/air as oxidant have received ever-increasing attention as 

an alternative energy production technology in the last several decades [1, 

2], which is primarily due to their intrinsic superiorities such as high 

efficiency [3, 4], simple design [5, 6], low emissions [7, 8], and quick 

refueling [9, 10]. Apart from the great achievements made in PEMFCs that 

use proton exchange membranes (PEMs) as ion exchange membranes 

(IEMs) [11, 12], anion exchange membrane fuel cells (AEMFCs) using 

anion exchange membranes (AEMs) as IEMs have attracted worldwide 

research interest, which is mainly ascribed to the fact that non-precious 

metal nanocatalysts can be used in AEMFCs due to the enhanced reaction 

kinetics rendered from the alkaline environment, thus the cost of the fuel 

cell is significantly reduced [13, 14]. However, the production, storage, and 

transport of hydrogen are still the critical issues in the commercialization 

of hydrogen fuel cells, which need to be addressed [15]. Recently, direct 

liquid fuel cells (DLFCs) using liquid alcohols and soluble organics instead 

of gaseous hydrogen as the fuel have obtained tremendous development, 

which is regarded as one of the most promising power sources for portable 

electronics [16, 17]. In addition to the above-mentioned advantages, the 

DLFCs possesses a broader range of advantages including mature 

production, easy transportation, and convenient handling of liquid fuels 

comparing to gaseous hydrogen [18, 19]. Among the widely used alcohols 

such as methanol, ethanol, and ethylene glycol (EG), EG has received 
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considerable interests because of the electron transfer rate as high as 80%, 

the boiling point of 198oC, and the theoretical energy capacity of 4.8 Ah 

mL-1, which is a promising fuel for portable electronic devices [20, 21]. The 

term of electron transfer rate is similar to Faradaic efficiency, because EG 

cannot be completely oxidized to CO2 using common catalysts under low 

temperature (<80oC). The main product of the ethylene glycol oxidation 

reaction in alkaline media could be oxalate, releasing 8 electrons per EG 

molecular. When EG is completely oxidized to CO2, it will release 10 

electrons per EG molecular, so the electron transfer rate of EG is 80%. 

Hence, direct ethylene glycol fuel cells (DEGFCs) become one of the 

research hotspots in DLFCs [22]. An et al. [23] developed and tested an 

alkaline DEGFC using an AEM, which yielded a peak power density of 67 

mW cm-2 at 60oC. The excellent performance was attributed to the alkaline 

environment, which much promotes the kinetics of both the oxygen 

reduction reaction (ORR) and ethylene glycol oxidation reaction (EGOR). 

Considering the poor stability of the AEM at high temperatures, generally 

over 60oC, they replaced the AEM with an alkali-doped polybenzimidazole 

in an alkaline DEGFC, which allows the operation of the fuel cell at higher 

temperatures (90oC). As a result, it was found that a higher peak power 

density of 112 mW cm-2 was achieved at 90oC [24]. To further promote the 

cell performance, Pan et al. [25] reported that an open-circuit voltage (OCV) 

of 1.41 V and a peak power density of 80.9 mW cm-2 at 60oC were achieved 

by replacing the oxygen with hydrogen peroxide in an alkaline DEGFC. 

This type of DEGFC boosted the OCV by 62.1% and the peak power 

density by 20.8%, as well as eliminated the requirement of the air from the 
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ambient environment. To improve the specific energy density and 

volumetric energy density, as well as extend the application situations to 

underwater and outer space, they developed a passive DEGFC with 

hydrogen peroxide as oxidant. This fuel cell exhibited peak power densities 

of 30.3 and 65.8 mW cm-2 at 23 and 60oC, respectively [26]. They further 

developed and tested a passive DEGFC stack, which yielded an OCV of 3.0 

V, a maximum current of 860 mA, and a peak power of 1178 mW at room 

temperature [27]. The passive stack was applied to power an electric fan for 

around 3 hours under the mimetic underwater circumstance, indicating that 

this passive stack can be air-independent power sources for underwater and 

outer space applications. 

Similar to hydrogen fuel cells, in the preparation of the DLFC electrodes, 

an ionomer is necessary and plays an important role in the electrode 

fabrication. The ionomer possesses two functions. One is to bind the 

discrete catalyst nanoparticles onto the substrate materials to build the 

porous catalyst layer (CL), and the other is to construct the triple phase 

boundaries (TPBs) providing pathways for ion transport [28]. Generally, 

Nafion and polytetrafluoroethylene (PTFE) are two ionomers that have 

been widely used in fuel cells [29]. Although Nafion has proved to be a 

promising ionomer in forming the CL, the cost is the main concern 

hindering its wide applications [30]. The price of the 5 wt. % Nafion 

dispersion is as high as $4 mL-1 [31]. Choudhury et al. [32] prepared 

polyvinyl alcohol chemical hydrogel (PCH) and chitosan chemical 

hydrogel (CCH) as electrode binder for direct borohydride fuel cells 

(DBFCs) a chemical cross-linking reaction. Because of the hydrophilic 
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property and thus high water-retention capability, the CCH performed better 

than the Nafion binder, and the PCH showed similar performance 

comparing to the Nafion binder. An et al. [29] synthesized agar chemical 

hydrogel (ACH) as electrode binder in a fuel-electrolyte-fed fuel cell. It 

yielded a peak power density of 380 mW cm-2 at 90oC. PTFE is a cheaper 

binder comparing to Nafion. The price of the 60 wt. % PTFE dispersion is 

$0.312 mL-1 [33]. However, one disadvantage of using PTFE as the 

electrode binder is that the reactants are not able to penetrate the PTFE 

binder [29]. For this reason, once the active sites in the catalyst layer, which 

are essential for electrochemical reactions, are covered by PTFE, the 

covered part would be not accessible and cannot catalyze the 

electrochemical reactions, resulting in the decrease in the electrochemical 

surface area (ECSA) [29]. 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), an 

emerging fluorocopolymer, has been solely used or composited with other 

polymers to act as the membrane electrolyte in Li-ion batteries [34, 35]. 

Because of the copolymerization effect, PVDF–HFP has relatively low 

crystallinity. Hence, it contains more amorphous domains capable of 

trapping a large amount of liquid electrolytes [34]. For this reason, its 

superiority comparing to PTFE is that even though the active sites in the 

catalyst layer may be covered by PVDF-HFP, they are still capable to 

catalyze the electrochemical reactions, leading to a higher ECSA. In 

addition, the price of PVDF-HFP powder is $0.12 g-1 [36], which is much 

cheaper than Nafion. Therefore, the cost of the fuel cell can be substantially 

reduced when used in the electrode fabrication. In this work, three 
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electrodes with different binders including PTFE, Nafion, and PVDF-HFP 

are prepared and then assembled into a DEGFC using acidified hydrogen 

peroxide as oxidant. It is found that the peak power densities achieved by 

PTFE, Nafion, and PVDF-HFP are 75.9, 105.5, and 120.0 mW cm-2 at 60oC, 

respectively. Impressively, the fuel cell performance achieved by using the 

PVDF-HFP-based electrode as anode is even higher than that using the 

Nafion-based one. In addition, PVDF-HFP shows the lowest cost of $0.18 

kW-1, while PTFE and Nafion possess the higher cost of $0.80 kW-1 and 

$145.59 kW-1, respectively. Considering the practical applications of 

DLFCs in portable electronics, electric vehicles, and stationary stations, 

PVDF-HFP can be the candidate to replace expensive Nafion functioning 

as the electrode binder, which meets the crucial requirement of low cost for 

worldwide commercialization. 

3.2.  Analysis of transport characteristics 

In a DEGFC as shown in Figure 3.1, the mass transport of reactants, from 

the fuel reservoir through the flow field and then the porous diffusion layer 

to the porous catalyst layer, is mainly driven by the concentration gradient 

and pressure difference, in which the oxidation/reduction reaction will take 

place to consume the reactants, while the remaining will transport through 

the membrane reach the other electrode, wasting the utilization efficiency 

of reactants and even causing the mixed potential problem. In order to 

achieve the optimal fuel cell performance, therefore, the local 

concentrations of reactants in the catalyst layer should be at an appropriate 

level. For the conventional layer-by-layer electrode design, the CL formed 

by randomly stacking nanoparticles has smaller pore sizes, and thus a larger 
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transport resistance for reactant. Meanwhile, the removal of products is also 

a problem. As a result, the local concentration of reactants in the CL might 

be at an inadequate level, and the limited active sites might be covered by 

products, resulting in much lower performance. For the nickel foam-based 

three-dimensional electrode, the transport resistance for reactants and 

products are effectively reduced due to the large pores. Therefore, the 

performance can be improved, and the long-term stability can be enhanced. 

3.3.  Experiments 

3.3.1.  Preparation of the three-dimensional porous electrode 

To prepare the Pd/C anodes, dip-coating method was applied, which has 

been reported in previous publication [41]. When Nafion was used as the 

binder, the catalyst ink was prepared by mixing 30 wt. % Pd/C (Sigma-

Aldrich Co., USA) with 5 wt.% Nafion (Fuel Cell Store, USA) and ethanol, 

which serves as the binder and solvent, respectively. Then, the catalyst ink 

was stirred in an ultrasonic bath for 20 minutes to disperse it uniformly. 

Subsequently, the nickel foam (Hohsen Co., Japan) with designed shape 

was dipped in the catalyst ink for 1 min before withdrawing it from the ink. 

Afterwards, the nickel foam was dried in the air by a blower. These two 

steps were repeated continuously until reaching the required catalyst 

coating, which is 1.0 mgPd cm-2 for the anode. The preparation of the anode 

with 60 wt. % PTFE (Fuel Cell Store, USA) and PVDF-HFP (Solvay S. A., 

France) as binders adopted the same method except that acetone was used 

as the solvent for PVDF-HFP. 

3.3.2.  Cyclic voltammetry 

Cyclic voltammetry (CV) tests were conducted in a three-electrode 
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electrochemical cell, where the fabricated electrode, the Pt foil, and the Hg-

HgO (MMO, 1.0 M KOH) were used as the working electrode, the counter 

electrode and the reference electrode, respectively. The CV curves were 

recorded by an electrochemical workstation (PGSTAT302N). The potential 

window for the CV tests was from −1.126 to 0.074 V at a scan rate of 50 

mV s-1. 

3.3.3.  Preparation of the membrane electrode assembly 

Three membrane electrode assemblies (MEAs) were prepared in this work 

with different binder materials on the anodes, including Nafion, PTFE and 

PVDF-HFP. The MEAs consist of three components: an anode, a cathode 

and a CEM with a thickness of 30 μm (Nafion 211). Both electrodes were 

in-house fabricated with the same active area of 1.0 cm × 1.0 cm. The Au/C 

cathode was prepared by the spray method, which has been reported 

previously [42]. Firstly, 60 wt. % Au/C (Permetek Co., USA) was mixed 

with 15 wt. % Nafion and ethanol for the preparation of the catalyst ink. 

Subsequently, it was placed in an ultrasonic bath for 20 minutes. Lastly, the 

ink was sprayed onto the carbon cloth (Hesen, China), until a catalyst 

loading of 2.66 mgAu cm-2 on the cathode was achieved. The CEMs used in 

the MEAs were obtained by the following treatments [42]: (1) cut the 

original Nafion 211 membranes to the designed shape of 1.5 cm × 1.5 cm, 

(2) immerse the membranes into an aqueous solution of 2.5 M KOH, (3) 

heat up the solution to 80oC for 1 h, and (4) use DI water to rinse the 

membranes for several times and store them in DI water before the fuel cell 

assembly. 

3.3.4.  Fuel cell setup and instrumentation 
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The whole fuel cell was assembled by fixing the MEA in between an anode 

plate and a cathode plate. The material of the plates is 316L stainless steel 

to avoid the corrosion problem caused by the anolyte and catholyte. In 

addition, flow fields were grooved on both plates with a single serpentine 

shape. The flow fields have a width of 1.0 mm and a depth of 0.5 mm. The 

electrolytes on anode and cathode were fed into the flow fields by utilizing 

two peristaltic pumps with a flow rate of 2 mL min-1. The electrochemical 

impendence spectra (EIS) test was conducted with a CHI 605C (CH 

Instruments, China). Moreover, to examine the effects of the operating 

temperatures on the cell performance, two electrical heating rods were used 

to heat up the cell, and the temperature was measured and controlled by a 

thermocouple and a temperature controller, respectively. To evaluate the 

fuel cell performance, an Arbin BT2000 (Arbin Instrument Inc.) was 

utilized to measure the polarization curves. 

3.4.  Results and discussion 

3.4.1.  Characterization of as-prepared electrodes 

Figure 3.2 shows the general performance of the fuel cell fed with anolyte 

containing 1.0 M EG and 1.0 M KOH and catholyte containing 1.0 M H2O2 

and 1.0 M H2SO4, both of which are at a flow rate of 2 mL min-1, running 

with three home-made electrodes using different binders at room 

temperature with pretreated Nafion 211 membrane as the CEM. It is seen 

that the fuel cell using PVDF-HFP as the electrode binder showed the 

highest voltage over the whole current density region, followed by the 

Nafion binder, and the fuel cell using the PTFE binder output the worst cell 

voltage. The OCVs of PVDF-HFP and Nafion were similar at around 1.18 
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V, while the OCV of PTFE was a little lower at around 1.14 V. In addition, 

the peak power densities achieved by the PVDF-HFP, Nafion, and PTFE 

were 31.9, 27.5, and 20.8 mW cm-2, respectively. Therefore, among three 

electrode binders, PVDF-HFP is the best choice to be applied in alkaline-

acid DEGFCs as an electrode binder, which is not only due to the highest 

power output, but also the lowest price as compared previously.  

To find the reasons why PVDF-HFP performs better than Nafion and PTFE, 

CV tests and scanning electron microscope (SEM) characterizations are 

implemented for the fabricated electrodes and SEM tests are conducted for 

the binders at dry state as well. Pd on carbon system exhibits a poor 

definition of the hydrogen region, so the adsorption and desorption of 

hydrogen to determine the ECSA is not an appropriate method. Therefore, 

the quantity of electricity used in the reduction of palladium oxide formed 

over the top layer of the Pd particles, probably as a form of PdO, is 

employed in calculating the ECSA. A charge value of 405 μC cm-2 is 

assumed for the reduction of PdO monolayer. Figure 3.3 shows the CV 

curves of three electrodes in 1.0 M KOH solution at a scan rate of 50 mV s-

1. It can be seen that the electrode with PVDF-HFP as the binder possessed 

the highest peak area of the reduction of PdO ranging from -0.8 to -0.2 V, 

indicating that the electrode with PVDF-HFP yielded the largest ECSA. The 

ECSA can be calculated by the PdO reduction charge in the CV curves as 

shown in Equation (4): 

ECSA= 
Q

qm
                       (4) 

where Q is the coulombic charge, q is the charge value of 405 μC cm-2 for 
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the reduction of PdO monolayer, and m is the Pd loading on the electrode 

[43, 44]. Based on the equation, the ECSAs of the three electrodes with 

PVDF-HFP, Nafion, and PTFE are 24.10, 18.62, and 16.44 m2 g-1, 

respectively. Hence, the remarkable performance of PVDF-HFP is 

attributed to the higher ECSA, which provides more active sites for the 

EGOR. Figures 3.4, 3.5, and 3.6 show the SEM images of the PVDF-HFP, 

Nafion, and PTFE at dry state, respectively. It is found that the PVDF-HFP 

tends to form a porous structure with small particles accumulation together. 

In contrast, the Nafion tends to form a film structure with a smooth surface. 

The roughness of the PTFE is in between the PVDF-HFP and Nafion. 

Therefore, it can be inferred from the structures that Nafion tends to be clad 

on the catalyst nanoparticles when used as the binder in the electrode 

fabrication, thus the ECSA is decreased significantly. When PVDF-HFP is 

employed as the binder, it tends to adhere the catalyst nanoparticles onto 

the nickel foam skeleton but not to cover the catalyst nanoparticles, so that 

the PVDF-HFP-based electrode has the highest ECSA [28]. Although the 

PTFE-based electrode is supposed to have the higher ECSA than the 

Nafion-based electrode according to the morphology of the binders at dry 

state, the Nafion-based electrode actually possesses the higher ECSA. This 

abnormal phenomenon can be explained as follows. As Nafion is permeable 

to reactants [29], the active sites covered by Nafion are still accessible to 

the reactants, indicating that the total active sites of the Nafion-based 

electrode having the catalytic ability include not only the uncovered active 

sites but also a number of active sites covered by the binder. In addition, the 

reactants are not able to penetrate the PTFE binder, so the total active sites 
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of the PTFE-based electrode are merely the uncovered active sites. As a 

result, the additional active sites of the Nafion-based electrode compensate 

the disparity between the Nafion-based electrode and the PTFE-based 

electrode, leading to the higher ECSA of the Nafion-based electrode.  

EIS is a widely used method to quantify the different processes in the fuel 

cell, such as ohmic resistance, charge transfer resistance, and mass-

transport resistance. When the frequency is in high region, the change of 

input current signal is so quick that mass transport cannot occur in time, so 

the faster charge transport is dominated. When the frequency is decreasing, 

the change of input current signal is slow, so the mass-transport resistance 

will occur due to the long relaxation time of the mass-transport being met. 

The total resistance combines the RΩ, Rct and Zw. The RΩ and Rct will be 

fixed as the half circle shows, while the mass transport resistance will 

increase with decreasing frequency, so mass transport dominates in low 

frequency region. Figure 3.7 shows Nyquist plots of the present fuel cell 

using three different electrodes at room temperature. The ohmic resistance 

and charge transfer resistance dominate in the high-frequency region, while 

the mass transport resistance dominates in the low‐frequency region [45]. 

It is found that the arcs of the impedance spectra in high‐frequency region 

are similar, suggesting that the charge transfer resistances of fuel cells using 

these three electrodes are near. It also can be seen from the intersections of 

the curves and horizontal axis that the PVDF-HFP-based electrode 

possesses the lowest ohmic resistance, followed by the Nafion-based 

electrode, and the PTFE-based electrode results in the largest ohmic 
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resistance. This observation also accounts for the fuel cell performance 

variations. Due to the lowest ohmic resistance, the PVDF-HFP-based 

electrode yields the best fuel cell performance.  

3.4.2.  Fuel cell performance 

Figure 3.8 shows the polarization and power density curves of fuel cells 

with three different electrodes at the previously optimized reactant-feeding 

concentrations, i.e. 1.0 M EG and 5.0 M KOH in the anolyte and 4.0 M 

H2O2 and 1.0 M H2SO4 in the catholyte, at room temperature. Comparing 

to the cell performance fed with 1.0 M EG and 1.0 M KOH in the anolyte 

and 1.0 M H2O2 and 1.0 M H2SO4 in the catholyte, the cell performance 

with three binders all shows great improvements in OCVs, maximum 

current densities, and peak power densities. It is seen that the OCV of the 

cell using PTFE binder increases from 1.14 V to 1.31 V and the OCVs of 

the cells with PVDF-HFP and Nafion increase from 1.18 V to 1.39 V and 

1.18 V to 1.38 V, respectively. In addition, the increases in maximum 

current densities of the PVDF-HFP, Nafion, and PTFE are 25, 10, and 30 

mA cm-2, respectively. Due to the elevations in both the cell voltage and 

current densities, the peak power densities boost significantly from 31.9 to 

57.0 mW cm-2 with PVDF-HFP binder, from 27.4 to 46.1 mW cm-2 with 

Nafion binder, and from 20.8 to 39.9 mW cm-2 with PTFE binder. This 

performance improvement can be explained as follows. For the specific 

anode and cathode, the concentrations of reactants in the CLs have the 

dominant effect on the reaction kinetics. As the reactant-feeding 

concentrations are low, the reactant concentrations in the CLs are at 

starvation state, thus the reaction kinetics is sluggish. When the reactant 
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concentrations increase, the delivery of the reactants from the flow field 

through the DL to the CL is enhanced, which is derived from the higher 

concentration gradient. As a result, the reactant concentrations in the CLs 

transfer from the starvation state to the saturation state, hence the reaction 

kinetics is enhanced. 

Figure 3.9 shows the polarization and power density curves of fuel cells 

with three different electrodes fed with 1.0 M EG and 1.0 M KOH in the 

anolyte and 1.0 M H2O2 and 1.0 M H2SO4 in the catholyte at 60oC. It is 

found that the cell performance with three binders all has conspicuous 

enhancement in OCVs, maximum current densities, as well as peak power 

densities. It is seen that the OCV of the cell using PTFE binder increases 

from 1.14 V to 1.23 V and the OCVs of the cells with PVDF-HFP and 

Nafion increase from 1.18 V to 1.24 V and 1.18 V to 1.22 V, respectively. 

Meanwhile, the increases in maximum current densities of the PVDF-HFP, 

Nafion, and PTFE are 25, 15, and 25 mA cm-2, respectively. In addition, the 

peak power densities increase dramatically from 31.9 to 56.3 mW cm-2 with 

PVDF-HFP binder, from 27.4 to 42.1 mW cm-2 with Nafion binder, and 

from 20.8 to 28.5 mW cm-2 with PTFE binder. The impressive improvement 

in the fuel cell performance is attributed to the elevated operating 

temperature, which can be illustrated by three reasons Firstly, increasing the 

operating temperature enhances the reaction kinetics of the EGOR in the 

anode and the HPRR in the cathode simultaneously, which lowers the 

activation loss. Secondly, the mobility of electrons and diffusivity of 

reactants are promoted with at higher operating temperatures, leading to the 

fact that the reactants can reach the active sites on the CLs more efficiently, 
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thus the concentration loss is reduced. Lastly, as the operating temperature 

increases, the viscosity of the anolyte and catholyte decreases and the 

conductivity of CEMs increases, which reduces the ohmic loss. Therefore, 

the fuel cell yields a better performance at higher operating temperatures 

due to the decreases in activation loss, concentration loss, and ohmic loss. 

Figure 3.10 shows the polarization and power density curves of fuel cells 

with three different electrodes at the reactant-feeding concentrations of 1.0 

M EG and 5.0 M KOH in the anolyte and 1.0 M H2O2 and 4.0 M H2SO4 in 

the catholyte at 60oC. It is found that the best cell performance in OCVs, 

maximum current densities, and peak power densities is achieved 

combining the increased reactant-feeding concentrations and higher 

operating temperature. It is shown that the OCVs of the cell using PVDF-

HFP, Nafion, and PTFE are 1.47 V, 1.46 V, and 1.45 V, respectively. 

Meanwhile, the maximum current densities of the PVDF-HFP, Nafion, and 

PTFE show great improvements, which are 300, 220, and 195 mA cm-2, 

respectively. In addition, comparing to the fuel cell performance fed with 

1.0 M EG and 1.0 M KOH in the anolyte and 1.0 M H2O2 and 1.0 M H2SO4 

in the catholyte at room temperature, the peak power densities increase 

dramatically from 31.9 to 120.0 mW cm-2 with PVDF-HFP binder, from 

27.4 to 105.5 mW cm-2 with Nafion binder, and from 20.8 to 75.9 mW cm-

2 with PTFE binder. The tremendous enhancement in power densities is 

attributed to the positive effects brought by increasing reactant-feeding 

concentrations and operating temperature. The maximum peak power 

density of 120.0 mW cm-2 is 48.3% higher than that achieved in our 

previous publication (80.9 mW cm-2) [25]. The only difference is the 
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fabrication method of the electrode, which is dip-coating method rather than 

the brushing method, suggesting that the dip-coating method is superior 

than the brushing method when nickel foam is used as the backing layer. 

The reasons can be summarized as follows. For the same catalyst loading, 

the CL formed on the surface of nickel foam by the brushing method is 

much thicker and denser, which may result in large agglomerates lowering 

the catalyst utilization efficiency. Conversely, the CL formed on the 

skeleton of nickel foam by the dip-coating method is much thinner and 

sparser, which improves the catalyst utilization efficiency, thus the ECSA 

of the electrode using the dip-coating method is higher than that using the 

brushing method [41]. Moreover, the dense CL formed by the brushing 

method has the low porosity and small pore size, resulting in a low 

permeability and high transport resistance, while the electrode using the 

dip-coating method has the higher porosity and larger open pores, thus the 

permeability is higher. Hence, mass transport is enhanced through the 

porous electrode using the dip-coating method, reducing the fuel cell 

resistance [44]. 

3.4.3.  Constant-current discharging behavior 

Figure 3.11 demonstrates the transient discharging behavior of the fuel cell 

using the PVDF-HFP-based and Nafion-based electrodes fed with 1.0 M 

EG and 5.0 M KOH in the anolyte and 1.0 M H2O2 and 4.0 M H2SO4 in the 

catholyte at 60oC. It is indicated that the fuel cell using PVDF-HFP-based 

electrode exhibits a stable output voltage around 0.8 V with acceptable 

fluctuations for 100 h at a discharging current density of 100 mA cm-2. The 

voltage fluctuation may be attributed to the decomposition of H2O2 and thus 
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generation of O2, forming a two-phase flow in the cathode flow channel. It 

creates a large transport resistance of H2O2 from the cathode flow channel 

to the cathode CL [46]. The stable running time of the fuel cell is twenty 

times as long as the fuel cell using the sprayed electrode (5 h) [25], which 

is attributed to the dip-coated electrode having the higher porosity and 

larger open pores, thus the efficient reactant-feeding and product-removing 

are achieved, contributing to stabilizing the cell voltage. The outstanding 

stability indicates that this DEGFC with the PVDF-HFP-based electrode 

fabricated using the dip-coating method possesses the potential for future 

practical applications. Although the voltage of Nafion electrode is higher 

than the PVDF-HFP-based electrode at the initial 20 h, the Nafion-based 

electrode experiences an obvious voltage degradation at the rest 80h, while 

the PVDF-HFP-based electrode shows a rather stable voltage at the same 

discharging current density. It implies that PVDF-HFP-based electrode has 

a longer life-time in this fuel cell. 

3.4.4.  Cost estimation 

Table 3-1 shows the cost estimation and comparison of three electrode 

binders in the fuel cell and the cost is evaluated according to the equation 

(5): 

       C = 
1000×1000×UP×m

PP
                   (5) 

where C is the cost of the electrode binder in the fuel cell normalized by 

power output, UP is the unite price of the binder, m is the mass of the used 

binder, and PP is the peak power generated by the fuel cell with the 

electrode binder obtained previously. It is seen that PVDF-HFP shows the 
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lowest cost of $0.18 kW-1, while PTFE and Nafion possess the higher cost 

of $0.80 kW-1 and $145.59 kW-1, respectively. The significant reduction in 

cost is attributed the lower unit price of PVDF-HFP and the higher peak 

power achieved by the fuel cell using PVDF-HFP as the electrode binder. 

3.5.  Summary 

In this work, the cost-effective poly(vinylidene fluoride-co-

hexafluoropropylene) is used to replace the conventional and expensive 

Nafion and polytetrafluoroethylene as the binder in the electrode fabrication. 

The home-made electrodes using these binders are characterized via cyclic 

voltammetry and scanning electron microscope. In addition, they are 

assembled into an alkaline-acid direct ethylene glycol fuel cell and 

evaluated in terms of the fuel cell performance. The results show that the 

ECSAs of the electrodes with PVDF-HFP, Nafion, and PTFE are 24.10, 

18.62, and 16.44 m2 g-1, respectively. It is because PVDF-HFP tends to 

adhere the catalyst nanoparticles onto the nickel foam skeleton but not to 

cover the catalyst nanoparticles, thus the PVDF-HFP-based electrode has 

the highest ECSA. In performance tests, the fuel cell using the PVDF-HFP-

based electrode exhibits the best performance of an open-circuit voltage of 

1.47 V, a maximum current density of 300 mA cm-2, and a peak power 

density of 120.0 mW cm-2 with 1.0 M EG and 5.0 M KOH in the anolyte 

and 4.0 M H2O2 and 1.0 M H2SO4 in the catholyte at 60oC. Comparing to 

the cell performance with conventional Nafion and polytetrafluoroethylene 

as the electrode binder, the peak power density shows an improvement of 

13.7% and 58.1%, respectively. The impressive improvement is attributed 

to the higher ECSA due to its intrinsic porous property, contributing to the 
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enhancement in the reaction kinetics. It is found that PVDF-HFP shows the 

lowest cost of $0.18 kW-1, while PTFE and Nafion possess the higher cost 

of $0.80 kW-1 and $145.59 kW-1, respectively. The significant reduction in 

cost is attributed the lower unit price of PVDF-HFP and the higher peak 

power achieved by the fuel cell using PVDF-HFP as electrode binder. 
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Figure 3.1 Schematic of the an active alkaline-acid direct ethylene glycol 

fuel cell using a three-dimensional electrode. 
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Figure 3.2 Fuel cell performances achieved by using different binders at 

room temperature. 
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Figure 3.3 CV curves in 1.0 M KOH at a scan rate of 50 mV s-1. 
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Figure 3.4 SEM image of the PVDF-HFP at dry state. 
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Figure 3.5 SEM image of the Nafion at dry state. 
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Figure 3.6 SEM image of the PTFE at dry state. 
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Figure 3.7 Nyquist plots of three different electrodes at room temperature. 
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Figure 3.8 Polarization and power density curves achieved by using three 

different electrodes at room temperature. 

 

  



 

 

67 

 

 

 

 

 

 

 

 

Figure 3.9 Polarization and power density curves achieved by using three 

different electrodes at 60oC. 
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Figure 3.10 Polarization and power density curves achieved by using three 

different electrodes at 60oC. 
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Figure 3.11 Constant-current discharging behavior of the fuel cell 

fabricated with the PVDF-HFP-based and Nafion-based electrodes at 60oC. 
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Table 

Table 3-1 Cost estimation of three electrode binders. 

Binder Unit price Mass 
Peak 

power 
Cost 

PVDF-HFP  

(Powder) 

$0.12 g-1 

[29] 

1.75 × 10-4 

g 

120.0 

mW 
$0.18 kW-1 

5 wt.% Nafion  

(Solution) 

$4 mL-1 

[24] 

3.84 × 10-3 

mL 

105.5 

mW 
$145.59 kW-1 

60 wt.% PTFE 

(Solution) 

$0.31 mL-1 

[26] 

1.95 × 10-4 

mL 
75.9 mW $0.80 kW-1 
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 Performance characteristics of an active 

fuel cell 

Abstract 

In this work, a hybrid direct ethylene glycol fuel cell is developed and tested, 

which is composed of an alkaline anode, an acid cathode, and a cation 

exchange membrane. In this fuel cell, ethylene glycol and hydrogen 

peroxide serve as fuel and oxidant, respectively. Theoretically, this fuel cell 

exhibits a theoretical voltage reaching 2.47 V, whereas it is experimentally 

demonstrated that the hybrid fuel cell delivers an open-circuit voltage of 

1.41 V at 60oC. More impressively, this fuel cell yields a peak power 

density of 80.9 mW cm-2 (115.3 mW cm-2 at 80oC). Comparing to an open-

circuit voltage of 0.86 V and a peak power density of 67 mW cm-2 

previously achieved by an ethylene glycol fuel cell operating with oxygen, 

this hybrid ethylene glycol fuel cell boosts the open-circuit voltage by 

62.1% and the peak power density by 20.8%. This significant improvement 

is mainly attributed not only to the high-voltage output of this hybrid system 

design, but also to the faster kinetics rendered by the reduction reaction of 

hydrogen peroxide. 

 

Keywords: Fuel cells; Direct ethylene glycol fuel cell; Hydrogen peroxide; 

Operation parameters; Power density 
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4.1.  Introduction 

Fuel cells, which are alternative choices for power supply sources, have 

attracted extensive research interest due to its potential to be an efficient 

and clean energy conversion technology [1-8]. Currently, hydrogen, 

methanol, ethanol, and formate are four of the most common fuels utilized 

in fuel cells [9-15]. Among them, the source, transport, and storage of 

hydrogen are still remaining to be solved for widespread application. In 

addition, since the gaseous hydrogen has to be compressed into liquid phase 

to reduce the device volume, the high pressure may lead to a potential safety 

problem [16]. As for methanol, severe fuel crossover can result in dramatic 

performance degradation [17]. As for ethanol, the C-C bond is hardly 

broken in fuel cells running at low temperatures (generally < 60oC), leading 

to a low electron transfer rate (i.e., 33%) [16, 18]. Ethylene glycol (EG), an 

alternative choice for fuel, has received considerable interest for mobile, 

stationary, and portable applications, resulting from its promising 

theoretical energy capacity of 4.8 Ah mL-1, high boiling point of 198oC, and 

outstanding efficiency of electric power conversion [19]. Hence, the use of 

liquid EG not only avoids the poisoning and safety problems, but also 

possesses an electron transfer rate as high as 80% [20]. 

On the cathode, pure oxygen and air are used as oxidant in most cases [20, 

21]. On one hand, the pure oxygen needs to be compressed and stored in a 

tank particularly, which not only makes the fuel cell system bulkier, but also 

increases the system design complexity. On the other hand, ambient 

environment can provide adequate air to sustain the fuel cell operation, 

which makes the fuel cell system more compact and cost-effective [22]. 
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Hence, the utilization of the air in fuel cells is more attractive. Although 

promising, one major issue impeding the commercialization of this fuel cell 

running on the air is the carbonate issue in alkaline fuel cells, which refers 

to the behavior that CO2 in the air reacts with OH- to form carbonate [1]. 

Two undesired phenomena will occur when the carbonate is formed. One 

is that the carbonate precipitation in the cathode may cover the active sites 

for the reaction, resulting in the sluggish oxygen reduction reaction (ORR) 

kinetics [23]. The other is that the pores and channels in the cathode may 

be blocked when the precipitation gets larger, which elevates the transport 

resistance of oxygen [24]. Recently, the use of hydrogen peroxide acting as 

oxidant to replace the air or pure oxygen has been extensively investigated 

[25, 26]. As the supply of air and oxygen are insufficient in special cases, 

e.g. outer space and underwater, the fuel cells running on hydrogen 

peroxide are still able to operate under these conditions. In addition, the use 

of liquid hydrogen peroxide provides the several advantages: (1) a 

substantial increase in the theoretical voltage; (2) low activation loss on the 

cathode due to two-electron transfer; and (3) negligible effects of water 

flooding issue [27]. 

In this work, a hybrid fuel cell running on ethylene glycol as fuel and 

hydrogen peroxide as oxidant is proposed. This hybrid ethylene glycol fuel 

cell is composed of a non-platinum anode, a non-platinum cathode, and a 

cation exchange membrane (CEM). The theoretical voltage of this hybrid 

ethylene glycol fuel cell reaches 2.47 V and experimentally, the practical 

open-circuit voltage (OCV) is as high as 1.41V. The developed fuel cell can 

output a peak power density of 80.9 mW cm-2 at 60oC, which is 20.8% 
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higher than that of using oxygen (67 mW cm-2) [28]. In addition, the effects 

of operating conditions on the cell performance were studied. 

4.2.  Working principle 

As shown in Figure 4.1, the hybrid DEGFC consists of an anode diffusion 

layer (DL), an anode catalyst layer (CL), a CEM, a cathode CL, and a 

cathode DL. In the anode where ethylene glycol oxidation reaction (EGOR) 

takes place, the EG reacts with OH- to produce oxalate, electrons, and water 

according to [18]: 

C2H6O2+10OH-→(COO-)2+8e-+8H2O    EEGOR=-0.69 V  (1) 

Then the produced electrons transport from the external circuit and reach 

the cathode CL, participating in the hydrogen peroxide reduction reaction 

(HPRR), to react with hydrogen peroxide and protons to generate water 

according to [29]: 

4H2O2+8H++8e-→8H2O           EHPRR=1.78   (2) 

The sodium ions transport through the CEM from the anode to the cathode 

to form the ionic current. Therefore, combining the Eqs. (1) and (2), the 

overall reaction of the hybrid DEGFC can be obtained as follows: 

C2H6O2+4H2O2+8H++10OH-→(COO-)2+16H2O  E=2.47 V    (3) 

Although the theoretical voltage of this hybrid DEGFC is so high, the 

practical voltage exhibits a severe degradation due to the activation loss, 

ohmic loss, as well as concentration loss. In addition, the mixed potential 

in the cathode, lowering the cell voltage, needs to be paid special attention 

to. 

4.3.  Experiments 

4.3.1.  Preparation of the membrane electrode assembly 
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The membrane electrode assembly (MEA) consists of a pair of home-made 

electrodes that serve as the anode and the cathode, as well as CEMs with 

different thicknesses, including 30 μm (N211), 60 μm (N212), and 120 μm 

(N115). The thicknesses of the dry CEMs were measured by a vernier 

caliper. The electrodes have an active area of 2.0 cm × 2.0 cm. The Pd/C 

anode was prepared based on the method reported somewhere else [36]. 

Firstly, the catalyst ink was prepared. 30 wt.% Pd/C (Sigma-Aldrich Co., 

USA) was mixed with 5 wt.% Nafion (Fuel Cell Store, USA), which serves 

as the binder, and ethanol, which serves as the solvent. The ink was then 

dispersed in ultrasonic bath for 20 minutes. Subsequently, it was sprayed 

onto the backing layer, i.e., carbon cloth (Hesen, China). The catalyst 

loading on the anode was 1.0 mgPd cm-2. The Au/C cathode was prepared 

by the same method except that the ink used in the cathode was made by 60 

wt.% Au/C (Premetek Co., USA) with 15 wt.% Nafion and ethanol. The 

catalyst loading of cathode was 2.66 mgAu cm-2. To obtain the CEMs, 

original Nafion membranes were cut to the designed shape (3.00 cm × 3.00 

cm) and immersed in 2.5 M KOH solution at 80oC for 1h [36]. Then, the 

treated membranes were rinsed by washing it in DI water for several times 

and stored in DI water before the assembly of this fuel cell. 

4.3.2.  Fuel cell setup and instrumentation 

Each MEA was fixed between an anode plate and a cathode plate, both of 

which were made of 316 L stainless steel plates with flow fields. The flow 

field was a single serpentine flow channel grooved by the wire-cut 

technique, which was 0.5 mm deep and 1.0 mm wide. Two peristaltic 

pumps were used to feed a solution containing EG and NaOH and a solution 
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containing H2O2 and H2SO4 to the anode and the cathode, respectively. 

Both of the flow rates of anode and cathode were 2.0 mL min-1. Two 

electrical heating rods were installed to heat up the cell, and the temperature 

was measured by a thermocouple and controlled by a temperature controller. 

The polarization curves were measured by an Arbin BT2000 (Arbin 

Instrument Inc.) and the internal resistance was measured by the built-in 

function of the Arbin BT2000. 

4.4.  Results and discussion 

4.4.1.  Characterization of catalyst layers 

Figure 4.2 shows the SEM image of the cathode CL. It can be seen that the 

carbon supported Au nanoparticles were uniformly distributed on the 

carbon cloth. Tremendous pores were formed in the CL. The porous 

structure provides not only large specific surface area for the 

electrochemical reactions, but also sufficient pathway for the mass transport. 

It is also shown that the distribution of Au/C nanoparticles was uniform as 

well, and no obvious agglomeration was observed, which is advantageous 

to supply numerous active sites for electrochemical reactions. 

4.4.2.  General performance 

Figure 4.3 presents the polarization and power density curves of the hybrid 

DEGFC with n solution containing 1.0 M EG and 7.0 M NaOH at a flow 

rate of 2.0 mL min-1 fed into anode as well as a solution containing 1.0 M 

H2SO4 and 4.0 M H2O2 at a flow rate of 2.0 mL min-1 fed into cathode at 

80oC. It demonstrates that a peak power density of 115.3 mW cm-2 and an 

OCV of 1.43 V were achieved. The performance shows significant 

improvements both in peak power density and OCV when comparing with 
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the results of previous work (67 mW cm-2 and 0.86 V at 60oC) [28]. The 

main reason accounting for the phenomenon is that the HPRR igoes through 

a two-electron transfer process, which is more favorable due to the faster 

electrochemical kinetics comparing with the four-electron-transfer ORR 

process [31]. In spite of the performance improvement, the actual voltage 

(1.41 V) is much less than the theoretical voltage (2.47 V). The reason why 

the practical voltage is relatively low is explained as follows. As H2O2 is 

not stable and is more likely to be oxidized to produce oxygen, protons, and 

electrons at a high potential [32], this oxidation reaction together with 

HPRR can spontaneously establish a hydrogen peroxide-based fuel cells at 

the cathode.  

H2O2→O2+2H++2e-          EHPOR=0.69 V      (4) 

Hence, the cathode potential decreases as a result of the mixed potential. 

Additionally, the produced oxygen is probable to be reduced in the cathode 

according to: 

O2+4H++4e-→2H2O          EORR=1.23 V       (5) 

The ORR potential is not as high as the HPRR potential, which is another 

possible reason for the unexpected voltage. The constant-current 

discharging behavior of this hybrid DEGFC is presented in Figure 4.4. The 

constant current was set to be 50 mA cm-2. It can be seen that the fuel cell 

exhibits a rather stable performance in 4-hour continuous operation, 

indicating that this DEGFC possesses the potential for future applications. 

4.4.3.  Effect of the NaOH concentration 

Figure 4.5 shows the effect of the NaOH concentration on the cell 

performance with EG concentration fixed at 1.0 M. It is shown that the cell 
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voltage increased with the NaOH concentration initially, and decreased 

subsequently over the whole current density range. And the OCV increased 

when the OH- concentration increased from 1.0 M to 7.0 M. This 

phenomenon can be explained that for a specific electrocatalyst, the kinetics 

of EGOR primarily depends on the local concentration of EG and OH- in 

the anode CL. As the concentration of EG is fixed at 1.0 M, the increase in 

OH- concentration leads to the OH- concentration in the anode CL 

transferring from starving state to sufficient state, which is beneficial for 

enhancing the EGOR kinetics. However, further increasing the OH- 

concentration from 7.0 M to 9.0 M did not contribute to higher OCV. The 

reason for this behavior is that high OH- concentration leads to more active 

sites being covered by OH-, which may hinder the EG adsorption on the 

active sites. The adsorption competition between EG and OH- may cause 

the EG concentration in a starving state [33], resulting in the voltage 

degradation as shown in Figure 4.6. It is seen that the highest peak power 

density of 80.9 mW cm-2 was achieved at 7.0 M, while either higher or 

lower OH- concentration would result in the performance decline. In 

general, the alkalinity of the anode not only affects the electrochemical 

kinetics, but also influences the transport of species in the anode, including 

EG, OH-, and Na+. Figure 4.6 shows that the internal resistance increased 

from 408 mOhm to 931 mOhm with the NaOH concentration increasing 

from 1.0 M to 9.0 M, suggesting that the mass/charge transport is impeded 

and the ohmic loss is enhanced. On one hand, although the ohmic loss 

increases with increasing the OH- concentration, resulting in the 

performance degradation, the performance promotion that is attributed to 
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the facilitated EGOR kinetics can compensate the negative performance 

decline to achieve the positive overall effect from 1.0 M to 7.0 M. Therefore, 

the overall performance increases with the NaOH concentration increasing 

from 1.0 M to 7.0 M. On the other hand, too high OH- concentration will 

occupy the active sites and suppress the EG adsorption, leading to higher 

concentration loss. The combination of the reduced EGOR kinetics and 

undesirable ohmic loss causes the inferior performance at 9.0 M. 

4.4.4.  Effect of the EG concentration 

The effect of EG concentration on the cell performance was also studied 

when the NaOH concentration was fixed at 7.0 M, as shown in Figure 4.7. 

It is seen that the cell voltage increased with the EG concentration initially, 

and decreased subsequently over the whole current density range. The 

reasons for this behavior can be explained as follows. As the EG 

concentration increases from 0.5 M to 1.0 M, the transport of EG to active 

sites is accelerated, lowering the concentration loss and improving the OCV, 

as shown in Figure 4.8. This is evidenced by the fact that the performance 

experienced a severe degradation from 150 mA cm-2 to 160 mA cm-2, which 

is attributed to significant concentration loss due to the lack of EG in the 

anode CL. In contrast, no obvious concentration loss was observed in high 

current density region under 1.0 M operation. As the EG concentration 

further increased from 1.0 M to 2.0 M, the cell voltage exhibited a small 

degradation. One reason for the decline is the presence of adsorption 

competition between EG and OH-. A higher EG concentration may arrogate 

the active sites, preventing the OH- from participating in the EGOR. In 

addition, the EG crossover from the anode to the cathode is enhanced with 
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the increased EG concentration. As the mixed potential increases resulting 

from more EG reaching the cathode, the cathode potential will degrade, 

leading to a lower OCV. The fuel crossover from the anode through the 

membrane to the cathode will cause mixed potential, lowering the fuel cell 

voltage and performance. One way to combat the fuel crossover is 

developing highly selective ion exchange membranes, preventing the fuel 

crossover. The other way is using inactive cathode catalyst towards fuel 

oxidation, such Fe-Co-Ni alloy, which can catalyze ORR but cannot 

catalyze EGOR. In our work, we use Au, which is less sensitive to EG than 

Pt, as the cathode catalyst. As a result, the OCV decreases derived from the 

increased concentration loss of OH- and the subdued electrochemical 

kinetics. The other is that the increasing viscosity of anolyte due to the 

higher EG concentration restricts the mass/charge transport in the anode, 

which is verified by Figure 4.8. The internal resistance increases with the 

EG concentration, thus the ohmic loss boosts simultaneously, declining the 

cell performance. 

4.4.5.  Effect of the H2O2 concentration 

Figure 4.9 shows the effect of hydrogen peroxide concentration on the cell 

performance when the sulfuric acid concentration was fixed at 1.0 M. It is 

seen that the cell voltage first decreased in the low current density region 

and then increased, finally followed by a voltage drop when the hydrogen 

peroxide concentration increased from 1.0 M to 6.0 M as depicted in Figure 

4.10. The cell voltage first increased and then decreased with increasing 

hydrogen peroxide concentration in the high current density region. At the 

low current density region, the decreased voltage with the H2O2 
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concentration increasing from 1.0 M to 2.0 M is mainly ascribed to the H2O2 

crossover from the cathode to the anode [34]. The permeated H2O2 will 

react with EG in the anode and produce a mixed potential, lowering the 

anode potential and thus the overall voltage. Afterwards, the voltage 

increased with the H2O2 concentration increasing from 2.0 M to 4.0 M. The 

reason for this phenomenon is that although the crossover becomes more 

serious with higher H2O2 concentration, the higher H2O2 concentration also 

transfers the starving state to sufficient state in the cathode CL, enhancing 

the HPRR kinetics. As a consequence, the positive effect on the cell voltage 

exceeds the negative effect, exhibiting an improved performance. However, 

further increasing the H2O2 concentration did not present a continuous 

enhancement. It can be explained that the H2O2 in the CL is sufficient at 4.0 

M, so further increasing the H2O2 concentration to 6.0 M brings out the 

adsorption competition between H2O2 and H+. Therefore, the concentration 

loss of H+ is elevated. Meanwhile, accompanying with the negative effect 

derived from the severer H2O2 crossover, the cell voltage showed a 

degradation when the H2O2 concentration increases from 4.0 M to 6.0 M. 

At a high current density region, the reason for the voltage increasing with 

the H2O2 concentration from 1.0 M to 4.0 M is attributed to the sufficient 

supply of H2O2 in the cathode CL, reducing the cathode concentration loss 

of H2O2 and thus promoting the cell voltage. While the H2O2 concentration 

increased to 6.0 M, the performance degraded. because the reason is that 

the internal resistance increases with H2O2 concentration, which is 

evidenced by the Figure 4.10. A higher internal resistance results in a high 

ohmic loss, leading to the voltage degradation. Moreover, the mixed 
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potential in the anode is enhanced due to the severer H2O2 crossover, 

elevating the anode potential and thus lowering the overall cell voltage. 

4.4.6.  Effect of the H2SO4 concentration 

The effect of sulfuric acid concentration on the cell performance was 

investigated with the hydrogen peroxide concentration fixed at 4.0 M, and 

the results were shown in Figure 4.11. It is seen that the cell voltage 

increased with the H2SO4 concentration initially, and decreased 

subsequently over the whole current density range. The explanation for the 

increased voltage from 0.5 M to 1.0 M is that the transport of H+ to active 

sites is enhanced, which reduces the concentration loss of H+ and promotes 

the cell voltage as shown in Figure 4.12 [35]. However, a higher H2SO4 

concentration exceeding 1.0 M did not contribute to a higher cell 

performance. This behavior is mainly attributed to two reasons. One is that 

numerous active sites are covered by the redundant H2SO4, resulting in the 

shortage of H+ in the CL and higher concentration loss of H+, so that the 

cell voltage degrades. The other is that the viscosity of catholyte increases 

with the H2SO4 concentration, leading to the linear rise in the internal 

resistance as depicted in Figure 4.12, which causes the enhanced ohmic loss. 

Therefore, the cell performance underwent a significant degradation at 2.0 

M due to the synergetic negative effect. 

4.4.7.  Effect of membrane thickness 

The effect of membrane thickness on the cell performance was studied and 

the results were shown in Figure 4.13. It is seen that the cell with a thinner 

membrane yielded a superior performance over almost the whole current 

density range, whereas the cell with a thicker membrane exhibited a 
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superior OCV. As shown in Figure 4.14, both of the OCV and internal 

resistance were increasing with the membrane thickness. Since the 

membrane becomes thicker, the EG crossover from the anode to cathode is 

suppressed. As a result, the EG crossover form the anode to the cathode is 

hindered, lowering the mixed potential in the cathode so that both the 

cathode potential and the OCV increases. However, when the cell was 

discharging, the ohmic loss needed to be taken into consideration. Over the 

whole current density range, the cell with a thicker membrane experienced 

a rapider voltage degradation due to the higher ohmic loss. It is indicated 

that the positive effect derived from the reduced mixed potential in the 

cathode is too deficient to compensate the negative effect owing to the 

substantial internal resistance, suggesting that the internal resistance plays 

the predominant role in the cell performance. 

4.4.8.  Effect of the operating temperature 

Figure 4.15 shows the effect of operating temperature on the cell 

performance. It is seen that the cell performance increased with the 

operating temperature. The peak power densities were 49.3, 80.9, and 115.3 

mW cm-2 when the cell was operated at 40oC, 60oC, and 80oC, respectively. 

The reasons for this remarkable improvement with the operating 

temperature can be concluded as follows. On one hand, both the kinetics of 

the EGOR in the anode and the HPRR in the cathode will be facilitated at 

higher operating temperatures, resulting in the decreased activation loss 

[36]. On the other hand, increasing operating temperature is beneficial for 

accelerating the reactants transport in both of the anode and the cathode as 

well as the ion transport through the membrane. As the reactants deliver to 
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the active sites more easily, the concentration loss of both anode and 

cathode due to the reactant shortage is reduced. In addition, the conductivity 

of the membrane increases and thus the internal resistance decreases, which 

lowers the ohmic loss. The fuel cell performance is determined by 

electrochemical reaction and mass transport. The higher temperature will 

enhance the reaction kinetics and improve the mass transport, and thus the 

fuel cell performance will be improved. Therefore, the cell performance 

upgrades with operating temperature. 

4.5.  Summary 

In this work, a hybrid direct ethylene glycol fuel cell has been developed 

and tested. The effects of operation conditions on the cell performance have 

been also examined. It is demonstrated that the peak power densities were 

80.9 mW cm-2 and 115.3 mW cm-2 with an aqueous solution containing 1.0 

M EG and 7.0 M NaOH at a flow rate of 2.0 mL min-1 fed into anode as 

well as an aqueous solution containing 1.0 M H2SO4 and 4.0 M H2O2 at a 

flow rate of 2.0 mL min-1 fed into cathode at 60oC and 80oC, respectively. 

The hybrid DEGFC exhibits a 20.8% increase in the peak power density at 

60oC than that in a DEGFC with oxygen as oxidant (67 mW cm-2), which 

is ascribed to the faster kinetics of two-electron-transfer HPRR and the 

reduced ohmic loss. It is also shown that the operation conditions, including 

species concentrations both in anode and cathode, the thickness of 

membrane, and the operating temperature, possessed significant effects on 

the cell performance. 
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Figure 4.1 Schematic of the active DEGFC. 
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Figure 4.2 SEM image of the cathode catalyst layer. 
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Figure 4.3 The polarization and power density curves. 
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Figure 4.4 Constant-current discharging behavior. 
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Figure 4.5 General performance of the passive DEGFC. 
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Figure 4.6 Effect of the NaOH concentration on the OCV and internal 

resistance. 
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Figure 4.7 Effect of the EG concentration on the fuel cell performance. 
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Figure 4.8 Effect of the EG concentration on the OCV and internal 

resistance. 
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Figure 4.9 Effect of the H2O2 concentration on the fuel cell performance. 
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Figure 4.10 Effect of the H2O2 concentration on the OCV and internal 

resistance. 
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Figure 4.11 Effect of the H2SO4 concentration on the cell performance. 
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Figure 4.12 Effect of the H2SO4 concentration on the OCV and internal 

resistance. 
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Figure 4.13 Effect of the membrane thickness on the OCV and cell 

performance. 
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Figure 4.14 Effect of the membrane thickness on the OCV and internal 

resistance. 
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Figure 4.15 Effect of the operating temperature on the cell performance. 
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 Performance characteristics of a passive 

fuel cell 

Abstract 

A passive direct ethylene glycol fuel cell is proposed and tested, which does 

not contain external liquid pumps, gas blowers/compressors or any other 

auxiliary device. Therefore, comparing to the active fuel cells, the 

volumetric energy density is improved. In this work, ethylene glycol in 

alkaline solution is employed as fuel in this fuel cell, while hydrogen 

peroxide in acid solution is employed as oxidant, and a cation exchange 

membrane is employed to transport cations. The theoretical voltage of this 

type of fuel cell is as high as 2.47 V, which exhibits a promising potential 

in practical applications. The operating conditions can influence the 

performance of this fuel cell system, including species concentrations in 

both fuel and oxidant, thicknesses of membranes, and operating 

temperatures. In addition, the open-circuit voltage and the peak power 

density of this fuel cell are as high as 1.58 V and 65.8 mW cm-2 at 60oC, 

respectively. Comparing to a fuel cell system with a similar setting but using 

oxygen as oxidant, the higher voltage output and power output are 

attributed to the easier and faster reduction reaction of hydrogen peroxide, 

which makes contributions to the impressive performance improvement of 

this fuel cell. Moreover, the effect of the released heat caused by the 

hydrogen peroxide self-decomposition to the cell performance is studied as 

well. 
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Keywords: Passive fuel cells; Direct ethylene glycol fuel cell; Hydrogen 

peroxide; Operating parameters; Power density; Hydrogen peroxide self-

decomposition 
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5.1.  Introduction 

Fuel cells have attracted great research interest as a promising power source 

in the last decades, which is mainly attributed to their simple design [1,2], 

high efficiency [3,4], low emissions [5,6] as well as quick refueling [7,8]. 

Three common fuels, i.e., hydrogen [9], methanol [10], and ethanol [11], 

are widely used in proton exchange membrane fuel cells (PEMFCs) [12] as 

well as anion exchange membrane fuel cells (AEMFCs) [13,14]. Among 

them, the widespread application of hydrogen is required to address the 

production, transport, and storage of hydrogen [15,16]. As for methanol, the 

fuel cell performance is severely degraded under long-term operation due 

to the severe crossover of methanol and the poisonousness of catalyst 

derivatives [17]. Ethanol, a C2 fuel, has a main final oxidation product of 

acetic acid. When the system works at a temperature lower than 60oC, the 

electron transfer rate is low (33%) [16,18]. Recently, another fuel option, 

ethylene glycol (EG), has attracted wide attention due to its excellent 

properties [19,20], including the theoretical energy capacity of 4.8 Ah mL-

1, the boiling point of 198oC [21], and the electron transfer rate of 80%, 

which is suitable for mobile, stationary and portable devices [22,23]. Zhu 

et al. [20] synthesized hollow Ag44Pt56 nanotube bundles for ethylene glycol 

oxidation reaction (EGOR). To improve the electrocatalytic activity, Shi et 

al. [21] and Huang et al. [22] prepared three-dimensional nitrogen-doped 

reduced graphene oxide hydrogels anchored PtPd alloyed nanoparticles and 

PtCu alloyed nanocages with highly open structures via one-pot 

solvothermal method, respectively. Pan et al. [23] developed a 

mathematical modeling of direct ethylene glycol fuel cells using hydrogen 
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peroxide as oxidant incorporating the effect of the competitive adsorption. 

An et al. [24] reported an alkaline direct ethylene glycol fuel cell (DEGFC) 

with a maximum peak power density of 67 mW cm-2 at 60oC, which was 

attributed to the alkaline media enhancing the kinetics of both the EGOR 

and oxygen reduction reaction (ORR). The anion exchange membrane 

(AEM) and non-platinum catalysts are adopted in this fuel cell. Afterwards, 

an alkali-doped polybenzimidazole membrane was used to replace the 

AEM, which allows the system to be operated at high temperatures [25]. As 

a result, the maximum peak power densities of this fuel cell were 80 mW 

cm-2 at 60oC and 112 mW cm-2 at 90oC, respectively. Air or pure oxygen is 

usually used as oxidant on the cathode [25, 26]. It is necessary to compress 

the pure oxygen to store it in tanks. However, by doing so, the system 

becomes bulkier, and the complexity and potential risks are increased [27]. 

In addition, although the air breathing design is compact and light, one 

major issue is the carbonate problem in alkaline fuel cells, referring to the 

phenomenon that CO2 in the ambient air reacts with hydroxide ions to 

produce carbonates [1]. The active sites in the cathode are covered by the 

precipitated carbonates, which causes the sluggish ORR kinetics [28]. At 

the same time, the pores and channels are blocked in the cathode, which 

increases the mass transport resistance of oxygen [29]. In addition, the air 

breathing design is not applicable with the absence of air, such as 

underwater and outer space. Recently, extensive research has been 

conducted on replacing air or pure oxygen with hydrogen peroxide as 

oxidant [30,31]. There are three intrinsic superiorities by using hydrogen 

peroxide: (1) the theoretical voltage will experience a substantial increase; 
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(2) comparing to the four-electron transfer process of ORR, only two 

electrons are transferred in the hydrogen peroxide reduction reaction 

(HPRR), which reduces the activation loss; and (3) the water flooding will 

be avoided due to the aqueous state of hydrogen peroxide [32]. Pan et al. 

[33] designed and tested an active DEGFC using hydrogen peroxide as 

oxidant. Comparing to the DEGFC using oxygen as oxidant, the cell 

performance is elevated significantly. The open-circuit voltage (OCV) is 

improved by 62.1% to 1.41 V, while the peak power density is elevated by 

20.8% to 80.9 mW cm-2 at 60oC. However, the active electrolyte delivery 

system requires auxiliary equipment, making the system more complicated 

and heavier.  

In this work, a passive DEGFC using hydrogen peroxide as oxidant is 

developed, which avoids the usage of auxiliary devices. The proposed fuel 

cell system is structurally compact, no parasitic loss in power, and can 

operate under low-temperature, which makes it a suitable choice for 

portable electronic devices [34]. Because of the simpler and more compact 

structures, the volumetric energy density and the design flexibility are 

elevated significantly. This fuel cell consists of a palladium-based anode, a 

cation exchange membrane (CEM), and a gold-based cathode. The 

theoretical voltage of this system is 2.47 V. When operating at 60oC, it 

exhibits a practical OCV of 1.58V, and a peak power density of 65.8 mW 

cm-2. In addition, the effect of operating conditions and the heat released 

from the H2O2 self-decomposition on the cell performance are also 

investigated. 

5.2.  Working principle 
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As demonstrated in Figure 5.1, the passive fuel cell is formed in a 

symmetric manner, which consists a diffusion layer (DL) and a catalyst 

layer (CL) in both anode and cathode, and a CEM between the two 

electrodes. The anolyte is injected into the anode reservoir. Under the 

driving force of the concentration gradient, it transports through the DL to 

the CL in the anode. The EGOR occurs on the anode CL where EG reacts 

with hydroxide ions to produce electrons, oxalate and water as shown below 

[18]: 

C2H6O2+10OH-→(COO-)2+8e-+8H2O   EEGOR=-0.69 V  (1) 

Through the external circuit, the electrons produced by the EGOR are 

transferred from the anode to the cathode. In the cathode, the hydrogen 

peroxide, protons, and electrons participate in the hydrogen peroxide 

reduction reaction (HPRR) and water is produced as shown in the following 

equation [35]: 

4H2O2+8H++8e-→8H2O        EHPRR=1.78 V  (2) 

At the same time, the internal ionic circuit is formed by the potassium ions 

transferring from the anode to cathode. Therefore, the EGOR and HPRR 

reactions can be combined to form the overall reaction of this fuel cell, 

which is shown as follows: 

C2H6O2+4H2O2+8H++10OH-→(COO-)2+16H2O   E=2.47 V  (3) 

As shown in Equation (3), the theoretical voltage of this passive fuel cell is 

as high as 2.47 V. However, due to the presence of activation loss, ohmic 

loss, and concentration loss, the actual voltage will experience a huge 

decrease. 

5.3.  Experiments 
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5.3.1.  Preparation of membrane electrode assembly 

The membrane electrode assembly (MEA) consists of a pair of home-made 

electrodes that serve as the anode and the cathode, as well as CEMs with 

different thicknesses, including 30 μm (N211), 60 μm (N212), and 120 μm 

(N115). The thicknesses of the dry CEMs were measured by a vernier 

caliper. The electrodes have an active area of 2.0 cm × 2.0 cm. The Pd/C 

anode was prepared based on the method reported somewhere else [36]. 

Firstly, the catalyst ink was prepared. 30 wt.% Pd/C (Sigma-Aldrich Co., 

USA) was mixed with 5 wt.% Nafion (Fuel Cell Store, USA), which serves 

as the binder, and ethanol, which serves as the solvent. The ink was then 

dispersed in ultrasonic bath for 20 minutes. Subsequently, it was sprayed 

onto the backing layer, i.e., carbon cloth (Hesen, China). The catalyst 

loading on the anode was 1.0 mgPd cm-2. The Au/C cathode was prepared 

by the same method except that the ink used in the cathode was made by 60 

wt.% Au/C (Premetek Co., USA) with 15 wt.% Nafion and ethanol. The 

catalyst loading of cathode was 2.66 mgAu cm-2. To obtain the CEMs, 

original Nafion membranes were cut to the designed shape (3.00 cm × 3.00 

cm) and immersed in 2.5 M KOH solution at 80oC for 1h [36]. Then, the 

treated membranes were rinsed by washing it in DI water for several times 

and stored in DI water before the assembly of this fuel cell. 

5.3.2.  Fuel cell setup and instrumentation 

As shown in Figure 5.2, an end plate, a heating plate and a current collector 

are added to both sides of the MEA to form the whole fuel cell system, in 

which end plates and heating plates are made of 1Cr18Ni9Ti stainless steel 

and current collectors are made of 316L stainless steel. Several 
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polytetrafluoroethylene (PTFE) gaskets are placed between each 

component of the fuel cell to avoid the leakage. The heating plates serve as 

the solution reservoir as well. As shown in Figure 5.2, two holes are drilled 

on the top surface of the heating plate. One is a perforative hole designed 

for injecting the anolyte or catholyte, and the other is not perforative and 

designed for placing the heating rod. The current collectors are 

manufactured by laser cutting with 25 holes in the center part with a 

diameter of 3.2 mm. The holes allow the fuel and oxidant to diffuse from 

the reservoir to the anode and cathode. 

An Arbin BT2000 (Arbin instrument Inc.) is utilized to control the 

discharging process of this passive fuel cell and measure the polarization 

curves. Meanwhile, the built-in function of the Arbin BT2000 is utilized to 

measure the internal resistance of this fuel cell. In addition, to examine the 

fuel cell performance with specific operating temperatures, two electrical 

heating rods are inserted into the holes on the heating plates and two 

thermocouples and a dual-channel temperature controller are used to 

control the anode and cathode temperatures. 

5.4.  Results and discussion 

5.4.1.  Advantages of passive fuel cells 

Compared to active fuel cells using external pumps or other auxiliary 

devices for fuel and oxidant supply, the advantages of passive fuel cells can 

be concluded as follows: (1) The passive fuel cells have much simpler and 

more compact structures, which increases both the volumetric energy 

density and the design flexibility of the fuel cell system [37]; (2) The 

passive fuel cells eliminate the electricity consumed by the added pumps, 
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blowers, and compressors, which can be regarded as parasitic energy losses 

[38]; and (3) Especially for portable and mobile electrical devices, using 

passive fuel cells is more favorable than the active fuel cells due to the 

simplicity of diffusion and natural-convection reactant delivery [39]. 

Although the passive fuel cells yield lower power output than dose the 

active fuel cells, they are still considered as a promising power source for 

applications in future electronic devices. For instance, the research and 

development of passive fuel cells have been conducted by several giant 

electronic companies, including Toshiba, Samsung, NEC, etc. [40]. 

Radically different from our previous work, hence, we develop and 

demonstrate a passive fuel cell using EG and hydrogen peroxide as fuel and 

oxidant, respectively. It is a promising power source to be applied 

underwater and outer space where oxygen is insufficient. 

5.4.2.  Characterization of catalyst layers 

Figures 5.3 and 5.4 show the scanning electron microscope (SEM) images 

of the anode CL and the cathode CL, respectively. It is seen from Figure 5.3 

that the carbon fibers were decorated with carbon supported Pd 

nanoparticles. Since the loading is as low as 1.0 mg cm-2, partial carbon 

fibers are bare, indicating that further increasing the catalyst loading may 

promote the fuel cell performance. As shown in Figure 5.4, the carbon 

supported Au nanoparticles entirely covered the carbon fibers and were 

uniformly distributed on the carbon cloth. As the porous structure was 

formed in the CLs, the specific surface area is large, which is beneficial for 

the electrochemical reactions. In addition, sufficient pathways make 

contribution to mass transport. There is no obvious agglomeration of 
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nanoparticles, providing tremendous active sites for electrochemical 

reactions. 

5.4.3.  General performance 

Figure 5.5 shows the performance of the passive fuel cell with a 4.0 mL of 

aqueous solution containing 5.0 M EG and 9.0 M KOH in the anode 

reservoir and a 4.0 mL of aqueous solution containing 4.0 M H2O2 and 1.0 

M H2SO4 in the cathode reservoir at 60oC with pretreated Nafion 211 as the 

membrane. It is shown that the peak power density was 65.8 mW cm-2 and 

the OCV was 1.58 V. A significant improvement can be observed that both 

of the peak power density and OCV increase remarkably compared to the 

results shown in a previous work using oxygen as oxidant (12 mW cm-2 and 

0.7 V) [41]. This improvement is mainly attributed to the enhanced cathode 

reaction kinetics, because the HPRR is a two-electron rather than four-

electron transfer process [42]. Although the practical voltage is as high as 

1.58 V, it is still far below the theoretical voltage (2.47 V). A general 

explanation was proposed by Pan et al. [33]. As the H2O2 can be either 

reduced or oxidized, a hydrogen peroxide-based fuel cell will be 

spontaneously established in the cathode, resulting in the mixed potential. 

Figure 5.6 shows the transient discharging behavior of this passive fuel cell 

at a constant current density of 5 mA cm-2 under the same feeding 

concentrations but a different temperature of 23oC. When the cell was 

discharging, the voltage gradually decreased because the consumption of 

the reactants resulted in a lower concentration gradient, thus the diffusion 

of the reactants to the CLs was weaker. After the voltage plateau, the voltage 

dramatically decreased due to the continuous drop of concentration gradient 
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as well as the accumulation of products on the active sites. When the voltage 

was lower than 0.6 V, the cell was refueled with fresh anolyte and catholyte 

and the constant current discharging was repeated. Clearly, this fuel cell 

system can be stably operated for around 150 h in constant-current 

discharging, indicating that the potential of this passive fuel cell for 

practical applications. 

In a passive DEGFC, the mass transport of reactants, from the fuel reservoir 

through the current collector holes and then the porous diffusion layer to 

the porous catalyst layer, is mainly driven by the concentration gradient, i.e., 

diffusion [43], in which the oxidation/reduction reaction will take place to 

consume the reactants, while the remaining will transport through the 

membrane reach the other electrode, wasting the utilization efficiency of 

reactants and even causing the mixed potential problem [44]. In order to 

achieve the optimal fuel cell performance, therefore, the local 

concentrations of reactants in the catalyst layer should be at an appropriate 

level [39]. For a given design of a passive DEGFC, the reactant-feeding 

concentrations in the fuel reservoir are the key factor that affects the local 

concentrations in the catalyst layer, which means that there is an optimal 

reactant-feeding concentration in the fuel reservoir. Too low reactant-

feeding concentration of each reactant in the fuel reservoir leads to the local 

concentration in the catalyst layer at an inadequate level. Too high reactant-

feeding concentration of each reactant causes the high reactant crossover 

rate and severe competitive adsorption between two reactants on active sites, 

leading to the other reactant at a starvation level. Therefore, it is critically 

important to study the effect of the reactant-feeding concentration of each 
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reactant in the fuel reservoir on the fuel cell performance. 

5.4.4.  Effect of the KOH concentration  

Figure 5.7 demonstrates the performance of the DEGFC running on various 

KOH concentrations with EG, H2O2, and H2SO4 concentrations fixed at 5.0, 

4.0, and 1.0 M, respectively. Both anolyte and catholyte were of 4.0 mL, 

while the pretreated Nafion 211 was utilized as the membrane and the 

operating temperature was at 23oC. It is seen that the OCV boosted from 

1.27 V to 1.54 V with the OH- concentration increasing from 3.0 M to 9.0 

M. This improvement can be elucidated as follows. Although the 

performance of catalyst can be substantially improved via modification [45], 

for a specific catalyst of anode, the concentrations of EG and OH- in the CL 

have the major effect on the kinetics of EGOR. As the EG has a constant 

concentration of 1.0 M, a higher KOH feeding concentration is beneficial 

to the hydroxide ion transport from the fuel reservoir to the anode CL, 

transferring it from starvation state to sufficient state. The enhanced 

hydroxide ion transport is derived from the higher concentration gradient 

of hydroxide ions, as the main driving force for reactants to transport in 

passive fuel cell is diffusion. As a result, the EGOR kinetics are enhanced, 

which can be confirmed by the increased OCV, as shown in Figure 5.8. 

However, when the concentration of OH- was increased from 7.0 M to 9.0 

M, the OCVs were similar, indicating that further increasing the OH- 

concentration did not bring about higher OCV. The explanation for this 

phenomenon is that the adsorption of OH- on active sites is already 

saturated when the OH- concentration is 7.0 M, so the positive effect on the 

OCV is negligible when the OH- concentration is 9.0 M. It is worth 
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mentioning that the adsorption competition between OH- and EG on active 

sites may lead to the starvation state of EG [46], resulting in the declined 

voltage. It can be seen that under 9.0 M OH- operation, the highest peak 

power density was as high as 30.3 mW cm-2, whereas either higher or lower 

OH- concentration would cause the performance degradation. The reasons 

can be described as follows. In general, the electrochemical kinetics as well 

as the transport of species in the anode will be heavily affected by the 

alkalinity of the anode. On one hand, when the OH- concentration raises 

from 3.0 M to 9.0 M, the internal resistance increases from 620 mOhm to 

927 mOhm, as shown in Figure 5.8. Although the ohmic loss is enhanced, 

the EGOR kinetics is improved, which can compensate the promoted ohmic 

loss, resulting in the improved performance. On the other hand, when the 

OH- concentration increases from 9.0 M to 11.0 M, the internal resistance 

further increases to 1077 mOhm, resulting in a severer ohmic loss. It is 

because when the KOH concentration exceeds the optimal level, the 

undesired competitive adsorption between EG and OH- occurs, resulting in 

the lack of EG reversely. Therefore, the active sites will be occupied and 

the EG adsorption will be suppressed due to too high OH- concentration, 

resulting in reduced EGOR kinetics and higher concentration loss. In 

addition, the KOH concentration in the CL will be so high that it transports 

through the CEM reaching the cathode and covering the cathode active sites, 

thus the HPRR is hindered due to the loss of active sites. As a result, the 

performance declines with OH- concentration increasing from 9.0 M to 11.0 

M. 

5.4.5.  Effect of the EG concentration 
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As shown in Figure 5.9, the effect of the concentration of EG on the cell 

performance was tested, where the concentrations of KOH, H2O2 and 

H2SO4 were fixed at 9.0 M, 4.0 M and 1.0 M, respectively. The 

concentration of EG was increasing from 1.0 M to 7.0 M, while the voltage 

of this cell over the whole range of current density exhibited an increasing 

trend firstly when the concentration of EG was increased from 1.0 M to 5.0 

M, and then went through a decline when further increasing the 

concentration of EG from 5.0 M to 7.0 M. The former increasing trend of 

the cell voltage is attributed to the following reasons. As the concentration 

of EG becomes higher from 1.0 M to 5.0 M, the diffusion of EG to the 

actives sites on anode CL is improved, which reduces the concentration loss 

of EG. In Figure 5.10, it can be seen that the OCV is elevated as the 

concentration of EG is increased from 1.0 M to 5.0 M as well. Meanwhile, 

the cell performance with the 1.0 M EG concentration exhibited a severe 

decline when the current density is in the range of 36 mA cm-2 to 37 mA 

cm-2. With 3.0 M EG concentration, a similar decline of cell performance 

occurred in the current density range of 41 mA cm-2 to 43 mA cm-2. 

However, no such kind of performance decline was found with higher 

concentration of EG, such as 5.0 M and 7.0 M. The severe decline of cell 

performance is attributed to the vast concentration loss as the EG 

concentration is low and the transport of EG to the active sites is not 

sufficient to support the need for the electrochemical reactions on the anode. 

As it is seen from Figure 5.9, the OCV of this cell and the power output 

experienced a drop when increasing the concentration of EG from 5.0 M to 

7.0 M. Three reasons make contributions to this noticeable drop of the cell 
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performance. Firstly, as mentioned before, the transport of EG to the active 

sites is boosted with higher EG concentration. However, when its 

concentration reaches 7.0 M, it is actually superfluous and brings the 

problem of competitive adsorption between EG and OH-. With a high 

concentration of EG, the active sites on anode CL are taken up by EG, and 

the OH- will be insufficient in the EGOR. Secondly, as the concentration of 

EG is increasing, the crossover problem of EG from the anode to cathode 

becomes severer. As a result, the crossover of EG enhances the mixed 

potential and reduces the cathode potential. The subdued electrochemical 

kinetics and the increased concentration loss of OH- function together and 

lower the OCV of this cell. Lastly, the mass/charge transport is hindered by 

the increasing viscosity of anode solution with high EG concentration, 

which is proved by the elevated internal resistance, as shown in Figure 5.10. 

The ohmic loss is enhanced due to the higher internal resistance, and thus, 

the cell performance is degraded. 

5.4.6.  Effect of the H2O2 concentration  

As shown in Figure 5.11, the effect of the concentration of hydrogen 

peroxide on the performance of this fuel cell was studied. Meanwhile, the 

Figure 5.12 shows the OCVs and internal resistances of this fuel cell with 

different concentrations of H2O2, which were 2.0 M, 4.0 M, and 6.0 M. The 

concentrations of KOH, EG and H2SO4 were fixed at 9.0 M, 5.0 M and 1.0 

M, respectively. The OCV decreased continuously with increasing 

concentration of H2O2. This reduction in OCV is mainly attributed to the 

severer crossover problem of the H2O2 from the cathode to anode when the 

H2O2 concentration is increased. The permeated H2O2 will not react with 
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EG, producing a mixed potential, however, the H2O2 self-decomposition 

will produce gaseous oxygen, which may hinder the transport of EG and 

OH- in the anode. Therefore, a lower H2O2 concentration results in a higher 

OCV. Three methods that can improve H2O2 self-decomposition are 

operating fuel cell at room temperature, developing cathode catalyst that 

can suppress H2O2 oxidation, and designing the cathode structure that can 

quickly removes generated O2. In spite of the OCV, as the concentration of 

H2O2 increased from 2.0 M to 4.0 M, the cell voltage increased over the 

whole range of current density and decreased subsequently when the 

concentration of H2O2 was further elevated from 4.0 M to 6.0 M, which can 

be explained by the following reason. From 2.0 M to 4.0 M, although the 

crossover problem of H2O2 is severer with a higher H2O2 concentration, the 

H2O2 has a better transportation to the active sites on the cathode CL, which 

changes it to sufficient state from the starvation state. This positive effect 

brought by the enhanced transport of H2O2 compensates the negative effect 

brought by the crossover of H2O2, so that both the cell voltage and the 

power output are improved. However, when the concentration of H2O2 was 

increased from 4.0 M to 6.0 M, the cell voltage and power output were 

degraded. The reasons can be concluded as follows. Firstly, as mentioned 

above, the crossover problem becomes severer with higher concentration of 

H2O2, which lower the OCV. Secondly, the competitive adsorption occurs 

between hydrogen peroxide and protons on the active sites in cathode CL, 

which is brought by the superfluous H2O2. As a result, this problem 

increases the concentration loss of H+. Lastly, the internal resistance 

becomes larger with higher H2O2 concentration, as shown in Figure 5.12, 
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which brings a larger ohmic loss. It can also be seen from the Figure 5.11 

that the cell performance with 6.0 M H2O2 exceeded that of 2.0 M H2O2 

when the current density was high. The cell performance in this region is 

promoted with a higher concentration of H2O2, which is attributed to the 

reduced concentration loss of H2O2 in cathode. 

5.4.7.  Effect of the H2SO4 concentration 

As shown in Figure 5.13, the effect of the concentration of sulfuric acid on 

the performance of this fuel cell was investigated, and the concentrations of 

KOH, EG and H2O2 were fixed at 9.0 M, 5.0 M and 4.0 M, respectively. 

The OCVs with different H2SO4 concentration were similar, as shown in 

Figure 5.14. In spite of the OCV, as the concentration of H2SO4 increased 

from 0.5 M to 1.0 M, the cell voltage over the whole range of current density 

increased firstly. Then, further increasing the concentration of H2SO4 from 

1.0 M to 2.0 M results in a decrease in the cell voltage. The rise of the cell 

voltage as the concentration of H2SO4 increased from 0.5 M to 1.0 M is 

attributed to the reduction in concentration loss of H+, because the H+ has 

an enhanced transport to the active sites on CL [47]. However, when the 

H2SO4 concentration increased from 1.0 M to 2.0 M, the cell performance 

degraded, which is mainly ascribed to two reasons. On one hand, the 

shortage of H2O2 occurs because the superfluous H2SO4 covered the active 

sites on the cathode CL. The concentration loss increases because of the 

deficiency of H2O2 on the active sites, and the cell voltage decreases as a 

result of that. On the other hand, the ohmic loss increases due to the high 

concentration of H2SO4. The increasing concentration of H2SO4 gives rise 

to a higher viscosity of the catholyte, which increases the internal resistance 
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in a linear manner and the ohmic loss as well. Due to these two reasons, the 

cell performance with 2.0 M H2SO4 had a serious degradation comparing 

to the performance with 1.0 M H2SO4. 

5.4.8.  Effect of the membrane thickness 

The effect of membrane thickness on cell performance was studied by using 

different CEMs (N211, N212, and N115) at 23oC, where 4 mL aqueous 

solution of 5.0 M EG and 9.0 M KOH was contained in anode reservoir and 

4 mL aqueous solution of 1.0 M H2SO4 and 4.0 M H2O2 was contained in 

cathode reservoir, and the results are shown in Figure 5.15. When the 

current density was low, a thicker membrane yielded a superior cell 

performance, which can be confirmed by the OCVs shown in Figure 5.16. 

However, the performance of this passive fuel cell was better with a thinner 

CEM at medium and high current densities. This phenomenon can be 

explained as follows. A thicker membrane suppresses the crossover of both 

EG from the anode to cathode and H2O2 from the cathode to anode. As a 

result, the negative effects derived from species crossover are hindered and 

the cell voltage increases at low current density region. However, the ohmic 

loss plays an important role during the discharging process, especially at 

medium and high current densities. As shown in Figure 5.16, as the 

membrane thickness increased, the internal resistance also increased 

considerably, which led to a rapider degradation of the cell voltage during 

the whole discharging process. As a result, the cell had a worse performance 

with thicker membrane due to the increasing ohmic loss at both medium 

and high current densities. 

5.4.9.  Effect of the operating temperature 
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The operating temperature of this passive fuel cell has a considerable effect 

on the cell performance. When the operating temperature increased, the cell 

performance also had an obvious improvement. The cell performance was 

studied with different operating temperatures as shown in Figure 5.17, 

where 4 mL aqueous solution of 5.0 M EG and 9.0 M KOH was contained 

in anode reservoir and 4 mL aqueous solution of 1.0 M H2SO4 and 4.0 M 

H2O2 was contained in cathode reservoir, and the pretreated Nafion 211 was 

utilized as the membrane. When the operating temperatures of this fuel cell 

were at 23oC, 40oC, and 60oC, the peak power densities reached 30.3, 39.6 

and 65.8 mW cm-2, respectively. The impressive enhancement in cell 

performance is attributed to three reasons. Firstly, the increasing 

temperature promotes the kinetics of both anode and cathode reactions, 

including the EGOR and HPRR, which decreases the activation loss during 

the discharging process [48]. Secondly, the concentration loss decreases 

with increasing operating temperature. The transport of the reactants in both 

anolyte and catholyte is improved with higher temperature. The transport 

of cations through the membrane is boosted as well. As a result of this 

enhanced transport, the reactants reach the active sites on the CLs more 

easily, thus the concentration loss decreases because of the alleviative 

reactant shortage. Lastly, as the operating temperature increases, the CEMs 

will have a better conductivity, which brings a reduction in ohmic loss. The 

three improvements result in a better performance of this fuel cell. 

5.4.10.  Effect of the H2O2 self-decomposition 

As mentioned, the H2O2 self-decomposition will take place in the cathode, 

and it is an exothermic reaction according to: 
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2H2O2→O2+2H2O                    ∆H=-196.1 kJ mol-1     (4) 

Meanwhile, both the electrochemical reactions on the anode and the 

cathode are exothermic reactions as well, so the cell temperature will 

increase during discharging. Therefore, it is critical to determine whether 

the heat released from the H2O2 self-decomposition plays an important role 

in the cell temperature. If the cell temperature increases rapidly due to the 

H2O2 self-decomposition, it is necessary to adopt heat management 

methods to control the cell temperature at a reasonable range. Figure 5.18 

shows the transient temperature behaviors of the passive fuel cell under 20, 

40, and 80 mA constant current discharging operation, where 4 mL aqueous 

solution of 5.0 M EG and 9.0 M KOH was contained in anode reservoir and 

4 mL aqueous solution of 1.0 M H2SO4 and 4.0 M H2O2 was contained in 

cathode reservoir, and the pretreated Nafion 211 was utilized as the 

membrane at 23oC. It can be seen that the cell temperature first increased 

from the room temperature, 23oC, with the discharging time, and finally 

reached a stable temperature, indicating the heat balance between the cell 

and external environment. The increased temperatures were 0.5, 1.1, and 

2.0oC under 20, 40, and 80 mA current discharging operation, respectively. 

It can be inferred from the linear temperature increase with the discharging 

current that the increased temperature is caused by the electrochemical 

reactions rather than the H2O2 self-decomposition. Otherwise, the increased 

temperature at three different discharging currents should be similar rather 

than the linear increase. Therefore, both the electrochemical reactions on 

the anode and the cathode play the dominant role in the cell temperature. 

5.5.  Summary 
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A passive direct ethylene glycol fuel cell is proposed and tested in this work. 

Different operating conditions are tested to investigate the effects of 

different feeding concentrations of reactants, different thicknesses of the 

cation exchange membranes, and different operating temperatures on the 

cell performance. The results exhibit that the peak power densities of this 

fuel cell are 30.3 and 65.8 mW cm-2 at 23 and 60oC, respectively, with 

optimal aqueous anolyte containing 5.0 M EG and 9.0 M KOH, and optimal 

aqueous catholyte containing 1.0 M H2SO4 and 4.0 M H2O2. In addition, 

the results show that the thickness of the CEMs has a significant effect on 

cell performance. Although a thicker membrane reduces the crossover 

problem, a thinner one shows a significant reduction in ohmic loss, resulting 

in a superior cell performance. As a result, the cation exchange membrane 

prepared from N211 exhibits the best performance. The performance of this 

fuel cell under the optimal operating conditions (1.58 V and 65.8 mW cm-

2) has an impressive improvement comparing to a passive direct ethylene 

glycol fuel cell with oxygen as oxidant, which is more than 2 times in the 

open circuit voltage and more than 5 times in the peak power density. The 

excellent performance is mainly attributed to the faster kinetics of hydrogen 

peroxide reduction reaction due to the two-electron-transfer process. 

Moreover, the effect of the heat released by the self-decomposition of 

hydrogen peroxide is also investigated. The results indicate that the 

hydrogen peroxide self-decomposition shows a negligible effect on the total 

heat released over the discharging process, during which both the 

electrochemical reactions on the anode and cathode play the dominant role. 
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Figure 5.1 Working principle of a passive DEGFC. 
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Figure 5.2 Schematic illustration of a passive DEGFC. 
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Figure 5.3 SEM images of the catalyst layer of anode. 
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Figure 5.4 SEM images of the catalyst layer of cathode. 
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Figure 5.5 General performance of the passive DEGFC. 
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Figure 5.6 Long-term durability of the passive fuel cell. 
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Figure 5.7 Effect of the KOH concentration on the cell performance. 
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Figure 5.8 Effect of the KOH concentration on the OCV and internal 

resistance. 
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Figure 5.9 Effect of the EG concentration on the cell performance. 
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Figure 5.10 Effect of the EG concentration on the OCV and internal 

resistance. 
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Figure 5.11 Effect of the H2O2 concentration on the cell performance. 
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Figure 5.12 Effect of the H2O2 concentration on the OCV and internal 

resistance. 
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Figure 5.13 Effect of the H2SO4 concentration on the cell performance. 

  



 

 

145 

 

 

 

 

 

 

 

 

Figure 5.14 Effect of the H2SO4 concentration on the OCV and internal 

resistance. 
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Figure 5.15 Effect of the membrane thickness on the cell performance. 
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Figure 5.16 Effect of the membrane thickness on the OCV and internal 

resistance. 
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Figure 5.17 Effect of the operating temperature on the cell performance. 
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Figure 5.18 Transient cell temperature behaviors with constant current 

discharging. 
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 Lab-scale demonstration of a stack 

Abstract 

A passive direct ethylene glycol fuel cell stack is developed and tested, in 

which each single cell consists of an alkaline Pd-based anode, an acid Au-

based cathode, and a cation exchange membrane. This passive stack design 

eliminates the gas blowers/compressors for the air supply, external liquid 

pumps for the liquid fuel supply, or any other auxiliary devices. Hence, the 

passive design reduces both volume and weight of the stack comparing to 

the active fuel cell stack, thus both volumetric energy density and specific 

energy density are much improved. In this study, an alkalized ethylene 

glycol aqueous solution is used as fuel and an acidified hydrogen peroxide 

aqueous solution is used as oxidant, respectively. As a result, the theoretical 

voltage of this fuel cell stack is increased from 2.18 V to 4.94 V comparing 

to the design using the air, which shows a promising potential for practical 

applications. Experimentally, at the optimal reactant-feeding concentrations 

of 5.0 M EG and 9.0 M KOH as anolyte and 4.0 M H2O2 and 1.0 M H2SO4 

as catholyte, this passive stack yields an open-circuit voltage of 3.0 V, a 

maximum current of 860 mA, and a peak power of 1178 mW at room 

temperature, which exhibits a two-time higher peak power density (24.5 

mW cm-2) than a passive stack using the same type of fuel but the air as 

oxidant (12 mW cm-2). The impressive improvement can be ascribed to the 

faster hydrogen peroxide reduction reaction due to its two-electron transfer 

process rather than a four-electron process. In addition, the effects of 

feeding concentrations in both anolyte and catholyte on the stack 
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performance are studied. Finally, the present passive stack is applied to 

power an electric fan for around 3 hours under the mimetic underwater 

circumstance, demonstrating that this passive stack is a promising power 

source for airtight situations, such as underwater and outer space. 

 

Keywords: Direct ethylene glycol fuel cells; Passive fuel cells; Fuel cell 

stack; Hydrogen peroxide; Feeding concentrations; Underwater operation 
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6.1.  Introduction 

Direct liquid fuel cells (DLFCs) that use liquid alcohols as fuel, e.g. 

methanol, ethanol, and ethylene glycol (EG), to replace gaseous hydrogen 

have been regarded as one of the most promising power generation 

technologies for portable electronics [1-5]. In spite of the general 

superiorities of fuel cells, such as simple design, high energy conversion 

efficiency, low emissions as well as quick refueling [4, 6], the DLFCs 

exhibits a broader range of advantages including mature production, easy 

transportation, and convenient handling of liquid fuels comparing to 

hydrogen fuel cells [7-11]. Among various liquid fuels, EG has received 

considerable interests because of the electron transfer rate as high as 80%, 

the boiling point of 198oC, and the theoretical energy capacity of 4.8 Ah 

mL-1, which is a promising fuel for electronic devices [12, 13]. In addition, 

the toxicity of EG is low and it can be produced by hydration of ethylene 

oxide (EO) efficiently [14]. Therefore, direct ethylene glycol fuel cells 

(DEGFCs) have attracted ever-increasing attention, particularly these fuel 

cells using anion exchange membranes (AEMs) due to the both enhanced 

anodic and cathodic kinetics [15-18]. AEMs and cation exchange 

membranes (CEMs) are classified by the charge type of fixed functional 

groups, which can selectively allow the passage of oppositely charged ions 

(counter-ions), while obstruct similarly charged ions (co-ions) [19]. An et 

al. [20] compared the AEM and CEM in direct ethanol fuel cells (DEFCs). 

It was found that the AEM possessed the higher ionic conductivity and 

mechanical property, but the worse thermal stability. In addition, the CEM 
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showed the lower ionic conductivity, but acceptable thermal stability, 

mechanical property, and species permeability. There is no significant 

difference in the fuel cell performance between the AEM and CEM at low 

operating temperatures (<60oC), but the CEM-DEFC can operate stably at 

high operating temperatures (typically 90oC). 

In the past decade, numerous effects have been made on performance 

improvement, catalyst development, and system innovations [21-28]. An et 

al. [21] developed and tested an alkaline DEGFC using an AEM, which 

exhibited a peak power density of 67 mW cm-2 at 60oC. The outstanding 

performance was ascribed to the alkaline environment, which much 

enhances the kinetics of both the oxygen reduction reaction (ORR) and 

ethylene glycol oxidation reaction (EGOR). Considering the poor stability 

of AEM at high temperatures, generally over 60oC, they replaced the AEM 

with an alkali-doped polybenzimidazole in an alkaline DEGFC, which 

allows the operation of the fuel cell at higher temperatures (90oC). As a 

result, it was found that a higher peak power density of 112 mW cm-2 was 

achieved at 90oC [22]. To improve the activity of the catalyst toward EGOR, 

Feng et al. [23] reported networked Pt‐Pb nanowires (NWs), which was 

synthesized via a large‐scalable wet‐chemical approach. The electrocatalyst 

showed a 3D networked structure with rich defects/steps. To further 

promote the cell performance and extend the application situations to 

underwater and outer space, Pan et al. [29] reported that an open-circuit 

voltage (OCV) of 1.41 V and a peak power density of 80.9 mW cm-2 at 60oC 

were achieved by replacing the oxygen with hydrogen peroxide in the 
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DEGFC. This type of DEGFC boosted the OCV by 62.1% and the peak 

power density by 20.8%, as well as eliminated the requirement of air from 

the ambient environment. Using the acidified hydrogen peroxide rather than 

the oxygen or air in the cathode as the oxidant has been tested in fuel cells 

running on various fuels such as formate [30], propanol, and glycerol [31]. 

Li [30] found that the AEM direct formate-peroxide fuel cell showed a more 

stable cell voltage than the AEM direct ethanol fuel cell in a conceptual 

half-hour constant-current discharge. Chino et al. [31] reported that the split 

pH environment improved the thermodynamics of the fuel cell by creating 

a large potential difference between electrodes. However, the 

decomposition of H2O2 and thus generation of O2 may form a two-phase 

flow in the cathode flow channel, resulting in the voltage fluctuation, which 

is not desirable in the practical applications. Meanwhile, it creates a large 

transport resistance of H2O2 from the cathode flow channel to the cathode 

CL, which may lead to the H2O2 in the cathode CL at a starving state, thus 

the cathodic reaction kinetics is sluggish [32]. 

Moreover, to meet the voltage requirement of electronics in practice, a fuel 

cell stack rather than a single cell is used, which is constituted by cells 

connected in series. Cremers et al. [33] developed an active AEM-DEGFC 

stack using the air as oxidant. When the feeding rates were 12 mL min-1 on 

the anode and 800 sccm on the cathode, the fuel cell stack showed a peak 

power density of 44 mW cm-2 at 50oC. Although the performance is 

promising, the active operation mode needs auxiliary equipment such as 

liquid pumps and gas compressors, leading to a more complicated and 
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heavier system [34, 35]. To meet the demand for portable electronic devices, 

the active operation mode can be replaced by a passive way, which makes 

the reactants store in the reservoirs and transport to the catalyst layer mainly 

via diffusion, driven by the concentration gradient [36]. It should be 

mentioned that the delivery of reactants at the passive operation mode in 

the porous electrode is slower than the active one does, which is attributed 

to the fact that an additional driving force of convection for the delivery of 

reactants exits at the active operation mode. Hence, the passive fuel cell 

performance is generally lower than the active fuel cell does at the same 

operation conditions. Pan et al. [37] developed a passive DEGFC with 

hydrogen peroxide as oxidant. This fuel cell exhibited peak power densities 

of 30.3 and 65.8 mW cm-2 at 23 and 60oC, respectively. Marchionni et al. 

[38] synthesized Pd-(Ni-Zn)/C catalyst, which was Pd nanoparticles 

supported on a Ni–Zn phase, and adopted it as the anode catalyst in a 

passive DEGFC. It was found that the peak power density increased from 

12 mW cm-2 to 24 mW cm-2 at 25oC when the Pd-(Ni-Zn)/C replaced the 

Pd/C. Fashedemi et al. [39] prepared Pd-based ternary core-shell 

(FeCo@Fe@Pd) nanocatalyst using multi-walled carbon nanotubes bearing 

carboxylic (MWCNT-COOH) as supporting platform and compared its 

performance with the Pd/MWCNT-COOH in a passive DEGFC. It was 

reported that the running time of the fuel cell using the 

FeCo@Fe@Pd/MWCNT-COOH-based anode was around 4.7 h at a 

discharging current density of 20 mA cm-2, which was higher than the 

Pd/MWCNT-COOH-based anode did (3.3 h). 
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In this study, being motivated by the practical needs for reducing the design 

complexity of the fuel cell system as well as the high voltage requirement 

of electronics in practice, we designed, fabricated, and tested a passive 

DEGFC stack, constituted by two single cells, using hydrogen peroxide as 

oxidant, which avoids the use of liquid pumps and gas compressors as well 

as possesses a promising theoretical OCV of 4.94 V. As a result of the 

simpler structure, the specific energy density and volumetric energy density 

are increased, and the design complexity is reduced significantly. Moreover, 

the replacement of the oxygen provided from the environment by the 

hydrogen peroxide in the proposed fuel cell stack is in favor of allowing the 

fuel cell stack to be air-independent power sources for underwater and outer 

space applications. Although it is attractive, the H2O2 is not stable and will 

be decomposed to oxygen and water, thus the produced oxygen will reduce 

the electrochemical surface area (ECSA) and block the channels for 

reactant delivery, to which future research attention can be paid. The effects 

of feeding concentrations on the fuel cell stack performance are 

investigated. When the fuel cell stack is operated at the optimal reactant-

feeding concentrations of 5.0 M EG and 9.0 M KOH as anolyte and 4.0 M 

H2O2 and 1.0 M H2SO4 as catholyte, it exhibits an actual OCV of 3.0 V, a 

maximum current of 860 mA, and a peak power of 1178 mW at room 

temperature. It is found that the whole running time of the fan powered by 

this passive fuel cell stack was 2 hours and 36 minutes underwater, which 

was similar to the that in the natural circumstance, demonstrating that this 

passive fuel cell stack is a promising power source for airtight situations. 
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6.2.  Working principle 

As depicted in Figure 6.1, the passive stack is constituted by two single cells 

connected in series, which are named as cell 1 and cell 2. The single cell is 

symmetrically constructed. From the anode to the cathode, the components 

are the anode diffusion layer (DL), the anode catalyst layer (CL), the CEM, 

the cathode CL, and the cathode DL in sequence. In cell 1, the anolyte 

diffuses from the anode reservoir to the anode CL driven by the 

concentration gradient, where EGOR occurs and oxalate, electrons and 

water are produced as shown in Eq. (1) [12]: 

C2H6O2+10OH-→(COO-)2+8e-+8H2O     EEGOR=-0.69 V  (1) 

The electrons produced by the EGOR of cell 1 are transported from the 

anode to the cathode of cell 2 through the external circuit. At the same time, 

H2O2 and protons in the cathode reservoir of cell 2 are transported through 

the cathode DL to the CL and react with coming electrons to produce water, 

which is known as the hydrogen peroxide reduction reaction (HPRR) [40]: 

4H2O2+8H++8e-→8H2O         EHPRR=1.78 V   (2) 

Meanwhile, the EGOR occurs in the anode of cell 2 and the electrons 

produced are transported through the external circuit to the cathode of cell 

1. The HPRR is induced in the cathode of cell 1 when receiving the 

electrons from the anode of cell 2. In both cell 1 and cell 2, the potassium 

ions transport from the anode to the cathode to complete the internal ionic 

circuit. The overall reaction is obtained by combining the EGOR and HPRR, 

which achieves a significantly high theoretical voltage of 2.47 V for a single 

cell [37]: 
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C2H6O2+4H2O2+8H++10OH-→(COO-)2+16H2O    E=2.47 V  (3) 

6.3.  Experiments 

6.3.1.  Preparation of membrane electrode assembly 

The membrane electrode assembly (MEA) is the key component in the 

passive stack. Two pairs of home-made anodes and cathodes with an active 

area of 3.0 cm × 8.0 cm are used in the two single cells and the pretreated 

Nafion 211 (30 μm in the dry state) is selected as the CEM due to the smaller 

thickness. The Pd-based anode could be fabricated by the method in the 

open literature [41]. The preparation of the catalyst ink was mixing the 

ethanol, 5 wt.% Nafion (Fuel Cell Store, USA), and 30 wt. % Pd/C (Sigma-

Aldrich Co., USA). Afterwards, the mixed ink underwent an ultrasonic 

treatment in the ultrasonic oscillating instrument for 30 minutes. Then the 

catalyst ink was coated on the carbon cloth (Hesen, China) by a spraying 

method until the catalyst loading reached 1.0 mgPd cm-2. Similarly, 60 wt. % 

Au/C (Premetek Co., USA) was mixed with 15 wt. % Nafion and ethanol 

to prepare the cathode catalyst ink, which was then sprayed on the carbon 

cloth by the same method, and the catalyst loading of the catalyst was 2.75 

mgAu cm-2. In terms of the preparation of CEMs, the membranes were cut 

to an area of 4.0 cm × 9.0 cm so that it can fully cover the electrode, which 

were then immersed in the 2.5 M KOH solution. After one-hour immersion 

at 80oC, DI water was used to wash the membrane for three times and the 

membrane was kept in DI water for further assembly. 

6.3.2.  Fuel cell setup and instrumentation 

As depicted in Figure 6.2, the stack consists of two pairs of MEAs, three 
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endplates, four reservoirs, four current collectors, and assorted screws. In 

case of corrosion by the acid and alkaline environments, 1Cr18Ni9Ti 

stainless steel and 316L stainless steel were chosen as the materials of 

endplates and current collectors, respectively. The electrolyte reservoir was 

designed to be transparent by using polymethyl methacrylate (PMMA) with 

a hole drilled on the top so that the process of anolyte/catholyte injection is 

visible. Polytetrafluoroethylene (PTFE) gaskets were added between each 

layer of the stack to prevent the leakage. The two single cells were 

connected in series and the electrode arrangement of these two single cells 

were opposite to avoid the formation of internal fuel cell and self-

discharging. The polarization curve and internal resistance of the passive 

fuel cell stack were tested by using Arbin BT2000 (Arbin instrument Inc.). 

6.4.  Results and discussion 

6.4.1.  General performance 

Figure 6.3 shows the results of the polarization test and the power of the 

passive stack at room temperature with 5.0 M EG and 9.0 M KOH as 

anolyte and 4.0 M H2O2 and 1.0 M H2SO4 as catholyte. It is demonstrated 

that the passive stack outputs an OCV of 3.0 V, a maximum current of 860 

mA, and a peak power of 1178 mW. In a previous study [42], when EG was 

used as fuel in the anode and O2 was used as oxidant in the cathode, the 

passive single cell achieved an OCV of 0.7 V and a peak power density of 

12 mW cm-2. The passive stack in this study exhibits an OCV (3.0 V) four 

times higher than 0.7 V and a peak power density (24.5 mW cm-2) twice 

higher than 12 mW cm-2. The performance elevation of this passive stack is 
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mainly ascribed to the superior nature of HPRR comparing to ORR. The 

two-electron-transfer process of HPRR is more beneficial to the fuel cell 

performance due to the enhancement of reaction kinetics and a higher 

theoretical voltage comparing to the four-electron-transfer process of ORR 

[43]. However, the practical OCV of the stack (3.0 V) is significantly lower 

than the theoretical OCV (4.94 V). In general, the theoretical OCV can 

hardly achieve due to the presence of the activation loss, which is caused 

by the slowness of the reactions taking place on the surface of the electrodes 

as well as the poor reversibility of anodic and cathodic reactions. Hence, a 

proportion of the voltage generated is sacrificed to drive the chemical 

reaction that transfers the electrons to or from the electrode [44]. From this 

perspective, four methods can be adopted to reduce the activation loss, 

which are raising the fuel cell operating temperature, using more effective 

catalysts, increasing the roughness of the electrode, and increasing the 

reactant concentrations appropriately [45]. In addition, the large OCV loss 

is associated with the H2O2 as well. The H2O2 in the cathode is supposed to 

be used as oxidant, nonetheless, the H2O2 also can be oxidized, which 

establishes of an internal H2O2-based fuel cell and causes the mixed 

potential in the cathode [37]. Moreover, the H2O2 is not stable and will be 

decomposed to oxygen and water. The produced oxygen gas results in two 

disadvantages. On one hand, the active sites on the catalyst particle may be 

covered by oxygen, reducing the electrochemical surface area. On the other 

hand, oxygen in the porous DL and CL will block the pathways for the 

reactant transport. 
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The consistency of the individual cell was investigated by monitoring the 

voltage of cell 1 and cell 2 at different current densities. As shown in Figure 

6.4, the voltage of the two cells exhibited a good consistency over the whole 

current region. However, it can be observed that the voltage of cell 1 

decreased slightly faster than cell 2 with increasing current, which was 

ascribed to the higher internal resistance of cell 1. The good conformance 

of individual cell consistency reflects a high degree of reproducibility 

achieved by the appropriate electrode manufacturing process [46], which 

predicts a promising future for the mass production in practical applications.  

Meanwhile, the transient OCV behavior of the stack was investigated. The 

cell stack was first discharged completely and rested for 20 minutes, and 

the OCV was recorded and shown in Figure 6.5. The OCV of the stack 

increased rapidly in the first 5 minutes and stabilized at around 2.8 V 

subsequently. The OCV of this passive stack did not experience a decrease 

after reaching the maximum value during the rest period, which is different 

from some other types of fuel cell, such as the direct methanol fuel cells 

(DMFCs) and DEFCs [47]. This performance improvement is ascribed to 

the fact that the Au catalyst is inactive to EG, thus the mixed potential 

problem in the cathode is eliminated, which leads to the stable OCV during 

the rest period.  

Moreover, the constant discharging behavior of this stack was studied. As 

shown in Figure 6.6, when the discharging process was conducted at a 

constant current of 150 mA, the stack was operated with a stable voltage 

around 2.5 V for about 160 minutes, presenting a stable and satisfactory 
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performance. In addition, the cost of this passive fuel cell stack can be 

obtained by summing up the cost of all the components. The unit prices of 

the anode catalyst, cathode catalyst, CEM, and DL are $42.7 g-1, $136 g-1, 

$0.07 cm-2, and $0.11 cm-2, respectively. Based on the usage of materials in 

the electrode fabrication, the anode catalyst costs around $8.59, the cathode 

catalyst is around $35.90, the CEMs are about $4.86, the DLs are about 

$16.32, and the fixers are about $5.10. Hence, taking the peak power of 

1.178 W achieved by this passive fuel cell stack into consideration, the cost 

normalized by power output of this passive fuel cell stack is about $60.08 

W-1. Comparing to the cost of an active DMFC stack, which is $43.19 W-1 

[48], the cost of this passive fuel cell stack is higher, which is attributed to 

the high cathode catalyst loading. All the results show that the passive stack 

is a promising candidate to be further studied for future application. 

6.4.2.  Effect of the EG concentration 

The effect of the EG concentration on the passive stack performance was 

studied as shown in Figs. 4 (a) and (b). In addition to the variations EG 

concentrations from 1.0 M to 7.0 M, the concentrations of KOH, H2O2, and 

H2SO4 were fixed at 9.0 M, 4.0 M and 1.0 M, respectively. Meanwhile, the 

operating temperature was room temperature, and a pretreated Nafion 211 

membrane was used as the cation exchange membrane. Figure 6.7 presents 

the polarization curves of the stack with different concentrations of EG. The 

peak power increased at first and then decreased with the increasing 

concentrations of EG from 1.0 M to 7.0 M, and the maximum value of the 

peak power reached 1178 mW with 5.0 M EG. At the same time, the values 
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of the maximum current showed a large variation. The maximum current 

was 480 mA with 1.0 M EG. Then, it increased to around 860 mA when the 

concentration of EG was increased to 3.0 M and 5.0 M. However, with EG 

concentration further increasing to 7.0 M, the maximum current decreased 

to 590 mA. Moreover, as presented in Figure 6.8, the OCV increased from 

2.89 V to 3.00 V with concentration of EG increasing from 1.0 M to 5.0 M. 

However, the OCV was reduced to 2.85 V at a EG concentration of 7.0 M. 

These observations of stack performance with different concentrations of 

EG can be explained by these reasons. When the EG concentration varies 

from 1.0 M to 5.0 M, the diffusion of EG is promoted due to the increasing 

concentration gradient of EG, which results in an elevation of EG 

concentration on the anode CL from the starvation state to the sufficient 

state. Therefore, the OCV is elevated with the increasing EG concentration 

from 1.0 M to 5.0 M This explanation is also validated by the sharp decrease 

of voltage and power at the high current region of 480 mA with 1.0 M EG, 

which is caused by the severe concentration loss due to the fuel shortage. 

However, when the EG concentration was increased to 3.0 M and 5.0 M, 

the concentration losses at high current region became less severer. When 

the concentration of EG was further increased to 7.0 M, the stack 

performance experienced a significant degradation ascribed to three 

possible reasons. Firstly, competitive adsorption between EG and OH- on 

the active sites occurs with a high EG concentration. When the 

concentration of EG is 7.0 M, the active sites on the anode CL are taken up 

by the EG, which hinders the adsorption of OH- and results in a lower 
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kinetics of EGOR. The sharp decrease of cell voltage with 7.0 M EG at a 

high current region of 590 mA is caused by the severe concentration loss 

due to the OH- shortage, which validates the above explanation. Secondly, 

the crossover of EG becomes severer with a higher EG concentration. 

Although the EG permeated to the cathode cannot produce the mixed 

potential due the fact that Au is not sensitive to EG, a portion of active sites 

on the cathode CL is occupied by the EG. The reaction kinetics of HPRR is 

negatively affected, which is reflected by the decreased OCV of the cell 

stack with EG concentration increasing from 5.0 M to 7.0 M as shown in 

Figure 6.8. Lastly, the viscosity of anolyte increases as EG concentration 

increases. The transportation of the reactants and charges is hindered, which 

results in a larger internal resistance and an elevated ohmic loss as shown 

in Figure 6.8. In summary, the passive stack outputs the maximum OCV, 

current, and power of 3.0 V, 860 mA, and 1178 mW, respectively, at an EG 

concentration of 5.0 M when other operating conditions are constant. 

6.4.3.  Effect of the KOH concentration 

Figure 6.9 shows the effect of the KOH concentration on the stack 

performance with EG, H2O2, and H2SO4 concentrations fixed at 5.0, 4.0, 

and 1.0 M accordingly. It can be observed that the OCV increased from 

2.68V to 3.06V with OH- concentration increasing from 5.0 M to 11.0 M. 

In terms of a specific catalyst, the kinetics of EGOR is dominated by the 

local concentrations of species in the anode CL. At an EG concentration of 

5.0 M, a higher OH- feeding concentration will result in enhanced OH- 

transportation from the anode reservoir to the anode CL where a starvation 
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state of OH- is transferred to a sufficient state. Therefore, the EGOR kinetics 

is enhanced through this process, which leads to a gradually increasing 

OCV as presented in Figure 6.10. However, the gradient of the OCV curve 

in Figure 6.10 was smaller, indicating that further increasing the OH- 

concentration had little contribution to the enhancement of OCV. This can 

be explained that the adsorption of OH- has almost been saturated at the 

concentration of 9.0 M, thus limited OH- is able to be adsorbed on the active 

sites. It can be obtained that the peak power of 1178 mW was reached at 9.0 

M as presented in Figure 6.9, while the performance would degrade with 

either higher or lower OH- concentration. Generally, the electrochemical 

kinetics and the species transport in the anode largely depend on the 

alkalinity of the anode. It can be observed from Figure 6.10 that the internal 

resistance enlarged from 285 mOhm to 316 mOhm when OH- concentration 

increased from 5.0 M to 9.0 M. The performance is still improved because 

the compensation of positive effect of facilitated EGOR kinetics on stack 

performance for the increased ohmic loss is adequate. When further 

increasing the OH- concentration, the internal resistance increasing to 331 

mOhm led to a larger ohmic loss. In addition, the active sites will be fully 

occupied by OH-, hence the EGOR kinetics is reduced and the 

concentration loss is promoted. In conclusion, the performance of the 

passive stack improves with OH- concentration increasing from 5.0 M to 

9.0 M, then declines with OH- concentration increasing from 9.0 M to 11.0 

M. 

6.4.4.  Effect of the H2O2 concentration 
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The H2O2 used in the cathode acts as the oxidant for the passive stack, and 

its concentration plays a crucial role on the stack performance. As shown in 

Figs. 6 (a) and (b), the effect of H2O2 concentration on stack performance 

was investigated with a constant H2SO4 concentration at 1.0 M. In Figure 

6.11, it could be seen from the polarization curves with different H2O2 

concentrations that the stack performance was improved as the H2O2 

concentration was first elevated from 2.0 M to 4.0 M, then degraded with 

H2O2 concentration further increasing to 6.0 M. The stack voltage in the 

whole current region increased first and then decreased with the increasing 

concentration of H2O2 and the maximum current also conformed to the 

same trend. The best performance was obtained when the concentration of 

H2O2 was 4.0 M with a highest power of 1178 mW and a maximum current 

of 860 mA. Figure 6.12 shows that the OCV of the stack experienced an 

increase from 2.92 V to 3.00 V with H2O2 concentration increasing from 2.0 

M to 4.0 M, and then decreasing to 2.79 V as H2O2 concentration further 

reached 4.0 M. Meanwhile, the internal resistance of the stack enlarged 

from 331 mOhm to 368 mOhm with the increased concentration of H2O2. 

The above observations can be explained as follows. As shown in Figure 

6.11, the significant concentration loss at high current range with the H2O2 

concentration of 2.0 M reveals the fact that the local concentration of H2O2 

on cathode CL is in a deficient state. As the concentration of H2O2 increases 

from 2.0 M to 4.0 M, the diffusion of H2O2 to the CL is promoted and the 

concentration of H2O2 on the CL is transferred from a deficient state to a 

sufficient state. Meanwhile, the kinetics of HPRR is much improved. Thus, 
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the OCV of the stack increases in this process as presented in Figure 6.12, 

and the stack performance is improved. However, with the H2O2 

concentration further increasing to 6.0 M, the OCV decreases and the stack 

performance degrades as well. This phenomenon can be attributed to three 

aspects. Firstly, the excessively high concentration of H2O2 leads to the 

competitive adsorption between H2O2 and H+ on the active sites of cathode 

CL. The adsorption of H+ becomes insufficient and the kinetics of HPRR 

becomes lower, which is also reflected by the sharp decrease of the stack 

voltage in high current region. Secondly, with a higher H2O2 concentration, 

the self-decomposition of H2O2 becomes severer, which produces a larger 

number of gaseous products in the cathode. The gas bubbles presented in 

the electrolyte reservoir may impede the transport of H2O2 and H2SO4 to 

the cathode CL and leads to an increasing internal resistance of the stack as 

presented in Figure 6.12. Last but not least, the crossover of H2O2 from the 

cathode to anode is severer with a higher concentration. At the same time, 

the transport of EG and KOH in the anode may also be influenced by the 

gaseous products produced by the self-decomposition of the H2O2 in the 

anode, which produces negative impact on the stack performance as well. 

6.4.5.  Effect of the H2SO4 concentration 

Figure 6.13 presents the effect of the H2SO4 concentration on the passive 

stack performance with EG, H2O2, and KOH concentrations fixed at 5.0, 

4.0, and 9.0 M, respectively. It can be observed that the OCV increased 

from 2.85 V to 3.01 V with H2SO4 concentration increasing from 0.5 M to 

1.0 M and decreased from 3.01 V to 2.86 V with H2SO4 concentration 
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further increasing from 1.0 M to 2.0 M. This phenomenon can be accounted 

as follows. With H2SO4 concentration increasing from 0.5 M to 1.0 M, the 

increasing voltage is resulted from the enhanced transportation of H+ which 

weakens the concentration loss of H+ [49]. However, further increasing 

H2SO4 concentration to 2.0 M did not lead to a better performance. One 

reason is that the redundant H2SO4 have taken up numerous active sites, 

which results in shortage of H2O2 in the CL. Then a higher H2O2 

concentration loss is caused and the voltage degrades. Another reason is 

that the viscosity of catholyte is enlarged due to the increasing H2SO4 

concentration. Meanwhile, the internal resistance rises when H2SO4 

concentration increases as shown in Figure 6.14, which then causes severer 

ohmic loss. Therefore, the passive stack has the best performance with 

H2SO4 concentration at 1.0 M. 

In summary, the reasons why the fuel cell performance will drop at higher 

feeding-concentrations of reactants can be concluded as follows: (1) the 

competitive adsorption between the reactants on active sites results in the 

lowered reaction kinetics and the increased concentration loss; (2) the 

viscosity of electrolyte becomes larger, impeding the transportation of 

reactants and charges; and (3) the hindered delivery of reactants leads to a 

larger internal resistance and an increased ohmic loss. 

6.4.6.  Demonstration of the stack to power an underwater fan 

As mentioned, one advantage of the passive stack using hydrogen oxide is 

the feasibility to be a power source for underwater and outer space 

applications where the air is insufficient. Therefore, this superiority is 
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emphasized by comparing the capacity of the passive stack powering an 

electric fan with different oxidants, i.e., hydrogen peroxide and air, under 

different working circumstances, i.e., normal environment and mimetic 

underwater environment. The fuel cell stack is operated with 5.0 M EG and 

9.0 M KOH as anolyte and 4.0 M H2O2 and 1.0 M H2SO4 as catholyte at 

room temperature. The capacity is verified by the running time of the fan, 

whose power rating and revolutions per minute are 1.8 W and 20000 rpm, 

respectively. Under the normal environment, after the connection of the 

anode and cathode of the stack and the fan by wires, the fan could not run 

when the passive stack used the ambient air as oxidant. This is because that 

the Au based cathode is not able to catalyze the ORR effectively, thus the 

power output is unable to drive the fan. On the contrary, when the hydrogen 

peroxide was used, the fan rotated at a high speed. To present the continuous 

output ability of the passive stack, a stopwatch was used to measure how 

long the fan would run until the fan gradually slowed down and completely 

stopped. It can be observed from Figure 6.15 that the whole running time 

was 2 hours and 52 minutes, indicating that the passive stack possesses the 

potential for practical applications. As shown in Figure 6.16, to further 

imitate the underwater environment without air supply, an airtight condition 

was created by a sealed box within the stack and fan, which was placed in 

a larger box full of water. It is found that the whole running time of the fan 

was 2 hours and 36 minutes underwater, which was similar to the result in 

the natural circumstance. The satisfactory performance under the 

underwater condition demonstrates that the passive stack is an applicable 
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power source and has the potential for future application in relevant fields. 

6.5.  Summary 

In this study, a passive direct ethylene glycol fuel cell stack is proposed, 

fabricated, and tested. The effect of feeding species concentrations on the 

stack performance is studied. The results indicate that the peak power of 

this passive stack is 1178 mW at room temperature with the optimal 

reactant-feeding concentrations of 5.0 M EG and 9.0 M KOH as anolyte 

and 4.0 M H2O2 and 1.0 M H2SO4 as catholyte. The achieved peak power 

density is twice as high as that of a passive cell using ethylene glycol as fuel 

and air as oxidant. The impressive improvement results from the faster 

hydrogen peroxide reduction reaction due to its two-electron-transfer 

process rather than the four-electron-transfer process. In addition, the 

individual cell in the passive stack exhibits a good consistency over the 

whole current region, indicating a high degree of reproducibility achieved 

by the appropriate electrode manufacturing process. Moreover, to 

demonstrate the passive stack to be a promising power source under special 

situations, such as underwater and outer space, the passive stack is applied 

to power an electric fan under the mimetic underwater environment. It is 

demonstrated that the whole running time of the electric fan is 2 hours and 

36 minutes with hydrogen peroxide as oxidant, while the air is used as 

oxidant, the electric fan is unable to run, suggesting that this passive stack 

can be applied in situations where air is insufficient. 
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Figure 6.1 Working principle of a passive DEGFC stack. 
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Figure 6.2 Schematic illustration of a passive DEGFC stack. 
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Figure 6.3 General Performance of the passive stack. 
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Figure 6.4 The consistency of the individual cell. 
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Figure 6.5 Transient OCV behavior of the passive stack. 
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Figure 6.6 Transient discharging behavior of the passive stack. 
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Figure 6.7 Effect of the EG concentration on the stack performance. 
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Figure 6.8 Effect of the EG concentration on the OCV and internal 

resistance. 
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Figure 6.9 Effect of the KOH concentration on the stack performance. 
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Figure 6.10 Effect of the KOH concentration on the OCV and internal 

resistance. 
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Figure 6.11 Effect of the H2O2 concentration on the stack performance. 
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Figure 6.12 Effect of the H2O2 concentration on the OCV and internal 

resistance. 
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Figure 6.13 Effect of the H2SO4 concentration on the stack performance. 
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Figure 6.14 Effect of the H2SO4 concentration on the OCV and internal 

resistance. 
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Figure 6.15 Running time of the fan powered by the passive stack under the 

ambient environment. 
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Figure 6.16 Running time of the fan powered by the passive stack under the 

imitated underwater environment. 
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 Mathematical modeling of direct 

ethylene glycol fuel cells 

Abstract 

In this work, a one-dimensional mathematical model for a direct ethylene 

glycol fuel cell using hydrogen peroxide as oxidant is developed. This 

model considers the ethylene glycol crossover and the competitive 

adsorption between ethylene glycol molecules and hydroxyl ions at reaction 

sites, in addition to mass/charge transport and electrochemical reactions. In 

addition, the complicated co-existence of the hydrogen peroxide reduction 

reaction, the hydrogen peroxide oxidation reaction, and the oxygen 

reduction reaction in the cathode is also considered in this model. The 

mathematical model under the consideration of the above-mentioned 

physicochemical processes exhibits a good agreement with experimental 

results. In addition, the effects of various operating and electrode structural 

parameters on the cell performance are examined, including concentrations 

of various species, the exchange current density and the thickness of 

diffusion layer. The numerical results exhibit that the cell performance 

improves with the increasing concentrations of hydrogen peroxide and 

sulfuric acid. As for the ethylene glycol and hydroxyl ions, increasing the 

concentrations makes contribution to higher performance, while the cell 

performance experiences a degradation at a high current density region due 

to the remarkable ohmic loss. The model also shows that increasing both 

the anode and cathode exchange current density leads to an improved cell 
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performance, which indicates the significance of developing novel catalyst 

with superior catalytic activity. Moreover, the effect of the structural design 

parameters of the anode and cathode diffusion layer is also investigated, 

and the results show that increasing thickness of diffusion layers has a 

negative effect on the cell performance. 

 

Keywords: Direct ethylene glycol fuel cell; Hydrogen peroxide; 

Mathematical modeling; Mass transport; Competitive adsorption; Fuel 

crossover 
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Nomenclature 

C Concentration (mol m-3) 

D Diffusivity (m2 s-1) 

E0 Standard potential (V) 

E Potential (V) 

F Faraday’s constant (A s mol-1) 

i0 Exchange current density (A m-2) 

j Current density (A m-2 ) 

K Rate constant (mol m-2 s-1) 

k Mass transfer coefficient (m s-1) 

n Number of electrons transferred 

N Species flux (mol m2 s-1) 

R Internal resistance (Ω)  

s Stoichiometric coefficient 

V Cell voltage (V) 

v Superficial velocity (m s-1) 

Greek 

α Transfer coefficient 

ε Porosity of diffusion layer 

δ Bulk radius (m) 

γ Reaction order 

ηa Anode polarization (V) 

ηc Cathode polarization (V) 

θ Coverage on the catalyst 

Superscripts and subscripts 

a Anode 

ADL Anode diffusion layer 

ACL Anode catalyst layer 

c Cathode 

CCL Cathode catalyst layer 

CDL Cathode diffusion layer 

EGOR Ethylene glycol oxidation reaction 

EG Ethylene glycol 

eff Effective 

F Feeding 

HPRR Hydrogen peroxide reduction reaction 

HPOR Hydrogen peroxide oxidation reaction 

H2O2 Hydrogen peroxide 

H+ Proton  

i Different species 

M Membrane 

OH- Hydroxyl ion 

ORR Oxygen reduction reaction 

O2 Oxygen 

ref Reference 

R Reactant 

S Catalyst surface 
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7.1.  Introduction 

Direct alcohol fuel cells (DAFCs) have received ever-increasing attention 

as a propitious power source, primarily due to their high efficiency, simple 

design, quick refueling as well as low emissions [1-5]. Among various 

alcohol fuels, small molecule and short-chain alcohols, e.g., methanol and 

ethanol, are regarded as promising fuel candidates, because the rate of 

oxidation reaction is higher than that of large molecule and long-chain 

alcohols [6-9]. Although promising, direct methanol fuel cells (DMFCs) 

suffer from the severe performance decline derived from the serious 

methanol crossover and poisonousness of derivative to the catalyst [6]. In 

addition, direct ethanol fuel cells (DEFCs) exhibit a low electron transfer 

rate (33%) due to the hardly broken C-C bond at low temperatures 

(generally < 60oC) [10, 11]. Recently, direct ethylene glycol fuel cells 

(DEGFCs) running on ethylene glycol (EG), which are regarded as an 

alternative DAFC, have attracted great attention for mobile, stationary, and 

portable applications, which is attributed to its intrinsic superiorities, 

including high theoretical energy capacity (4.8 Ah mL-1), high boiling point 

(198oC), and high electron transfer rate (80%) [12-16]. In addition, using 

hydrogen peroxide as oxidant in the cathode to replace the air or pure 

oxygen has been extensively studied [17-19]. The use of liquid hydrogen 

peroxide brings about the following advantages: (1) a substantial increase 

in the theoretical voltage; (2) low activation loss of the reduction reaction 

due to two-electron transfer; and (3) no water flooding problem [20]. 

Moreover, hydrogen peroxide is more favorable in air shortage situations, 
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e.g., outer space and underwater. For instance, Pan et al. [19] developed a 

hybrid DEGFC using hydrogen peroxide as oxidant yielding an open-circuit 

voltage (OCV) of 1.41 V and a peak power density of 80.9 mW cm-2 at 

60°C. It was reported that the hybrid DEGFC boosted the OCV by 62.1% 

and the peak power density by 20.8% comparing to the same cell using 

oxygen. 

In general, the fuel cell performance relies on various parameters, including 

the materials and electrode structures, species concentrations, as well as 

operating temperature [21-23]. However, investigating the effect of each 

parameter on cell performance via experimental approach is quite cost-

ineffective and time-consuming. Thus, mathematical modeling, which is 

regarded as an economical and powerful tool, is essential for the detailed 

study and optimization of operating parameters of fuel cells, so that the 

performance can be maximized [24]. Jiao et al. [25] presented an excellent 

work on water transport in polymer electrolyte membrane fuel cells 

(PEMFCs) and comprehensively reviewed different models adopted for 

different purposes in water transport in PEMFCs. Bahrami et al. [26] 

proposed a one-dimensional, isothermal, single-phase model to investigate 

the mass transport in a DEFC, but the addition of alkali was not taken into 

consideration. Recently, Guo et al. [27] developed a transient two-

dimensional multi-phase model for passive vapor-feed DMFC fed with neat 

methanol to investigate the mass transport processes with different cell 

designs and operation conditions. Xie et al. [28] further studied the effects 

of open ratio, carbon dioxide exit length, micro-porous layer (MPL) and 
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porous layer’s hydrophobicity on the cell performance. Wang et al. [29] 

developed a quasi-2D transient model of proton exchange membrane fuel 

cell with anode recirculation. Huo et al. [30] investigated the effect of 

various operating pressures on the water transfer mechanism in an alkaline 

electrolyte membrane fuel cell and studied the effect of operating behavior 

on the cell performance both experimentally test and analytically. 

It should be mentioned that the addition of alkali in the anode can improve 

the electrochemical kinetics of the EG oxidation reaction (EGOR), but the 

anode becomes a complex cation-anion co-existing compartment, which 

makes the physicochemical processes in the fuel cell system more 

complicated, including mass transport, electron transport, ion transport, as 

well as electrochemical reactions [31]. Meanwhile, the involvement of 

hydrogen peroxide and acid in the cathode also entangles the 

physicochemical processes. On one hand, the mass transport, electron 

transport, and ion transport are more convoluted, which is similar to the 

situation in the anode. On the other hand, not only the hydrogen peroxide 

reduction reaction (HPRR) takes place in the cathode, but the hydrogen 

peroxide oxidation reaction (HPOR) also occurs simultaneously. Moreover, 

the oxygen derived from the HPOR also can participate in reduction 

reactions. Therefore, there are two reduction reactions and an oxidation 

reaction existing in the cathode, which may spontaneously establish an 

internal hydrogen peroxide fuel cell. To our best knowledge, there is no 

attempt to mathematically investigate the alkaline DEGFC with hydrogen 

peroxide as oxidant. In this work, a comprehensive one-dimensional steady-
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state isothermal mathematical model is developed to extensively investigate 

the operating parameters and electrode designs on the cell performance. 

7.2.  Model development 

As depicted in Figure 7.1, the DEGFC consists of the anode/cathode flow 

fields (FFs), the anode/cathode diffusion layers (DLs), the anode/cathode 

catalyst layers (CLs), and a cation exchange membrane (CEM). In the 

anode, the anolyte containing EG and NaOH transports from the anode FF 

through the anode DL to the anode CL, where the EG reacts with hydroxyl 

ions to produce electrons, oxalate and water. The EGOR reaction is shown 

as follows [11]: 

C2H6O2+10OH-→(COO-)2+8e-+8H2O   EEGOR=-0.69 V   (1) 

The electrons produced on the anode are transported through the external 

circuit to the cathode, where the HPRR occurs according to [32]: 

4H2O2+8H++8e-→8H2O        EHPRR=1.78 V    (2) 

Meanwhile, the sodium ions are transported from the anode to cathode 

through the membrane, which forms the internal ionic circuit. Consequently, 

the overall reaction of the passive DEGFC can be obtained by combining 

EGOR on the anode and HPRR on the cathode as follows: 

C2H6O2+4H2O2+8H++10OH-→(COO-)2+16H2O    E=2.47 V  (3) 

In the present work, the model equations are defined in one direction (x-

axis) through the anode, CEM, and cathode. To simplify the complicated 

processes, the following assumptions and simplifications are made: 

(1) The fuel cell is assumed to operate under steady-state and isothermal 

conditions. 
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(2) The mass/charge transport through the cathode DL is assumed to be a 

diffusion-predominated process, while both diffusion and convection are 

considered in the anode DL.  

(3) The CLs are too thin so that they are treated as interfaces. 

(4) The competitive adsorption on the active sites is assumed to be 

concentration-dependent. 

(5) The EG transporting through the membrane is completely oxidized in 

the cathode so that the EG concentration in cathode CL is zero. 

(6) The hydroxyl-ion crossover, hydrogen peroxide crossover, and oxygen 

crossover through the membrane are ignored. 

7.2.1.  Anode 

7.2.1.1.  Mass transport 

In the anode DL, where no chemical reaction occurs, the species flux (Ni
ADL) 

remains constant. The flux expression is developed based on the work of 

Pathak and Basu [33] and can be presented as: 

𝑁𝑖
𝐴𝐷𝐿 =

𝐶𝑖
𝐹𝑒𝑣𝐴𝐷𝐿/𝑘𝑖

𝐴𝐷𝐿
−𝐶𝑖

𝐴𝐶𝐿

𝑒𝑣𝐴𝐷𝐿/𝑘𝑖
𝐴𝐷𝐿

−1
𝑣𝐴𝐷𝐿             (4) 

where Ci
F is the feeding concentration (i: EG, OH-), vADL = kwΔP/µwlADL is 

the superficial velocity of water in the anode DL, ki
ADL = Di

ADL,eff/ld is the 

mass transfer coefficient in the anode DL, and CACL is the species 

concentration in the anode CL. The Di
eff is given by [34]: 

𝐷𝑖
𝑒𝑓𝑓 = 𝜀3/2𝐷𝑖                      (5) 

where ε is the porosity of the anode DL, and the Di is free-space diffusivity 

of species (i: EG, OH-). In the anode CL, since the mass transport is 
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considered to be diffusion-predominated, the flux (Ni
S) can be obtained 

based on Fick’s law: 

𝑁𝑖
𝑆 = −𝐷𝑖

𝑒𝑓𝑓 𝐶𝑖
𝐴𝐶𝐿−𝐶𝑖

𝑆

𝛿𝐴𝐶𝐿
                (6) 

where Ci
ACL is the species concentration in the anode CL, the Ci

s is the 

species concentration on the catalyst, and δACL is the radius of the bulk. 

Through the membrane, the EG crossover (Ni
M) is in the same way as it 

transports through DL. Hence, it is given by: 

𝑁𝑖
𝑀 =

𝐶𝑖
𝐴𝐶𝐿𝑒𝑣𝑀/𝑘𝑀

𝑒𝑣𝑀/𝑘𝑀
−1

𝑣𝑀                  (7) 

where vM = kwΔP/µwlM is the superficial velocity of water in membrane, kM 

= DM,eff/lM is the mass transfer coefficient in membrane. It is believed that 

the electrochemical reactions take place at the active sites on the catalyst, 

which implies that the actual reactant concentration participating in the 

EGOR does not equal to the species concentration on the catalyst surface. 

In other words, for a specific active site, the actual reactant concentration 

mainly depending on the species concentration on the catalyst surface is the 

result of the competitive adsorption between EG and OH-. It is clear that 

the reactant with higher concentration is more likely to be adsorbed on the 

active sites, thus the assumption that the competitive adsorption on the 

active sites is concentration-dependent is made. Based on this assumption, 

the actual reactant concentration can be given by: 

𝐶𝐸𝐺
𝑅 =

𝐶𝐸𝐺
𝑆

𝐶𝐸𝐺
𝑆 +𝐶𝑂𝐻−

𝑆 𝐶𝐸𝐺
𝑆                     (8) 

𝐶𝑂𝐻−
𝑅 =

𝐶𝑂𝐻−
𝑆

𝐶𝐸𝐺
𝑆 +𝐶𝑂𝐻−

𝑆 𝐶𝑂𝐻−
𝑆                    (9) 
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where Ci
R is the actual reactant concentration at the active sites (i: EG, OH-), 

and Ci
S is the reactant concentration on the catalyst surface. 

7.2.1.2.  Electrochemical kinetics 

The EGOR is a multi-step and multi-pathway electrochemical process; 

therefore, its reaction mechanism has not been completely understood yet. 

Herein, a Tafel-form electrochemical model for the EGOR incorporating 

the mass transport effect is adopted: 

𝑗𝑎 = 𝑖0,𝑎(
𝐶𝐸𝐺

𝑅

𝐶𝐸𝐺
𝑟𝑒𝑓)𝛾𝑎

𝐸𝐺
(

𝐶𝑂𝐻−𝑅

𝐶𝑂𝐻−
𝑟𝑒𝑓 )𝛾𝑎

𝑂𝐻−

exp (
𝛼𝑎𝐹

𝑅𝑇
𝜂𝑎)         (10) 

𝛾𝑎
𝐸𝐺 {

0    𝐶𝐸𝐺
𝑅 >  𝐶𝐸𝐺

𝑟𝑒𝑓

1    𝐶𝐸𝐺
𝑅 ≤  𝐶𝐸𝐺

𝑟𝑒𝑓
              (11) 

𝛾𝑎
𝑂𝐻−

{
0    𝐶𝑂𝐻−

𝑅 >  𝐶𝑂𝐻−
𝑟𝑒𝑓

1    𝐶𝑂𝐻−
𝑅 ≤  𝐶𝑂𝐻−

𝑟𝑒𝑓
                (12) 

where Ci
R is the reactant concentration on the active sites, Ci

ref is the 

reference reactant concentration, and γ is the reaction order related to the 

species concentration. When the concentration is higher than a reference 

value, it is zero. Otherwise, it is one. 

7.2.2.  Cathode 

In the cathode, the formation for the mass/charge transport and 

electrochemical reactions is based on our previous work [17]. Briefly, the 

species flux in the cathode DL (Ni
CDL) can be described according to: 

𝑁𝑖
𝐶𝐷𝐿 =  −𝐷𝑖

𝑒𝑓𝑓 𝑑𝐶𝑖
𝐹

𝑑𝑥
                      (13) 

where Ci
F is the feeding concentration (i: H2O2, H

+). The superficial current 

density jc can be defined by three respective current densities, which are 
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jHPRR derived from HPRR, jHPOR derived from HPOR, as well as jORR 

derived from oxygen reduction reaction (ORR): 

          𝑗𝑐 = 𝑗𝐻𝑃𝑅𝑅 + 𝑗𝑂𝑅𝑅 − 𝑗𝐻𝑃𝑂𝑅

= 𝑖0,𝐻𝑃𝑅𝑅 (
𝐶𝐻2𝑂2

𝐶𝐿

𝐶𝐻2𝑂2

𝑟𝑒𝑓
)

𝛾𝐻𝑃𝑅𝑅
𝐻2𝑂2

(
𝐶𝐻+

𝐶𝐿

𝐶
𝐻+
𝑟𝑒𝑓

)

𝛾𝐻𝑃𝑅𝑅
𝐻+

exp [
𝛼𝐻𝑃𝑅𝑅𝐹

𝑅𝑇
(𝐸𝐻𝑃𝑅𝑅

0

− 𝐸𝑚𝑖𝑥𝑒𝑑)]

+ 𝑖0,𝑂𝑅𝑅 (
𝐶𝑂2

𝐶𝐿

𝐶𝑂2

𝑟𝑒𝑓
)

𝛾𝑂𝑅𝑅
𝑂2

(
𝐶𝐻+

𝐶𝐿

𝐶
𝐻+
𝑟𝑒𝑓

)

𝛾𝑂𝑅𝑅
𝐻+

exp [
𝛼𝑂𝑅𝑅𝐹

𝑅𝑇
(𝐸𝑂𝑅𝑅

0

− 𝐸𝑚𝑖𝑥𝑒𝑑)] − 𝑛𝐻𝑃𝑂𝑅𝐹𝑘exp [
𝛼𝐻𝑃𝑂𝑅𝐹

𝑅𝑇
(𝐸𝑚𝑖𝑥𝑒𝑑

− 𝐸𝐻𝑃𝑂𝑅
0 )]𝜃𝐻2𝑂2

 

                        (14) 

𝛾𝐻𝑃𝑅𝑅
𝐻2𝑂2 {

0    𝐶𝐻2𝑂2

𝐶𝐿 >  𝐶𝐻2𝑂2

𝑟𝑒𝑓

1    𝐶𝐻2𝑂2

𝐶𝐿 ≤  𝐶𝐻2𝑂2

𝑟𝑒𝑓
      (15) 

𝛾𝐻𝑃𝑅𝑅
𝐻+

{
0    𝐶𝐻+

𝐶𝐿 >  𝐶
𝐻+
𝑟𝑒𝑓

1    𝐶𝐻+
𝐶𝐿 ≤  𝐶

𝐻+
𝑟𝑒𝑓

      (16) 

𝛾𝑂𝑅𝑅
𝑂2 {

0    𝐶𝑂2

𝐶𝐿 >  𝐶𝑂2

𝑟𝑒𝑓

1    𝐶𝑂2

𝐶𝐿 ≤  𝐶𝑂2

𝑟𝑒𝑓
       (17) 

𝛾𝑂𝑅𝑅
𝐻+

{
0    𝐶𝐻+

𝐶𝐿 >  𝐶
𝐻+
𝑟𝑒𝑓

1    𝐶𝐻+
𝐶𝐿 ≤  𝐶

𝐻+
𝑟𝑒𝑓

          (18) 

where i0,HPRR is the exchange current density of HPRR, i0,ORR is the 

exchange current density of ORR, Ci
CL is the reactant concentration on the 

cathode CL, Ci
ref is the reference reactant concentration, γ is the reaction 

order based on the concentration of different species, E0 is the theoretical 
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potential,  k is the rate constant, α is the transfer coefficient, 𝜃𝐻2𝑂2
is the 

coverage of H2O2 on the catalyst, Emixed is the mixed potential. 

7.2.3.  Boundary conditions 

In the anode, 

x = x1: Ci = Ci
F (i: EG, OH-)                                  (19) 

x = x2: 𝑁𝑖
𝑆 =

𝑖𝑐𝑒𝑙𝑙𝑆𝑖

𝑛𝑎𝐹
 (i: EG, OH-)                              (20) 

Through the membrane, 

x = x3: Ci, x3 = ci, x2 (i: EG, OH-)                               (21) 

x = x4: Ci, x4 = 0 (i: EG)                                      (22) 

In the cathode, 

x = x5: 𝑁𝐻2𝑂2
=

𝑆𝐻𝑃𝑅𝑅
𝐻2𝑂2𝑗𝐻𝑃𝑅𝑅

𝑛𝐻𝑃𝑅𝑅𝐹
+

𝑆𝐻𝑃𝑂𝑅
𝐻2𝑂2 𝑗𝐻𝑃𝑂𝑅

𝑛𝐻𝑃𝑂𝑅𝐹
             (23) 

𝑁𝐻+ =
𝑆𝐻𝑃𝑅𝑅

𝐻+
𝑗𝐻𝑃𝑅𝑅

𝑛𝐻𝑃𝑅𝑅𝐹
+

𝑆𝑂𝑅𝑅
𝐻+

𝑗𝑂𝑅𝑅

𝑛𝑂𝑅𝑅𝐹
−

𝑆𝐻𝑃𝑂𝑅
𝐻+

𝑗𝐻𝑃𝑂𝑅

𝑛𝐻𝑃𝑂𝑅𝐹
             (24) 

𝑁𝑂2
=

𝑆𝑂𝑅𝑅
𝑂2 𝑗𝑂𝑅𝑅

𝑛𝑂𝑅𝑅𝐹
−

𝑆𝐻𝑃𝑂𝑅
𝑂2 𝑗𝐻𝑃𝑂𝑅

𝑛𝐻𝑃𝑂𝑅𝐹
                     (25) 

x = x6: 𝐶𝑖 = 𝐶𝑖
𝐹 (i: H2O2, H

+)                     (26) 

where s is the stoichiometric coefficient, and n is the number of electrons 

transferred. 

7.2.4.  Cell voltage 

The cell voltage can be determined by Equation (27): 

𝑉𝑐𝑒𝑙𝑙 =  𝐸𝑐
0 −  𝐸𝑎

0 − 𝜂𝑎 −  𝜂𝑐 − 𝑖𝑐𝑒𝑙𝑙𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙        (27) 

where ηa is the anode polarization, ηc is the cathode polarization, and Rinternal 

is the overall internal resistance, which is measured by experiment. The 

physicochemical, operating, structural, and transport parameters are shown 
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in Tables 1–4, respectively. In addition, above equations are numerically 

solved by using Matlab. 

7.3.  Experiments 

The home-made fuel cell was composed of a Pd-based anode, a cation 

exchange membrane, and a gold-based cathode. The anode electrode was 

prepared by spraying the catalyst ink (1.0 mg cm-2 Pd/C and 5 wt. % Nafion) 

onto a piece of carbon cloth with an active area of 1.0 cm × 1.0 cm. The 

cathode electrode was made by spraying the catalyst ink (2.66 mg cm-2 

Au/C and 15 wt. % Nafion) onto a piece of carbon cloth with the same 

active area. The membrane electrode assembly (MEA) was fixed between 

an anode plate and a cathode plate, both of which are made of 316 L 

stainless steel plates with serpentine flow fields. The polarization curves 

were measured by an Arbin BT2000 (Arbin Instrument Inc.) and the 

internal resistance was measured by the built-in function of the Arbin 

BT2000. 

7.4.  Results and discussion 

7.4.1.  Model validation 

As shown in Figure 7.2, the comparison between the numerical results of 

the polarization curves under various EG concentrations, i.e. 0.5 M, 1.0 M, 

and 2.0 M, and the experimental results are made. The experimental results 

were obtained with a home-made fuel cell. The experimental results were 

collected when the home-made cell was running with a mixed solution of 

7.0 M NaOH and EG as the fuel and a mixed solution of 4.0 M H2O2 and 

1.0 M H2SO4 as the oxidant at 60oC. It is shown that the predicted cell 
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performance is in good agreement with the experimental data. In the 

following sections, the voltage losses as well as the effects of species 

concentrations, electrocatalyst activities, and electrode structures on the cell 

performance will be presented. 

7.4.2.  Voltage loss 

As shown in Figure 7.3, anode polarization, ohmic polarization, and 

cathode polarization are demonstrated, all of which result in the voltage loss 

between the theoretical cell voltage and the practical cell voltage. In general, 

both the anode and the cathode are suffering from activation polarization 

and concentration polarization derived from electrochemical loss and 

transport loss, respectively [46]. Meanwhile, the ohmic polarization derived 

from internal resistance also occurs. It is seen that the cathode polarization 

is the severest voltage loss among the anode polarization, ohmic 

polarization, and cathode polarization, indicating that research attention 

should be paid to the cathode so that the cathode polarization can be 

substantially reduced. In brief, the spectacular cathode polarization can be 

attributed to the spontaneous establishment of an internal hydrogen 

peroxide-based fuel cells due to hydrogen peroxide self-decomposition. 

Therefore, to synthesize an appropriate and efficient electrocatalyst for the 

direct reduction of hydrogen peroxide is the future direction. In addition, 

the ohmic polarization is negligible in the low current density region but 

becomes notable in the high current density region. 

7.4.3.  Effect of the EG concentration  

Particularly, the species concentrations exhibit significant effects on the cell 
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performance when the fuel cell design is determined. Figure 7.4 displays 

the effect of EG concentration on the cell performance. When the EG 

concentration increases from 0.5 M to 2.0 M, the OCV increases with the 

EG concentration. It is because a higher EG concentration will result in the 

more EG adsorbed on the active sites on the catalyst due to the enhanced 

mass transport of EG, which is evidenced by the Figure 7.6. Hence, the 

electrochemical kinetics of the EGOR is enhanced and the concentration 

loss is reduced because of the higher EG concentration, which is consistent 

with results from Figure 7.5 that the anode potential under 2.0-M operation 

is much lower than that under 0.5-M operation under open-circuit condition. 

It can be seen that the cell with 0.5 M EG supply yields the poorest 

performance among three EG concentrations. It can be explained that the 

cell is at starve state under 0.5-M operation due to the relatively low EG 

concentration on the active sites, as shown in Figure 7.6. Hence, the 

insufficient EG supply leads to the largest anode polarization, which is 

evident in Figure 7.5. At around the limiting current region, the EG 

concentration reaches nearly zero and the anode polarization exponentially 

increases, resulting in the rapid voltage degradation. When the EG 

concentration increases to 1.0 M, the cell performance experiences a 

remarkable promotion in both the OCV and limiting current density. It is 

attributed to more abundant EG adsorbed on active sites as well as the 

mitigatory anode polarization comparing to the 0.5-M operation. When the 

EG concentration further increases from 1.0 M to 2.0 M, the cell 

performance under 2.0-M operation is superior than that under 1.0-M 
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operation at a low current density region (˂ 1000 A m-2), while it is inferior 

at medium and high current density regions (˃ 1000 A m-2). This 

observation can be explained as follows. At the low current density region, 

the anode polarization under 2.0-M operation is lower than that under 1.0-

M operation and ohmic polarization shows negligible effect on the cell 

performance. As a result, the positive effect on the cell performance derived 

from low anode polarization is stronger than the negative effect derived 

from the high internal resistance, so that the overall performance under 2.0-

M operation is better than that under 1.0-M operation at the low current 

density region. However, the ohmic polarization becomes notable at the 

high current density region due to the linear relation between the ohmic 

polarization and the current density. Hence, at the high current density 

region, the positive effect on the cell performance derived from low anode 

polarization is not able to compensate the remarkable negative effect 

derived from the ohmic polarization. As a result, the overall performance 

under 2.0 M operation is worse than that under 1.0 M operation at the high 

current density region. 

7.4.4.  Effect of the NaOH concentration 

It has been realized that the addition of alkali in the anolyte can elevate the 

cell performance significantly, indicating that the NaOH concentration is an 

important parameter. Hence, the effect of NaOH concentration on the cell 

performance is studied and the results are presented in Figure 7.7. It is found 

that the OCV increases with the NaOH concentration increasing from 1.0 

M to 7.0 M as expected. It is attributed to the fast transport of OH- to the 
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active sites with higher feeding concentration, so that the OH- concentration 

on the active sites is higher, as evidenced in Figure 7.9. As a consequence, 

the anode polarization at open-circuit state is lower due to the faster EGOR 

kinetics as well as the limited concentration loss, as depicted in Figure 7.8. 

After the cell is discharging, the cell under 1.0 M operation shows the worst 

performance. The reason for this phenomenon is the relatively low OH- 

concentration on the active sites, as shown in Figure 7.9. Hence, the cell 

undergoes severe concentration loss, which causes the rapid voltage to 

decline in the range of 600 to 800 A m-2. When further increasing the OH- 

concentration, the cell performances under 3.0-M, 5.0-M, and 7.0-M 

operation are similar at the current density range of 0 to 1600 A m-2. The 

cell performance under 3.0-M operation exhibits an obvious degradation, 

which is attributed to the conspicuously increased anode overpotential, as 

presented in Figure 7.8. Figure 7.9 indicates that the OH- concentration 

reaches nearly zero at the current density higher than 2000 A m-2, 

accounting for the notable anode overpotential due to the presence of the 

serious concentration loss. It is seen from Figures 7.8 and 7.9 that the anode 

polarizations under 5.0-M and 7.0-M operation do not show huge difference, 

and the OH- concentrations on the active sites both are sufficient. However, 

the performance under 7.0-M operation is inferior comparing to that under 

5.0-M operation at high current densities. This is because the ohmic loss 

will play a non-negligible role in the cell performance. As the internal 

resistance increases with the OH- concentration, the large ohmic loss results 

in the performance degradation 
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7.4.5.  Effect of the H2O2 concentration 

In this type of fuel cell, hydrogen peroxide is used as oxidant in the cathode 

to replace the oxygen or air. Hence, the H2O2 concentration is bound to an 

important parameter, which possesses critical effect on the cell performance. 

Figure 7.10 exhibits the polarization curves with various H2O2 feeding 

concentration. It is found that the OCV increases when the H2O2 

concentration is elevated from 1.0 M to 4.0 M, which can be ascribed to the 

lower cathode overpotential with higher H2O2 concentration, as evidenced 

in Figure 7.11. It should be noted that higher H2O2 concentration results in 

the higher cathode potential (around 0.85 V), but the cathode potential is 

still far below the theoretical cathode potential (1.78 V). The significant 

performance loss is because of the spontaneous establishment of an internal 

hydrogen peroxide fuel cell in the cathode bringing about the tremendous 

mixed potential. The cell performance increases with the H2O2 

concentration as well. This observation can be explained as follows. On one 

hand, the transport of H2O2 will be facilitated when the H2O2 concentration 

becomes higher, so that the H2O2 concentration is higher at the active sites. 

On the other hand, the electrochemical kinetics of HPRR will be enhanced 

when the H2O2 concentration becomes higher, which can be confirmed by 

Figure 7.11. For instance, at 1500 A m-2, the cathode potentials under 1.0-

M, 2.0-M, and 4.0-M operations are 0.17 V, 0.35 V, and 0.56 V, respectively. 

The huge cathode overpotential under 1.0-M operation plays the dominant 

role in the rapid voltage decline. 

7.4.6.  Effect of the H2SO4 concentration 
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Since H
+
 ion is a necessary reactant in the HPRR process, the H

+
 

concentration is certain to have effect on the cell performance. The effects 

of H
+
 concentration on the cell performance and the cathode potential are 

shown in Figures 7.12 and 7.13, respectively. It is seen from Figure 7.12 

that the OCV increases with the H
+
 concentration increasing from 0.5 M to 

2.0 M, which can be attributed to the lower cathode overpotential with 

higher H
+
 concentration, as evidenced in Figure 7.13. After the cell is 

discharging, the cell performance is increasing with the H
+
 concentration as 

well. This phenomenon can be explained as follows. On one hand, the 

delivery of H
+ ions to the cathode CL will be elevated when the H

+
 

concentration increases, resulting in that the H
+
 concentration is higher on 

the active sites. On the other hand, the electrochemical kinetics of HPRR 

will be enhanced when the H
+
 concentration is higher, which can be 

confirmed by Figure 7.13. For instance, at 1000 A m-2, the cathode 

potentials under 0.5-M, 1.0-M, and 2.0-M operation are 0.29 V, 0.48 V, and 

0.69 V, respectively. The prominent cathode overpotential under 0.5-M 

operation is believed to play the dominant role in the rapid voltage 

degradation. 

7.4.7.  Effect of the exchange current density 

For a given cell structure and a fixed operating condition, the cell 

performance mainly depends on the electrocatalytic activity of the anode 

and cathode catalysts, respectively. Generally, the exchange current density 



 

 

214 

 

reflects the electrocatalytic activity of the catalyst. The effects of the anode 

exchange current density on the cell performance and the anode potential 

are demonstrated in Figures 7.14 and 7.15. It is indicated from the Figure 

7.14 that the OCV increases with the anode exchange current density 

increasing from 1 to 100 A m-2. In addition, the cell with higher anode 

exchange current density yields the superior performance over the whole 

current density range as well. The promotion is mainly attributed to the 

dramatic anode overpotential reduction, as shown in Figure 7.15. The 

similar observation can be obtained when the cathode exchange current 

density increases. The higher cathode exchange current density results in 

higher OCV and superior cell performance over the whole current density 

range, as shown in Figures 7.16 and 7.17. The improvement is also 

attributed to the significant cathode overpotential reduction. As a 

consequence, it is extremely critical to develop novel catalyst with high 

electrocatalytic activity towards EGOR and HPRR processes. 

7.4.8.  Effect of the diffusion layer thickness 

As the anode DL provides the channels for the EG and NaOH delivery, the 

anode DL thickness will affect the EG and NaOH transport process, and 

thus the cell performance. Therefore, the cell performance with different 

anode DL thickness is studied, and the results are depicted in Figure 7.18. 

The cell performance decreases along with the increased anode DL 

thickness from 500 to 2000 µm over the whole current density range. This 

trend can be ascribed to the fact that a thicker anode DL will increase the 

transfer length in the anode DL, thus the mass-transport resistance is 
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enhanced simultaneously as expected. Therefore, for a given anolyte, less 

reactants are able to reach the active sites to participate in the EGOR 

process, resulting in the enlarged anode overpotential, as demonstrated in 

Figure 7.19. In addition, it is also difficult for the products to remove from 

the cell, which is disadvantageous for achieving a satisfactory cell 

performance. Hence, the cell voltage experiences an obvious degradation 

when the anode DL thickness increases. As for the cathode DL thickness, 

the results from Figures 7.20 and 7.21 show that the increase in the cathode 

DL thickness will increase the cathode overpotential, and thus decrease the 

cell voltage, which is similar to the anode DL thickness. It is worth 

mentioning that the DL also serves as a CL supporter. Too thin will result 

in the insufficient support for the CL, thus it is difficult to achieve the 

desired catalyst loading. In addition, the coated catalyst may suffer from 

severe loss with the cell operation due to the weak interaction between the 

catalyst particles and the DL. Hence, it is necessary to take all the 

parameters into consideration in practical application so that the diffusion 

layer thickness can be determined. 

7.5.  Summary 

A one-dimensional mathematical model for the DEGFC with hydrogen 

peroxide as oxidant is developed. Various physicochemical processes are 

involved in this fuel cell, including mass/charge transport and several 

electrochemical reactions. These processes are taken into consideration in 

the model, and the model results show a good agreement with the 

experimental data. The voltage loss is investigated first, and the results 
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show that the cathode polarization exhibits the severest voltage loss, which 

can be attributed to the internal hydrogen peroxide-based fuel cell in 

cathode. Meanwhile, the effects of operating conditions and electrode 

structural parameters are investigated. The results show that the cell 

performance improves initially with the increasing concentration of EG and 

OH-, while undergoing a decline at the high current density region, which 

might be attributed to the enhanced ohmic loss. In addition, the cell 

performance increases over the whole current density region with 

increasing hydrogen peroxide and H+ concentrations. Meanwhile, the 

numerical results exhibit that the cell performance is elevated when the 

anode exchange current density or the cathode exchange current density is 

increasing from 1 to 100 A m-2, which emphasizes the significance of 

developing novel catalyst with superior catalytic activity. Moreover, the 

effect of the structural parameter of anode and cathode DL on the cell 

performance is investigated, including the thickness of both anode and 

cathode DL. As shown by the numerical results, the increase of DL 

thickness in both anode and cathode has a negative effect on the cell 

performance. The resistance of mass-transport increases with when the DL 

becomes thicker, and influences both the delivery of reactants and the 

removal of reaction products. Future research attention will be mainly paid 

to developing more precise and advanced theory for the effect of the 

competitive adsorption on reaction kinetics. 
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Figure 7.1 Schematic of a DEGFC and the coordinate system. 
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Figure 7.2 Validation made between numerical results and experimental 

data. 
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Figure 7.3 Specific polarizations and overall voltage loss with the current 

density. 
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Figure 7.4 Effect of the EG concentration on the polarization curves. 
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Figure 7.5 Effect of the EG concentration on the anode overpotentials. 
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Figure 7.6 Effect of the EG concentration on the concentration on the active 

sites. 
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Figure 7.7 Effect of the hydroxyl ion concentration on the polarization 

curves. 

  



 

 

230 

 

 

 

 

 

 

 

 

Figure 7.8 Effect of the hydroxyl ion concentration on the anode 

overpotentials. 
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Figure 7.9 Effect of the hydroxyl ion concentration on the concentration on 

the active sites. 
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Figure 7.10 Effect of the hydrogen peroxide concentration on the 

polarization curves. 
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Figure 7.11 Effect of the hydrogen peroxide concentration on the cathode 

overpotentials. 
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Figure 7.12 Effect of the H+ concentration on the polarization curves. 
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Figure 7.13 Effect of the H+ concentration on the cathode overpotentials. 
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Figure 7.14 Effect of the anode exchange current density on the polarization 

curves. 
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Figure 7.15 Effect of the anode exchange current density on the anode 

overpotentials. 
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Figure 7.16 Effect of the cathode exchange current density on the 

polarization curves. 
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Figure 7.17 Effect of the cathode exchange current density on the cathode 

overpotentials. 
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Figure 7.18 Effect of the anode DL thickness on the polarization curves. 
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Figure 7.19 Effect of the anode DL thickness on the anode overpotentials. 
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Figure 7.20 Effect of the cathode DL thickness on the polarization curves. 
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Figure 7.21 Effect of the cathode DL thickness on the cathode 

overpotentials. 
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Table 

Table 7-1 Physicochemical parameters. 

Physicochemical parameters 

Parameter Symbol Value Unit Reference 

Anode standard 

potential 
𝐸𝑎

0 -0.69 V [11] 

Anode transfer 

coefficient 
𝛼𝑎 0.5 - Assumed 

Anode exchange 

current density 
𝑖0,𝑎 10 A m-2 Assumed 

Number of anode 

transferred electrons 
𝑛𝑎 8 -  

Hydraulic 

permeability 
kw 1.0×10-14 m2 [33] 

Viscosity of water µw 0.000899 Pa s [33] 

Pressure difference ΔP 1200 Pa [33] 

Standard potential 

(HPRR) 
𝐸𝐻𝑃𝑅𝑅

0  1.78 V [32] 

Standard potential 

(HPOR) 
𝐸𝐻𝑃𝑂𝑅

0  0.69 V [35] 

Standard potential 

(ORR) 
𝐸𝑂𝑅𝑅

0  1.23 V [36] 

Transfer coefficient 

(HPRR) 
𝛼𝐻𝑃𝑅𝑅 0.13 - Assumed 

Transfer coefficient 

(HPOR) 
𝛼𝐻𝑃𝑂𝑅 0.9 - Assumed 

Transfer coefficient 

(ORR) 
𝛼𝑂𝑅𝑅 0.5 - [37] 

Exchange current 

density (HPRR) 
𝑖0,𝐻𝑃𝑅𝑅 10 A m-2 [38] 

Exchange current 

density (ORR) 
𝑖0,𝑂𝑅𝑅 44 A m-2 [34] 

Universal gas constant R 8.314 J mol-1 K-1  

Faraday’s constant F 96485.3 A s mol-1  

Number of transferred 

electrons (HPRR) 
𝑛𝐻𝑃𝑅𝑅 2 -  

Number of transferred 

electrons (HPOR) 
𝑛𝐻𝑃𝑂𝑅 2 -  

Number of transferred 

electrons (ORR) 
𝑛𝑂𝑅𝑅 4 -  

Rate constant k2 1.01×10-3 mol m-2 s-1 [39] 
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Table 7-2 Operating parameters. 

Operating parameters 

Parameter Symbol Value Unit Reference 

Operating temperature T 333.15 K  

Feeding concentration 

(O2) 
𝐶𝑂2

𝐹  0 mol m-3 Assumed 

Reference 

concentration (EG) 
𝐶𝐸𝐺

𝑟𝑒𝑓
 1000 mol m-3 Assumed 

Reference 

concentration (OH-) 
𝐶𝑂𝐻−

𝑟𝑒𝑓
 7000 mol m-3 Assumed 

Reference 

concentration (H2O2) 
𝐶𝐻2𝑂2

𝑟𝑒𝑓
 4000 mol m-3 [32] 

Reference 

concentration (H+) 
𝐶

𝐻+
𝑟𝑒𝑓

 2000 mol m-3 [32] 

Reference 

concentration (O2) 
𝐶𝑂2

𝑟𝑒𝑓
 36.573 mol m-3 [34] 

 

 

 

Table 7-3 Structural parameters. 

Structural parameters 

Parameter Symbol Value Unit Reference 

Anode DL porosity 𝜀𝐴𝐷𝐿 0.95 - [40] 

Anode DL thickness 𝑙𝐴𝐷𝐿 1.0×10-3 m [40] 

Anode CL porosity 𝜀𝐴𝐶𝐿 0.6 - [33] 

Anode CL thickness 𝑙𝐴𝐶𝐿 2.0×10-5 m [33] 

Anode CL bulk radius δACL 2.0×10-6 m [40] 

Membrane thickness 𝑙𝑀 5.0×10-5 m Measured 

Cathode DL porosity 𝜀𝐶𝐷𝐿 0.73 - [41] 

Cathode DL thickness 𝑙𝐶𝐷𝐿 2.0×10-4 m [40] 
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Table 7-4 Mass/charge transport parameters. 

Mass/charge transport parameters 

Parameter Symbol Value Unit Reference 

Diffusivity of OH- 𝐷𝑂𝐻− 5.26×10-9 m2 s-1 [40] 

Diffusivity of EG 𝐷𝐸𝐺  2.0×10-9 m2 s-1 [42] 

Diffusivity of H2O2 𝐷𝐻2𝑂2
 3.47×10-9 m2 s-1 [43] 

Diffusivity of H+ 𝐷𝐻+  9.31×10-9 m2 s-1 [44] 

Diffusivity of O2 𝐷𝑂2
 3.03×10-9 m2 s-1 [45] 
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 Conclusions and future work 

8.1.  Conclusions 

Direct ethylene glycol fuel cells (DEGFCs), a clean and efficient power 

generation technology, have attracted great research interest as a promising 

power source, primarily because of excellent properties of ethylene glycol, 

including high energy density and ease of transportation, storage as well as 

handling. This thesis has conducted experimental and numerical 

investigations on this technology, and the detailed procedures and results 

obtained during the study have been addressed in chapters 2 to 7. Salient 

results are summarized as follows: 

i) A cost-effective poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVDF-HFP) is adopted as electrode binder, which tends to form a 

porous structure and adhere the catalyst nanoparticles onto the nickel 

foam skeleton but not to isolate the catalyst nanoparticles, achieving a 

higher effective active area. Meanwhile, it contains more amorphous 

domains capable of trapping a large amount of liquid electrolyte, 

creating more effective active sites. At the electrode level, the 

electrochemical surface areas of the three electrodes using PVDF-HFP, 

Nafion, and PTFE are 24.10, 18.62, and 16.44 m2 g-1, respectively. At 

the cell level, using the PVDF-HFP-based electrode exhibits the best 

performance with an open-circuit voltage (OCV) of 1.47 V, a 

maximum current density of 300 mA cm-2, and a peak power density 

of 120.0 mW cm-2 at 60oC, which shows an improvement of 13.7% and 
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58.1%, respectively, comparing to the fuel cell performance achieved 

by using Nafion and PTFE as the electrode binder. 

ii) An active fuel cell using ethylene glycol (EG) as fuel and hydrogen 

peroxide as oxidant is designed, fabricated, and tested, which 

theoretically offers a theoretical voltage as high as 2.47 V. This active 

fuel cell can experimentally output an OCV of 1.41V and a peak power 

density of 80.9 mW cm-2 at 60oC, which is 20.8% higher than that of 

using oxygen (67 mW cm-2). The performance improvement is mainly 

attributed to the faster kinetics of the two-electron-transfer hydrogen 

peroxide reduction reaction. 

iii) A passive fuel cell using EG as fuel and hydrogen peroxide as oxidant 

is demonstrated, which avoids the usage of auxiliary devices. Although 

the passive fuel cell generates a lower power density than does an 

active one, it is more structurally compact, no parasitic loss in power, 

and can be operated under ambient conditions, making it a suitable 

candidate for powering portable electronic devices. It is found that this 

passive fuel cell yields an OCV of 1.58 V and peak power densities of 

30.3 mW cm-2 and 65.8 mW cm-2 at 23oC and 60oC, respectively, 

showing an impressive improvement comparing to a passive air-based 

fuel cell, which is more than two times higher in the OCV (0.7 V) and 

more than five times higher in the peak power density (12 mW cm-2). 

iv) A passive fuel cell stack consisting of two single cells is developed to 

examine the feasibility of this fuel cell technology in practical 

applications and then demonstrated to power an electric fan in 



 

 

249 

 

underwater condition. This passive fuel cell stack exhibits an actual 

OCV of 3.0 V, a maximum current of 860 mA, and a peak power of 

1178 mW at room temperature. The individual cell in the passive stack 

exhibits a good consistency over the whole current region, indicating a 

high degree of reproducibility achieved by the appropriate electrode 

manufacturing and cell assembly processes. Moreover, the running 

time (per refueling) of an electric fan powered by this passive stack is 

2 hours and 36 minutes in underwater condition, demonstrating that 

this passive fuel cell stack is a promising power source for airtight 

situations, such as underwater and outer space. 

v) A mathematical model is developed to give the in-depth insights of 

physical and chemical processes occurring in this fuel cell, which 

incorporates mass/charge transport and electrochemical reactions. 

Previous models treat the local concentration as the actual reactant 

concentration participating in the electrochemical reaction, suggesting 

that EG molecules and OH- ions are completely adsorbed on active 

sites. For a specific active site, however, the reactant with a higher local 

concentration is more likely to be adsorbed, which may lead to active 

sites fully occupied. The other with a lower local concentration cannot 

be further adsorbed, hindering the electrochemical reaction. As such, 

the fuel cell performance is significantly affected by the fuel solution 

composition and their transport characteristics. By considering the 

competitive adsorption of reactants on active sites, the present model 

accurately predicts the voltage losses, electrode potentials, local 
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concentrations, and thus fuel cell performance under various operating 

and structural design parameters. 

8.2.  Future work 

The three-dimensional electrode has greatly improved the mass transport 

and active sites, and the PVDF-HFP has significantly reduced the cost. The 

effects of the reactant supply method and operating conditions on the fuel 

cell performance have been revealed. A lab-scale demonstration has been 

presented to show the application potential of this fuel cell at air-tight 

situations. There is some future work that will be done: 

i) The noble metal-based electrocatalysts greatly increase the cost of the 

electrode fabrication, hindering this technology worldwide 

commercialization. Efficient non-noble metal-based electrocatalysts 

will be developed to effectively reduce the cost. 

ii) On the cathode, the hydrogen peroxide will spontaneously decompose 

to oxygen and water. The generated oxygen will cover the active sites 

in the cathode catalyst layer, hindering the hydrogen peroxide 

transporting to the active sites. The structure of cathode will be 

designed to facilitate the removal of oxygen. 

iii) The stable operation of fuel cell under cold environment is a crucial 

requirement. Considering another function of EG, an antifreeze agent, 

the successful operation of the DEGFC at low temperatures (generally 

< -20oC) will be demonstrated, and it will be tested as a power source 

for smart phone at cold environment. 
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