
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Characterization of the overpotential in
electrochemical hydrogen compressor with the
internal humidifier and anode dead end channel

郝, 彦明

https://doi.org/10.15017/1807028

出版情報：九州大学, 2016, 博士（工学）, 課程博士
バージョン：
権利関係：全文ファイル公表済



 

 

 

Doctoral Thesis 

 

 

Characterization of the overpotential in electrochemical 

hydrogen compressor with the internal humidifier and 

anode dead end channel 

 

 

 

Hao Yanming 

 

 

 

 

Department of Hydrogen Energy Systems 

KYUSHU UNIVERSITY 

 

 



 

 

 

Acknowledgements 

 

Firstly, I want to express gratitude to my advisor Prof. Ito. I appreciate he accepted me 

as a laboratory membrane 5 years ago when I was a white paper, and also his support and 

encouragement during those 5 years. The time I spent in fuel cell laboratory was my best 

studying experience in my life.   

Besides my advisor, I would like to thank the rest of my thesis committee: Prof. 

Hayashi and Prof. Watanabe, for their comments and corrections. 

I appreciate Prof. Kitahara and Dr. Nakajima, for their supports during my research. 

Without their supports it would not be possible to conduct this research. 

My thanks also goes to my fellow labmates. Discussion between us deepens my 

understanding in electrochemistry,  

Lastly, I would like to thank my family for all their love and encouragement. 



i 

 

 

Chapter1 ........................................................................................................................... 1 

Introduction ...................................................................................................................... 1 

1.1 Background ............................................................................................................. 1 

1.2 Technology of hydrogen compression ........................................................................ 3 

1.3 Reviews on electrochemical hydrogen compressor ...................................................... 5 

1.4 Objectives of this study ............................................................................................. 6 

References .................................................................................................................... 9 

Figures and Tables ....................................................................................................... 12 

Chapter 2 ........................................................................................................................ 14 

Principle and evaluation methods ...................................................................................... 14 

2.1 Principle of electrochemical hydrogen compressor .................................................... 14 

2.2 Evaluation methods ................................................................................................ 15 

2.3 EHC structure ........................................................................................................ 17 

2.4 Specific EHC for separating overpotentials with a reference electrode ......................... 18 

2.5 Evaluation system .................................................................................................. 21 

References .................................................................................................................. 23 

Figures and Tables ....................................................................................................... 25 

Chapter 3 ........................................................................................................................ 28 

Evaluation of the EHC with internal humidifier and anode dead end channel ........................ 28 

3.1 I–V characteristics .................................................................................................. 28 

3.2 Membrane resistance .............................................................................................. 31 

3.3 Water transport in membrane .................................................................................. 32 

3.4 Effect of cathode pressure on membrane resistance ................................................... 36 

3.5 Comparison of humidification effect between bubbler and internal humidifiers ............ 39 

3.6 Impact of anode dead end channel............................................................................ 42 

3.7 Back diffusion of hydrogen gas and current efficiency ............................................... 44 



ii 

 

3.8 Discussion of overall efficiency ............................................................................... 47 

3.9 Summary ............................................................................................................... 48 

References .................................................................................................................. 50 

Figures and Tables ....................................................................................................... 53 

Chapter 4 ........................................................................................................................ 59 

Separation of overpotentials and mechanism of hydrogen electrode reaction ......................... 59 

4.1 I-V characteristics .................................................................................................. 59 

4.2 EIS measurement ................................................................................................... 61 

4.3 Theory of Volmer-Heyrovsky-Tafel mechanism ........................................................ 63 

4.3.1 Volmer-Tafel route .......................................................................................... 66 

4.3.2 Volmer-Heyrovsky route .................................................................................. 67 

4.4 Reaction routes of hydrogen electrode reactions involved in EHC ............................... 68 

4.5 Impact of cathode pressure on HER ......................................................................... 70 

4.6 Summary ............................................................................................................... 72 

References .................................................................................................................. 73 

Figures and Tables ....................................................................................................... 75 

Chapter 5 ........................................................................................................................ 79 

Conclusions and perspectives ........................................................................................... 79 

5.1 Conclusions ........................................................................................................... 79 

5.2 Perspectives ........................................................................................................... 83 



1 

 

Chapter1 

Introduction 

 

1.1 Background 
 

Fossil fuels have sustained our society for over 200 years since the industrial revolution. 

However, immoderate consumption of fossil fuels results in serious environment issues 

[1-3] as well as depletion of fossil fuels [4-6]. With these concerns, a sustainable energy 

source without negative effect on environment is required in future. Among many 

candidates, people believe that the best choice is renewable energy, such as solar energy, 

wind energy, geothermal energy, etc. However, renewable energy is intermittent and 

geographical dependent. The supply side is frequently not in phase with the demand side 

[7, 8]. Therefore, renewable energy requires conversion into another energy form, so 

called energy carrier, to balance the gap between supply and demand. 

Energy carrier needs to satisfy requirements, such as: (1) efficient conversion from 

renewable energy, (2) grid-scale storage for power generation, (3) available for 

transportation, (4) zero or near zero emission, and (4) being economical. Serval kinds of 

energy carrier are optional, such as hydrogen, electricity, and biomass [9, 10]. Hydrogen 

is believed to be the most suitable choice for coupling renewable energy, because 

hydrogen almost fits all requirements for energy carrier. By using water electrolysis, 

hydrogen can be produced by electricity which is generated from renewable energy. And 

hydrogen coupled with fuel cell provides power generation high efficiently. All of those 
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transition process of hydrogen from/to electricity is totally clean. One disputing remains 

for why we do not directly use electricity as energy carrier made from renewable energy, 

but use renewable energy – electricity – hydrogen – fuel cell – electricity path. The later 

one obviously shows less transition step and energy consumption. The reason is that 

energy density of electricity system in large scale is lower than that of hydrogen. For 

instance, hydrogen vehicles provide longer driving distance than electricity vehicles. This 

property of electricity system does not fit the requirements for energy carrier in grid scale 

power generation and long distance transportation. 

Hydrogen is chosen for the energy carrier not only because it can be coupled with 

renewable energy, but it has significant importance for our fossil fuels based society. 

"Rome wasn't built in a day", the entire society needs time to change. Hydrogen enables 

to help completing the transition smoothly. Hydrogen as an energy carrier can also be 

produced by reforming fossil fuels. The well to wheel via fossil fuels-reformed hydrogen-

fuel cell path is more efficient and less pollution comprising the direct combustion of 

fossil fuels [11]. The application of this path has already been commercialized for years. 

This gives us strong confidence that we can continue developing and utilizing hydrogen 

technology till the new society come. 

However, due to the low volumetric energy density of hydrogen gas at standard 

condition, dense storage is required for hydrogen. A good storage technology requires: 

(1) reversible storage, (2) fast responding, (3) high gravimetric and volumetric energy 

densities, (4) safety, and (5) acceptable cost. Several technologies have been developed 

[12], such as hydrogen storage in pressure vessels (liquid, cryogenic, and compressed), 

storage in reversible complex metal hydrides, storage based on hydrogen physical 
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sorption, and storage in some other materials (aluminum hydride, ammonia borane, and 

liquid organic hydrogen carriers). 

The most popular storage technology is pressurized hydrogen gas. It is economical, 

convenient, and has been proven reliable by years of utilization. However, both 

volumetric and gravimetric density are low if steel container is used. Using composite 

materials for container can significantly increase the gravimetric density, but lead to high 

system cost. Metal hydrides has high volumetric density, however, slow refueling time 

and low gravimetric density decide that it is only suitable for stationary storage. And also 

durability and cost are challenges for metal hydrides storage. Liquefied hydrogen has both 

high volumetric and gravimetric density. The issue with liquefied hydrogen is thermal 

management because of its low temperature. Thermal conduction from surround 

environment makes hydrogen pressure increasing in container (evaporation occurs in 

container), and hydrogen has to be released periodically for safety. Thus, it is not suitable 

for long period storage, and also liquefying hydrogen costs much. Some other technology 

such as physical sorption indeed shows high potential for hydrogen storage, but still 

remains in research stage. Until such of new technologies are realized, pressurized 

hydrogen gas will still play an important role in hydrogen storage technology. 

 

1.2 Technology of hydrogen compression 
 

Generally, hydrogen gas can be compressed in two ways, mechanical way and non-

mechanical way. Mechanical compressor is the most conventional way to compress 

hydrogen gas. However, mechanical compressor has disadvantages: (1) lower efficiency 

with adiabatic compression comparing with isothermal compression, (2) moving parts 
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result in attrition [13, 14] and noise. Therefore, people dedicate to develop new 

compressor without such issues.  

Several non-mechanical compressors are available or under investigation, such as 

hydride metal compressor and electrochemical compressor. Hydride metal compressor 

compresses hydrogen gas by using the properties of reversible hydride metal to absorb 

and desorb hydrogen at different temperatures and pressures [16-18]. The compression 

process include (1) hydrogen adsorption at low temperature and low pressure, (2) heating 

from low temperature to high temperature, (3) hydrogen desorption at high temperature 

and high pressure, (4) cooling from high temperature to low temperature and starting next 

compressing process. As the described process, the energy source is thermal energy. The 

advantage of this method is its cheap energy source – thermal energy. However, the 

efficiency of hydride metal compressor is even lower than mechanical compressor [18]. 

And also hydrogen desorption and adsorption processes enlarges the time for entire 

compression process. 

The electrochemical compressor is based on a proton exchange membrane (PEM). 

Electric power is converted to chemical potential in high pressure hydrogen gas by using 

an electrochemical process. The process is isothermal and works without any moving part. 

The energy needed for isothermal process is expressed as Eq. (1-1), and the energy needed 

for adiabatic process that mechanical compressor uses is expressed as Eq. (1-2).  

Isothermal process: ln ⁄      (1-1) 

Adiabatic process: / / 1     (1-2) 

W represents the energy required for compression. P2 and P1 represent the hydrogen 

pressures at high pressure side and low pressure side respectively. Cp is the specific heat 
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at constant pressure. T represents the temperature of hydrogen in low pressure side. The 

theoretical comparison of two methods is shown in Fig.1-1. It is obvious that the 

theoretical efficiency of electrochemical method is higher than that of mechanical method. 

Due to these advantages, electrochemical hydrogen compressor is expected to replace 

conventional mechanical compressor.  

 

1.3 Reviews on electrochemical hydrogen compressor 
 

Advantages of electrochemical hydrogen compressor (EHC) have motivated fundamental 

studies as follows. Rohland et al. [19] have compressed hydrogen gas up to 43 bar and 

investigated the back-diffusion of hydrogen gas and membrane resistance, which are 

recognized as main energy loss in the EHC. In EHC, pressure difference of hydrogen 

appears between anode (low pressure) and cathode (high pressure), hydrogen gas diffuses 

from cathode to anode due to the pressure difference. The direction of hydrogen diffusion 

is opposite with that of hydrogen pumping (from anode to cathode). Thus, hydrogen back-

diffusion weakens the capability of pumping hydrogen and decreases current efficiency 

of EHC. In order to reduce hydrogen back-diffusion as well as mechanically to support 

membrane against this pressure difference, thick membrane is usually used in EHC. Thus, 

overpotential originated from membrane resistance dominates EHC cell voltage. Stobel 

et al. [20] have utilized several PEMs and have investigated the effect of PEM thickness. 

The thickness of a PEM is a crucial design parameter, which causes a trade-off issue: a 

thicker PEM decreases back-diffusion but increases membrane resistance. Grigoriev et al. 

[21] have discussed overpotentials under zero differential pressure condition and 

employed a modified membrane for decreasing the back-diffusion of hydrogen. Nguyen 
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et al. [22] have employed electrochemical impedance spectroscopy (EIS) measurement 

on the EHC. 

According to these literatures, ohmic overpotential caused by the conduction of protons 

through the membrane is the primary overpotential in the EHC [19-22]. In order to 

decrease membrane resistance, which is dependent on the water content in the membrane, 

typically, a bubble humidifier is built at upstream of hydrogen feeding side shown in 

Fig.1-2. For avoiding the flooding of water in the anode channel or the gas diffusion layer 

(GDL) at a high relative humidity, a recirculation system is employed for feeding 

hydrogen [19, 20]. This method is widely employed for proton exchange membrane fuel 

cell (PEMFC). However, different from PEMFC, no water is produced at the cathode side 

of EHC. The amount of water at the cathode of EHC dragged by electro-osmotic may be 

not enough for humidifying membrane especially at low current density and high 

temperature conditions. 

Moreover, although overpotentials were separated into ohmic and non-ohmic parts in 

these studies [19-22], the contributions of anode and cathode electrodes to the non-ohmic 

overpotentials are not clarified yet. Non-ohmic overpotentials are attributed to the loss of 

hydrogen electrode reactions. A better understand of hydrogen electrode reactions at 

anode and cathode can help us make a specified improvement for EHC. Therefore, an 

improved humidification method and a comprehensive evaluation of overpotentials for 

hydrogen electrode reactions are needed for EHC, which is the objective of this study. 

 

1.4 Objectives of this study 
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A new design EHC is proposed, aiming overpotential loss and cost reductions, and it is 

comprehensively evaluated in this study. The new design includes two parts: internal 

humidifier and anode dead-end channel shown in Fig.1-2.  

The internal humidifier is realized by storing liquid water in a compartment built at 

cathode side. The liquid water directly wets the membrane, leading to lower membrane 

resistance comparing with conventional bubbler humidifier [21, 22]. Fig.1-3 shows that 

ionic conductivity of membrane with internal humidifier is 50% higher than that with 

bubbler humidifier. Thus, high water content and low membrane resistance are obtained. 

Hydrogen gas is supplied to the dead-ended channel at anode without any recirculation 

system. As mentioned above, the reason of using recirculation system in conventional 

design is for providing water accumulation in hydrogen flow channel or gas diffusion 

layer, which blocks the path to reaction and leads to low efficiency. In the new design, 

membrane is wetted from cathode side by liquid water, where no reactant is supplied. 

Thus, issue mentioned above does not occur. And also, with internal humidifier, the 

extremely efficient humidification effect due to disappearance of interfacial resistance of 

water transport [23] insures that even if membrane is only humidified from cathode side, 

high water content can be obtained. Thus, bubbler humidification and recirculation 

system can be removed to achieve cost reduction. 

The new design EHC is comprehensively evaluated in this study. In chapter 2, the 

principle of EHC and evaluation methods are explained first. Then, details of the new 

design EHC with internal humidifier and anode dead end channel are introduced. In the 

end of chapter 2, a special treatment for precise overpotentials separation is explained in 

detail.  
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In chapter 3, first, humidification effect with internal humidifier is investigated. A 

mathematic model of water transport in the membrane is established to evaluate 

membrane resistance. Also, the cathode pressure impact on membrane resistance is 

discussed. Then, effects of the anode dead end channel to cell voltage is experimentally 

evaluated and discussed. In the end, hydrogen back-diffusion at various operation 

conditions is discussed and the optimization of operation condition for EHC is addressed. 

In chapter 4, separation of overpotential is carried out. Overpotentials are separated to 

anode non-ohmic, anode ohmic, cathode non-ohmic, and cathode ohmic overpotential, 

respectively. Separation results for ohmic overpotential are explained by the theory of 

potential distribution in electrolyte membrane. For non-ohmic overpotential part that is 

attributed to hydrogen electrode reaction, Volmer-Heyrovsky-Tafel mechanism is 

employed to clarify how the non-ohmic overpotential yields. 
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Figures and Tables 
 

 

Fig.1-1 Energy consumption in mechanical and electrochemical methods. 

 

 

 

Fig.1-2 Design for EHC, (up) conventional design, (down) new design 
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Fig.1-3 Relationship between water content and ionic conductivity of membrane at 

room temperature. 
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Chapter 2 

Principle and evaluation methods 

 

2.1 Principle of electrochemical hydrogen compressor 
 

Fig.2-1 shows the electrochemical hydrogen compressor, where the key component is the 

catalyst-coated membrane (CCM); it consists of a PEM and catalyst layers of anode and 

cathode. Hydrogen gas is fed to the anode with a low pressure PA. Once an electric 

potential difference is applied between the anode and cathode catalyst layers, the 

hydrogen oxidation reaction (HOR) occurs at the anode (Eq.(2-1)), hydrogen protons 

conduct through the PEM, and the hydrogen evolution reaction (HER) occurs at the 

cathode (Eq.(2-2)). As a result of supplying current continuously and adjusting the 

pressure of cathode by a back pressure valve, pressure of cathode PC increases, and then 

hydrogen gas is compressed from anode to cathode (Eq. (2-3)) 

2 AAnode : H ( ) 2H 2eP       (2-1) 

2 CCathode : 2H 2e H ( )P     (2-2) 

2 A 2 COverall : H ( ) H ( )P P    (2-3) 

The theoretical value of cell voltage is the potential difference of each electrode at 

equilibrium condition. The potentials of anode and cathode are defined by the Nernst 

equation shown in Eq. (2-4) and Eq. (2-5), respectively. And theoretical cell voltage is 

defined by Eq. (2-6). E0 is the electrode potential at standard condition. F is the Faraday 
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constant. R is the gas constant. T is the temperature. P0 represents the standard pressure 

of hydrogen gas. 

0
Anode

0

V ln( )
2

APRT
E

F P
      (2-4)  

0
Cathode

0

V ln( )
2

CPRT
E

F P
     (2-5) 

Theoretical
A

V ln( )
2

CPRT

F P
    (2-6) 

 

2.2 Evaluation methods 
 

Previous studies [1-4] indicate that EHC performance is significantly dependent on two 

factors: one is the voltage loss due to membrane resistance and hydrogen electrode 

reactions, the other is hydrogen back-diffusion due to the pressure difference of hydrogen 

gas. Thus, we evaluate these two indexes, called as voltage efficiency and current 

efficiency, for the new design EHC. 

Voltage efficiency is defined with dividing the theoretical voltage by cell voltage (Eq. 

(2-7)). Cell voltage is the sum of theoretical voltage and overpotentials. Overpotentials in 

this study are categorized into two components: ohmic overpotential, mainly attributed to 

the conduction of protons through a PEM, and non-ohmic overpotential, which involves 

activation and concentration overpotentials attributed to the loss of hydrogen electrode 

reaction. With using a reference electrode as explained later, the overpotentials are 

separated to anode and cathode parts. Ohmic overpotential between anode current 

collector and reference electrode is denoted as VAnodeOhmic. Ohmic overpotential between 

cathode current collector and reference electrode is denoted as VCathodeOhmic. Similarly, 
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non-ohmic overpotentials are denoted to be VAnodeNonohmic and VCathodeNonohmic for andno 

and cathode, respectively. For a current density j applied on the EHC cell, the cell voltage 

Vcell can be specifically expressed as Eq. (2-8). 

⁄     (2-7) 

cell Theoretical AnodeOhmic AnodeNonohmic

CathodeOhmic CathodeNonohmic

( ) ( ) ( )

( ) ( )

V j V V j V j

V j V j

  

 
  (2-8) 

In this doctoral thesis, the each component of the overpotentials are evaluated 

theoretically and experimentally. For evaluating ohmic overpotential which is significant 

dependent on water content in membrane, a water transport model within membrane is 

built in the chapter 3. Phenomena of water transport and membrane resistance are 

discussed by this model. For the part of non-ohmic overpotentials which is evaluated in 

chapter 4, electrochemical impedance spectroscopy (EIS) is employed to investigate 

detail information of anode and cathode kinetics. And also theoretically, Volmer-

Heyrovsky-Tafel mechanism is used for clarify the non-ohmic overpotentials. 

In the EHC, besides the voltage efficiency attributed to overpetentials, current 

efficiency is another key index to the performance of EHC. Hydrogen gas driven by a 

differential pressure between the cathode and anode diffuses back to anode, resulting in 

a less amount of compressed hydrogen gas as compared with the theoretical amount of 

that.  

Current efficiency is used for describing this phenomenon [5, 6] and defined with 

dividing the real amount compressed hydrogen by the theoretical one (Eq. (2-9)). JH2,Real 

represents the real amount of compressed hydrogen gas; JH2,Theoretical represents the 
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theoretical amount of compressed hydrogen gas and is expressed by Eq. (2-10). F and I 

denote Faraday’s constant and imposed current, respectively. 

, ,⁄    (2-9)  

, 2⁄    (2-10) 

The overall efficiency of EHC is determined by both voltage and current efficiency. 

And it is expressed by Eq. (2-11). The optimization of operation condition enhances the 

overall efficiency and it is discussed in the end of chapter 3. 

    (2-11) 

 

2.3 EHC structure 
 

Figure 2-2 shows structures of cells. Cell A is used for evaluating the new design effect 

on EHC performance. In cathode plate, a small chamber is built above the location of 

catalyst layer, and 10 ml water is stored for humidifying membrane. This design called 

as internal humidifier wets membrane by water diffusion. Through holes are built in 

middle plate, which provide channels for water supply to membrane and gas drainage 

form catalyst layer. Also middle plate plays roles as current collector and mechanical 

supporter. Anode plate is placed at the bottom of cell with serpentine gas flow channel. 

All of plates are stainless steel and coated with Au for reducing contact resistance and 

surface protection. 

The key component, CCM (catalyst coated membrane), is fabricated by a conventional 

spay and hot-press method which is wide used in PEM fuel cell and water electrolysis [7-

10]. The catalyst, provided by TANAKA Precious Metal (TEC10E50E, Pt/C: 46 wt%), 
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is mixed with a 5% Nafion solution and sprayed onto Nafion 117 membrane and then hot 

pressed at 130 °C for 3 min. The loading of Pt is regulated at 0.2 mg/cm2 for both anode 

and cathode, and the Nafion content in the catalyst is regulated to 28 wt%. The area of 

the catalyst layer is 5.3 cm2.  

Double GDLs are employed both at the anode and cathode. As shown in Fig. 2-2, 

double GDLs at the anode consist of a sintered porous sheet of stainless steel (thickness: 

300 μm, fiber diameter: 35 μm, porosity: 75%) and a hydrophobic carbon cloth EC-CC1-

060T (thickness: 300 μm). The former one serves as a mechanical support for the 

membrane, where differential pressure is applied during EHC operation, while the latter 

one serves to decrease the contact resistance between the sintered porous sheet and CCM, 

as well as to suppress flooding in the anode channel. If the balance of water transport 

through the membrane is not adequately controlled, the water diffused from cathode may 

accumulate in anode channel and result in concentration overpotential. For suppressing 

this flooding, the hydrophobic carbon cloth is employed. Moreover, carbon cloth exhibits 

strength toward the tearing force occurring during the operation of the EHC. At the 

cathode, the sintered stainless steel sheet and carbon paper 24AA are employed for 

providing mechanical support and decreasing contact resistance, respectively.  

O-ring and silicon gas gate are used for sealing high pressure hydrogen gas. All of these 

components are tightened by bolts/nuts and average compression pressure is adjusted to 

be 5 MPa. 

 

2.4 Specific EHC for separating overpotentials with a reference electrode  
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Figure 2-3 shows EHC, named as cell B, used for separating overpotentials. The 

configurations of cell B are quite similar with that of cell A in Fig. 2-2, except that (1) a 

reference electrode is introduced; (2) Pt loading of catalyst layers is adjusted to 

0.05mg/cm2; (3) a thicker membrane Nafion 1110 is employed; (4) carbon cloth is used 

at cathode side instead of carbon paper 24AA.  

Reference electrode is introduced for separating overpotentials. The reference 

electrode is embedded at anode side of CCM. Pt loading of reference electrode is adjusted 

to high value 0.5mg/cm2 for eliminating overpotential. Success of the overpotentials 

separation depends on where the reference electrode probes the location of potential in 

CCM, so called the equal potential line (EPL). Reference electrode is expected to probe 

an EPL within electrolyte membrane where no hydrogen electrode reaction occurs. If it 

does, non-ohmic overpotetnials between anode and cathode can be separated correctly as 

explained in the following. 

As shown in Fig.2-4, the position of EPL is dependent on the alignment of two catalyst 

layers (CL) [11-13]. In the case of CL without misalignment as shown in Fig.2-4(a), 

reference electrode probes the EPL in the middle position of membrane. However, during 

the fabrication process of CCM, misalignment of CL occurs, if CL of one side is larger 

than the other side (Fig.2-4(b)), potential distribution in membrane changes, the reference 

electrode probed EPL moves towards the larger CL. In some worse cases shown in Fig.2-

4(c), if one CL is much larger than the other one, reference electrode will probe an EPL 

in the larger CL. In this case, separation results are unacceptable. Non-ohmic 

overpotential in larger CL is underestimated, and another one is overestimated. 
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In order to avoid the failure of measurement, this study intentionally chooses a thick 

electrolyte membrane and puts reference electrode at a rather far distance to catalyst layer. 

Once the thick membrane is introduced, the ratio of CL misalignment to membrane 

thickness become small and then the reference electrode can probe an EPL within the 

membrane. In this study, Nafion 1110 (254 μm thickness) is used as the thick membrane 

and distance between the reference electrode and the edge of anode catalyst layer is set to 

6mm.  

Although thick membrane leads to success of probing the EPL within membrane, thick 

membrane tends to dehydrate easily. In order to avoid the dehydration of membrane, cell 

B for separating overvoltages is operated under low current density condition up to 0.08 

A/cm2. In such a low current density, if large amount of Pt loading is utilized, 

overpotetnial of hydrogen electrode reaction is too small to measure. This issue will lead 

to the difficulty of measurement. Thus, Pt loading for both anode and cathode catalyst 

layers is regulated to low value 0.05mg/cm2. 

In order to eliminate any additional effect to hydrogen electrode reactions occur at 

anode and cathode, the same configurations of GDLs are chosen for both anode and 

cathode, where double GDLs sintered porous sheet of stainless steel and hydrophobic 

carbon cloth are employed. The duties of GDLs are same with them in cell A, where 

stainless GDL is for mechanical support and hydrophobic carbon cloth is for preventing 

water flooding especially in anode side, reducing contact resistance between the CCM 

and sintered stainless steel sheet, and suppressing the damage to CCM by hard fiber of 

the sintered stainless steel sheet. 
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2.5 Evaluation system  
 

Figure 2-5 shows the piping diagram for the EHC. Hydrogen gas is fed to the anode 

channel at a gauge pressure of 0.1 MPaG and compressed to a maximum pressure of 2 

MPaG at the cathode. The anode channel is dead end without a recirculation system. The 

cathode pressure is controlled by a back-pressure valve, which is connected in series to 

the outlet of the cathode channel. A mass flow meter records the amount of compressed 

hydrogen gas for evaluating current efficiency. Water of 10 mL is stored in the vessel of 

the cathode for humidifying the membrane. The EHC cell is placed in a pressure-resistant 

container for complying with safety regulations. Nitrogen gas at 0.5 NL/min flows in the 

container, and a hydrogen sensor connected in series downstream detects the hydrogen 

leakage from the EHC cell. 

The EHC cell is connected to a DC power source (KENWOOD PS-36-40) and an 

electronic load (KIKUSUI PLZ164WA). Current-voltage curves are measured in a 

constant current mode in the current region of 0.1~0.5A/cm2 for cell A and 

0.008~0.8A/cm2 for cell B. In order record the pure hydrogen electrode kinetics without 

hydrogen diffusion effect, experiments for cell B are only operated at high temperate 

333K. Each EHC operation specified for a given condition is carried out in 5 minutes and 

the average value of cell voltage in last 3 minutes is adopted. Simultaneously, AC current 

at 10 kHz is superimposed to DC current by an impedance analyzer (KIKUSUI, 

KFM2150). The amplitude of the AC current is regulated to be 10% of the DC current. 

The total ohmic resistance involved in the EHC cell, such as contact resistance and 

membrane resistance, is obtained from high frequency resistance at 10 kHz. Impedance 

spectra are recorded on a Solartron impedance analyzer 1280B in the galvanostatic mode. 
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The frequency range is adjusted from 30 mHz to 20 kHz. Experiment conditions are 

shown in Table 2-1. 
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Figures and Tables 
 

 

Fig.2-1 Principle of electrochemical hydrogen compressor 

 

 

 

Fig.2-2 Schematic of EHC structure. This EHC is used to evaluate the effect of new 

design on EHC performance, and named as Cell A. 
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Fig. 2-3 A specific EHC for separating overpotentials with a reference electrode. This 

EHC is named as Cell B to distinguish the EHC shown in Fig. 2-2 

 

 

Fig.2-4 Schematics of potential distribution in CCM. (a) No misalignment of electrodes, 

(b) little misalignment of electrodes, (c) large misalignment of electrodes. Dash line 

represents the equal potential line in CCM 
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Fig.2-5 Piping diagram of the EHC system 

 

Table 2-1 Experiment conditions 

 Temperature 

[K] 

Current density 

[A/cm2] 

Anode pressure

[MPaG] 

Maximum cathode pressure

[MPaG] 

Cell A 303, 333 0.1 – 0.5 0.1 2 

Cell B 333 0.008~0.08 0.1 1 
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Chapter 3 

Evaluation of the EHC with internal humidifier and anode dead 

end channel 

 

The new design EHC humidified by internal humidifier and coupled with anode dead end 

channel is expected to reduce membrane resistance and system cost, compared with 

conventional bubbler humidifier system. In this chapter, Frist, effect of internal 

humidifier on membrane resistance is experimentally studied at various conditions. A 

model of water transport in membrane is established to explain behavior of membrane 

resistance. Comparison of humidification effect between new internal humidifier and 

conventional bubbler humidifier is experimentally carried out. Also, effect of anode dead 

end channel on cell voltage is investigated. Then, another significant phenomenon－

hydrogen back diffusion is studied. Hydrogen back diffusion results in low current 

efficiency and shows completely different properties comparing with voltage efficiency. 

In the end of this chapter, total efficiency and strategy for optimizing the operation 

condition of the EHC are talked about. 

 

3.1 I–V characteristics 
 

I-V characterization is probably the most important analysis method to evaluate an 

electrochemical device. General information of overpotentials can be read from I-V 

curves. Using I-V characterization is very helpful to understand behavior of 
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overpotentials and get a big picture of EHC. Therefore, a general explanation of I-V is 

carried out first. 

Figure 3-1 shows I–V characteristic at cathode pressure 2 MPaG and anode pressure 

0.1 MPaG. Overpotentials are separated to two parts: overall ohmic and non-ohmic 

overpotentials. The overall ohmic overpotential is the sum of ohmic overpotentials of 

anode and cathode, and the overall non-ohmic overpotential is the sum of non-ohmic 

overpotentials of anode and cathode expressed in Eq. (2-8).  

The overall ohmic overpotential is derived from the integral of ohmic resistance 

obtained by high frequency resistance (HFR) at 10 kHz. The overall non-ohmic 

overvoltage is obtained by the subtraction of the ohmic overpotential and theoretical 

voltage from the cell voltage. One should be mentioned that the cell voltage of EHC at 

303 K and 0.5 A/cm2 is not stable and increases as time elapsed because of membrane 

dehydration. The data obtained under this condition are only used as a reference for 

understanding the tendency of cell voltage. 

As introduced in Chapter 2, overpotential occurs when current is imposed to cell, 

resulting in larger cell voltage than theoretical voltage. Thus, the cell voltage at zero 

current condition so called open cell voltage (OCV) should be equal with the theoretical 

voltage. The match of open cell voltage with theoretical voltage can be used as an 

indicator that whether the cell starts from a well-controlled condition. In Figure 3-1, 

OCVs at 303 and 333 K are 29.1 mV and 32.8 mV, respectively, which are in approximate 

agreement with the theoretical voltages of 30.7 mV and 33.7 mV estimated by Eq. 2-6. It 

suggests that the cell starts as expected. 
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As a result of using a rather thick membrane (Nafion117) for sustaining membrane 

against the pressure difference between anode and cathode, and for suppressing hydrogen 

back diffusion, the ohmic overpotential dominates cell performance at both 303 K and 

333 K. The comparison of I–V characteristics between 303 and 333 K (Fig. 3-1 (a) and 

(b)) suggests that higher temperature reduces both ohmic overpotential and non-ohmic 

overpotential. Ohmic overpotential dominated by membrane resistance depends on the 

ionic conductivity of membrane, and ionic conductivity depends on temperature and 

water content [1-3]. With increasing temperature, ionic conductivity of membrane 

directly increases, leading to low ohmic overpotential. Moreover, dependence of water 

diffusivity on temperature also affects water content in membrane. In this study, 

membrane is humidified by the diffusion of water from cathode side as shown in Fig. 2-

2. High temperature results in high diffusivity of water. Therefore, more water diffuses 

to membrane, increases water content and lowers membrane resistance. A theoretical 

discussion of membrane resistance and water transport phenomena will be held in section 

3.2 and 3.3, respectively. 

Non-ohmic overpotential also decreases with increasing temperature as shown in 

Figure 3-1. Non-ohmic overpotential includes activation overpotential and concentration 

overpotential, which depend on rate of hydrogen electrode kinetics and hydrogen 

diffusion to/from catalyst layer, respectively. Both of them depend on temperature. High 

temperature accelerates hydrogen electrode kinetics and increases hydrogen diffusivity 

[2, 3, 4], leading to low non-ohmic overpotential. A study of non-ohmic overpotential 

including hydrogen electrode reaction mechanism will be explained in detail in Chapter 

4. 
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3.2 Membrane resistance 
 

As mentioned in previous section, utilizing thick membrane for sustaining membrane and 

suppressing hydrogen back diffusion causes ohmic overpotential to dominate the 

performance of EHC. Thus, decreasing ohmic overpotential, in another word decreasing 

membrane resistance, is the key work for enhancing the performance of EHC. This study 

dedicates to decrease membrane resistance by a new humidification method－internal 

humidifier. Internal humidifier is expected to realize the reduction of membrane 

resistance by supplying liquid water to membrane instead of conventional vapor water. 

Here, membrane resistance with this new method will be discussed in detail. 

Membrane resistance is a function of ionic conductivity and thickness of membrane, 

which is expressed by Eq. (3-1) [2]. RM is the membrane resistance, σ is the ionic 

conductivity of membrane, L is the membrane thickness, Z is the direction of membrane 

thickness, λ is the water content in membrane. The ionic conductivity of membrane 

depends on both temperature and water content. In general, high temperature and water 

content increase ionic conductivity of membrane. The ionic conductivity is expressed by 

Eq. (3-2), and Eq. (3-3) [2].  

      (3-1) 

, exp 1268     (3-2) 

0.005193 0.00326    (3-3) 

In this study, membrane is directly humidified by the liquid water stored in internal 

humidifier at cathode shown in Figure 2-2. With liquid water humidification, the 

maximum water content is reported to be 22, which is higher than the value of 14 with 
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vapor water supplied by bubbler humidifier [5, 6]. However, hot pressing process for 

fabricating CCM shrinks the hydrophilic channel in the membrane [7], resulting that the 

water content 22 cannot be attained. Reference [8] suggests that the water contents of 

membrane with liquid water rehydration at 303 K and 333 K are 15 and 17 respectively. 

Thickness of membrane, which is required in Eq. (3-1), is treated as the value of 200 μm, 

considering the volume expansion of Nafion membrane at high water content condition 

[9].  

Substituting these values into Eqs. (3-1), (3-2) and (3-3) yields theoretically- estimated 

membrane resistances 273 mΩcm2 and 164 mΩcm2 at OCV for 303 K and 333 K, 

respectively. The calculation results agree with our experimental results very well as 

shown in Figure 3-2. Good agreement between theoretical result and experimental result 

indicates that membrane is fully humidified to attain a maximum water content, and 

proves that the new method is more efficient comparing with conventional bubbler 

humidification method. 

 

3.3 Water transport in membrane 
 

Although a low membrane resistance was attained by using the internal humidifier, Fig.3-

2 shows an increment in membrane resistance with increasing current, which indicates 

that membrane tends to dehydrate with increasing current. Here, the water transport 

phenomena in the direction of membrane thickness are discussed, and the reason for the 

increment in membrane resistance is clarified by a simple mathematical model. 

Because membrane faces liquid water at cathode and dry hydrogen gas at anode, the 

difference of water content between cathode and anode surfaces of membrane generates 
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the distribution of water content and transport water in the direction of membrane 

thickness. A linear profile of water content distribution through the direction of 

membrane thickness has been observed by magnetic resonance imaging method [10], thus, 

water content in the direction of membrane thickness can be expressed by Eq. (3-4). Here, 

λC and λA denote the water content at the cathode and anode surfaces of membrane, 

respectively. Because the surface of membrane at cathode side faces bulk liquid water, λC 

is predicted to maintain the maximum water content humidified by the liquid water [11, 

12] which are 15 and 17 for 303 and 333 K, respectively. On the other hand, the surface 

of membrane at anode side faces dry hydrogen gas, thus, the water content of anode λA is 

more sensitively affected by temperature and applied current. 

    (3-4) 

The unknown λA is estimated by substituting Eq. (3-4) to Eq. (3-1) and adjusting λA to 

ensure that calculation results for membrane resistance agree with those obtained from 

experiments. Figure 3-3 shows the water content distribution and membrane resistance at 

0.1 A/cm2. Because the membrane is humidified only from cathode side, the water content 

of membrane at the cathode side is higher than that at the anode side. The calculated water 

contents λA at anode side are 13 and 15 for 303 and 333 K, respectively. The difference 

in the water content between the cathode and anode is rather small. This is because 

experimental result chosen for λA calculation is obtained at low current density condition. 

With the water content obtained, increment in membrane resistance with increasing 

current is explained by a water transport model in the direction of membrane thickness. 

The transport of water through a membrane can be expressed in terms of electro-osmotic 

drag and diffusion as follows [2, 13]. 
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,       (3-5) 

, ,       (3-6) 

, 4.17 10 161 exp 1 exp 2346 T⁄ , 	3 ≪ 17	 (3-7) 

, , , ,    (3-8) 

Electro-osmotic drag is the process that water is dragged form anode side to cathode 

side by the transport of protons, and it causes dehydration of membrane near the anode 

side in EHC operation. Eq. (3-5) represents the electro-osmotic drag process. The electro-

osmotic drag is proportional to applied current. The electro-osmotic drag coefficient, 

denoted as ndrag (λ), depends on the water content λ [14], and it is assumed to be 1.5 

approximately through the entire membrane with considering that liquid water 

humidification leads to a high average water content. Eq. (3-6) represents the diffusion of 

water driven by the concentration difference of water between the electrodes. Water 

diffuses from the cathode to anode, and causes to wet the membrane. ρM represents the 

dry density of Nafion 117, and MM represents the equivalent weight. The Fickian 

diffusion coefficient of water as denoted as D (λ, T) is given by Eq. (3-7) [13], which 

depends on water content and temperature. Eq. (3-8) represents net water transport 

through membrane, which is the sum of the electro-osmotic drag and diffusion, and can 

be utilized as an indicator for confirming whether the membrane is dehydrated. 

Example of calculation in the case of 0.1 A/cm2 is given below. Because of the slight 

difference of the water content between the anode and cathode surfaces of the membrane 

at 0.1 A/cm2, for simplifying calculations, the average water content 14 at 303 K and 16 

at 333 K are chosen here according to Figure 3-3. Based on this model, in the case of 
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303K, the water diffusion coefficient and diffusion flux are estimated to be 2.53 × 10−6 

cm2/s and 4.6 × 10−7 mol/cm2/s, respectively. The water flux by electro-osmotic drag is 

1.55 × 10−6 mol/cm2/s. The comparison of the two flux values shows that the water flux 

of the electro-osmotic drag is larger than that of water diffusion. The transport of water 

through the membrane is not balanced, and the membrane tends to dehydrate. Moreover, 

the higher current density worsens the balance, resulting in a higher membrane resistance. 

The unbalanced water transport well explains the increment of membrane resistance with 

increasing current at 303 K in Figure 3-2. The same issue of membrane resistance is also 

remarkably observed in a conventional EHC, which uses an anode bubble humidifier [15] 

at room temperature. 

On the contrary to 303 K case, the 333K case suggests that the balance of water 

transport is obtained between electro-osmotic drag and diffusion. The water diffusion 

coefficient and diffusion flux are estimated to be 5.82 × 10−6 cm2/s and 1.06 × 10−6 

mol/cm2/s, respectively. The water flux of electro-osmotic drag is 1.55 × 10−6 mol/cm2/s. 

The comparison between the two components suggests that a water balance is 

approximately attained. This water balance contributes to the suppression of the 

increment of membrane resistance when the applied current increases, as shown in the 

case of 333K in Figure 3-2. To be summarized, operating EHC at high temperature with 

the internal humidifier can maintain water transport balance and high water content in 

membrane, resulting in suppressing ohmic overpotential, which is the main overpotential 

in EHC. 

It is noticed that the model built above simplified the boundary condition, where detail 

transport mechanism of water at the surface of membrane is ignored. In practice, 

membrane surface at anode faces dry hydrogen, and water evaporation occurs at the 
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surface especially when cell temperature rises. Thus, in addition to water diffusion and 

electro-osmosis taken in the present model, the water transport process at the surface of 

membrane should be considered in a case of detail analysis. However, the reason why 

evaporation of water at anode interface is ignored is related with our special operation 

mode－anode dead end channel. Anode dead end channel makes evaporated water 

remaining at anode side, and liquid-gas water equilibrium attains in this side, suppressing 

the evaporation and humidifying the membrane. Thus, the water evaporation in EHC 

newly designed is not as remarkable as that in conventional bubbler humidifier design. In 

section 3.6, a comparison between the new design and bubbler humidifier is carried out. 

 

3.4 Effect of cathode pressure on membrane resistance 
 

In previous sections, the author discussed the effect of temperature and current on 

membrane resistance. In the new design EHC, liquid water is stored at cathode side where 

high pressure hydrogen gas generates. Thus, the pressure of liquid water at cathode side 

is same with the pressure of compressed hydrogen gas, and pressure difference of water 

forms between cathode and anode side. We have already known that membrane resistance 

is dependent on water transport in membrane. Although the water transport is driven by 

couple of mechanism, such as the electro-osmosis as shown above, the pressure deference 

imposed in practical operation of EHC impacts on the water transport and so on 

membrane resistance. In this section, membrane resistance are measured at various 

cathode pressure conditions, and pressure effect on membrane resistance is discussed. 

When membrane is humidified by liquid water, two mechanisms originated from 

potential difference drive water transport. One is diffusion of water driven by the 
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concentration (chemical potential) difference of water in membrane and expressed by Eq. 

(3-6), the other one is hydraulic permeation of water driven by the pressure difference of 

water [16, 17] and expressed by Eq. (3-9). K is the permeability of water through 

membrane. △P is the pressure difference of water between cathode and anode sides. L is 

the membrane thickness. In this experiment, water source is at cathode, so that if diffusion 

and hydraulic permeation exist, both of them should wet the membrane from cathode to 

anode. 

,
∆     (3-9) 

As mentioned above, water diffusion is driven by chemical potential difference. The 

chemical potential of liquid water at a 1 atm is defined by Eq. (3-10) [18, 19]. μ _  is 

the standard chemical potential of liquid water, and the value is -237.18 kJ/mol.  is 

the temperature coefficient for liquid water, and the value is -69.9 J/mol/K. T(x) and TSTD 

represent the applied and standard temperature, respectively. 

μ _ μ _ )   (3-10) 

With increasing cathode pressure, chemical potential of liquid water increases, and is 

expressed by Eq. (3-11). P(z) and PSTD represent applied and standard water pressure, 

respectively. δ is the pressure coefficient of water, and the value is 1.99 J/mol/atm. 

μ _ μ _    (3-11) 

According to Eq. (3-10) and Eq. (3-11), the increase of chemical potential of liquid 

water from 0.1 MPaG to 2 MPaG is only 0.036 kJ/mol. Therefore, increase of water 

diffusion by this pressure change is negligible, and membrane resistance is independent 

on cathode pressure. 
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In the case of hydraulic permeation of water, it depends on the cathode pressure. 

Theoretically, when cathode pressure elevates, pressure difference between cathode and 

anode side increase as well, leading to higher rate of hydraulic permeation according to 

Eq. (3-9). Moreover, this hydraulic permeation should contribute to wet the membrane, 

leading to lower membrane resistance. However, Fig. 3-4 does not show clearly pressure 

dependence on membrane resistance. In Fig.3-4, the independence of cathode pressure on 

membrane resistance shows at both high and low temperatures as well as currents. It 

suggests that hydraulic permeation of water does not exist in EHC, because if it does, 

membrane resistance should decrease.  

The absence for hydraulic permeation in EHC is due to the special structure of Nafion 

membrane. Nafion membrane has a PTFE backbone with sulfonic groups. The sulfonic 

groups forms hydrophilic channels for water transport as well as proton conduction. 

Therefore, the state of water in hydrophilic channel is significant for water transport.  

Hydraulic permeation reported in literatures [16, 17] occurs when both sides of 

membrane faces liquid water. In the case, hydrophilic channel expands, and membrane 

gets its maximum water content. Besides the bonded water state H3O+ to the sulfonic 

groups SO3
- in hydrophilic channel of membrane, the rest of hydrophilic channel is fully 

filled with free water. The abundant free water is the key and the requirement for 

hydraulic permeation. However, in our case, although liquid water wets membrane at 

cathode side, the anode side of membrane faces dry hydrogen or partial humidified 

hydrogen gas (due to the water evaporation), the less amount of water content lead to less 

free water in hydrophilic channel of anode side. Moreover, electro-osmotic phenomenon 

drags water from anode to cathode and worsens this situation. Thus, a requirement for 
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hydraulic permeation is not satisfied in our case, and consequently membrane resistance 

is independent on cathode pressure. 

 

3.5 Comparison of humidification effect between bubbler and internal 
humidifiers 
 

In section 3.2, internal humidifier is proven to be more efficient than bubbler humidifier 

in a qualitative manner. The proof was conducted in the following process: theoretical 

value of membrane resistance with internal humidifier is less than that with bubbler 

humidifier, and our experimental value of internal humidifier was same as theoretical one, 

and it is concluded that internal humidifier is more efficient. 

To confirm this proof in experimental manner, a direct and experimental comparison 

between bubbler and internal humidifier is conducted in this section. Ohmic resistance 

mainly originated from membrane resistance is measured both in the cases of bubbler and 

internal humidifier. Experimental methodologies, measurement results and discussion are 

shown in the followings. 

Figure 3-5 shows the EHC system with bubbler humidifier. A bubbler humidifier is 

added in series before the anode side of EHC cell. Temperature of bubbler humidifier is 

set to the same values with that of EHC cell for ensuring that relative humidity (RH) of 

the gas supplied to the anode side is kept to 100%. A humidity sensor is connected after 

bubbler humidifier for monitoring humidity. The gas supplied to the anode side passes 

through anode channel as shown in the figure. The same EHC cell, without liquid water 

stored in the cell, is used in order to eliminate any potential factor that can cause the 

inaccuracy for comparison. The comparison experiments are carried out at the conditions 
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of 0.1 - 0.3 A/cm2, 0.1 MPaG, 303 K and 333 K. Hydrogen gas is supplied to the anode 

side with a flow rate 172 Nml/min. 

Figure 3-6 shows the ohmic resistance of cell with these two humidification methods, 

RVapor represents the ohmic resistance with bubbler humidifier, and RLiquid represents the 

one with internal humidifier. As the expected, because of higher theoretical water content 

of membrane with liquid water supplied by internal humidifier, ohmic resistance with 

internal humidifier shows less values at both the case of 303K and 333K. 

At 303K, theoretical values of water content of membrane with RH100% gas and liquid 

water are 14 and 15 respectively [2, 8], this difference of water content estimates 21 

mΩcm2 difference of ohmic resistance. However, experimental difference of ohmic 

resistance is around 50 mΩcm2 which is larger than theoretical difference. As mentioned 

in 3.2, liquid water humidification certainly work to wet the membrane, resulting in 

reaching the theoretically expected value of 15 for the whole region of the membrane. On 

the other hand, bubbler humidifier with RH100% may work to wet the membrane at anode 

side, but at cathode side, membrane dries up because water evaporates. These practical 

situation causes that bubbler humidification with RH100% cannot attain the value of 14 

theoretically estimated with the RH100%. Thus, liquid water humidification has the 

advantage in lessening ohmic resistance, comparing with bubbler humidification with 

RH100%.  

When temperature increases to 333K as shown in Fig. 3-6, difference of ohmic 

resistance between the different humidification methods increases furthermore. 

Theoretical values of water content of membrane with RH100% gas and liquid water at 

333K are 14 and 17, respectively [2, 8], and this difference of water content leads to 36 
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mΩcm2 difference of ohmic resistance. However, experimental results shows 100 mΩcm2 

difference at OCV and more at larger current density. This is because, at elevated 

temperature, water evaporation is more activated at the cathode side with the bubbler 

humidification, leading to more dehydration of the membrane at the cathode side and 

larger membrane resistance. 

After all, comparison of ohmic resistance between the different humidification 

methods suggests that the new design EHC with internal humidifier, can tolerate the 

dehydration of membrane, but the EHC with bubbler humidifier cannot. Two mechanism 

as summarized below clarify the higher tolerance against evaporation: 

(1) Efficient water transport in membrane with internal humidifier leads to high water 

content and low ohmic resistance. As explained in section 3.5, Nafion membrane has the 

structure that hydrophilic channel embedded in hydrophobic backbone. This structure 

makes Nafion surface showing different properties when it faces different phase of water. 

When vapor water contacts with membrane, membrane reveals a partially hydrophobic 

property, and a certain interfacial transport resistance (ITR) of water appears at the 

interface; when liquid water faces membrane, membrane reveals a hydrophilic property , 

and the interfacial transport resistance of water is almost zero [11]. Therefore, the liquid 

water supplied by internal humidifier eliminates the ITR and enhances water transport to 

the membrane. The evaporated water from anode side is compensated by this efficient 

water transport. 

(2) The new design EHC with internal humidifier adopts the anode dead end channel, 

which suppresses the water evaporation from the membrane at anode side. Water 

evaporation from the membrane occurs at cathode side for bubbler humidifier case and at 
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anode for internal humidifier case. In the internal humidifier case, the cell operates with 

an anode dead end channel, which means that evaporated water from the membrane at 

anode side has no way to drain and remains in anode channel and that the state of water 

in anode channel becomes saturated state. Thus, anode dead end adopted in the new 

design EHC forms the saturated state in the anode channel, and suppresses the 

evaporation from the membrane, leading to high tolerance for the dehydration. However, 

in the case of conventional EHC cell with bubbler humidifier, evaporation occurs at 

cathode side and evaporated water flows out of cell with compressed hydrogen gas, 

leading to continuous evaporation and dehydrated membrane. 

In this section, the author experimentally proves that the new design EHC with internal 

humidifier has the advantage in high tolerance for membrane dehydration. Conventional 

EHC with bubbler humidifier suffers from water evaporation at cathode side, which 

results in membrane dehydration and large ohmic resistance, especially at a high 

temperature. The new design EHC with internal humidifier efficiently wets membrane by 

liquid water and suppresses the evaporation at anode side by dead end channel embedded 

there, leading to keeping high water content in membrane and lowering the ohmic 

resistance. 

 

3.6 Impact of anode dead end channel 
 

Anode dead end channel embedded has advantage in reducing the cost of system with no 

recirculation pump, and it is superior in keeping water vapor at anode side and 

suppressing the evaporation of water from membrane as clarified in section 3.5. However, 

as a trade-off, the dead end operation suffers from impurities accumulation in anode 
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channel or GDL, which hinder the hydrogen transport to anode catalyst layer and lead to 

serious concentration overpotential. This section explains the trade-off triggered by the 

anode dead end through experimental investigations. In order to investigate the impact of 

anode dead end on the concentration overpotential and cell voltage, two kinds of 

experiments are proposed: cell voltage measurement with changing hydrogen gas flow 

rate without dead end channel in a short duration of 15 min, and cell voltage measurement 

with dead end channel in a long duration of 6 hours. 

In the former one, outlet of anode channel is opened, so that hydrogen gas flows 

through the anode channel, and EHC is operated in a couple of regulated flow rate, and 

cell voltages are examined in a rather short duration of 15 mins. Experiment conditions 

are listed in Table 3-1. An operation at high current density 0.5A/cm2 is chose, so that the 

concentration overpotential is highlighted. Flow rates are adjusted to 0 Nml/min, 22 

Nml/min and 40 Nml/min, corresponding to the hydrogen utilization of 100%, 90% and 

50% respectively. It is noted that the case of 0 ml/min (100% utilization) corresponds to 

the operation with dead end channel. Experiment with these methodology can examine 

whether the dead end channel accumulates the impurities and causes the additional 

concentration overpotential. 

Theoretically, compelled convection of hydrogen gas causes two benefits: (1) draining 

the impurities off; (2) convection flow of hydrogen gas slips into GDL and shortens the 

hydrogen diffusion distance in GDL. Both of them will lead to lower concentration 

overpotential. However, the cell voltages experimentally obtained were 124, 122, and 123 

mV for the flow rate of 0 Nml/min (100% utilization), 22 Nml/min (90%), and 40 

Nml/min (50%), respectively. No significant difference of cell voltage appeared among 

the different flow rates, and no additional concentration overvoltage appeared in the case 
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of the dead end channel. This result suggests that hydrogen diffusion is fast enough to 

satisfy the demand of hydrogen to catalyst layer. In EHC, the convection flow advantage 

(shortening the hydrogen diffusion distance in GDL, above noted as (2)) is not necessary, 

it is concluded that the dead end does not invite a further concentration overpotential. 

The other convection flow advantage (draining the impurities away, above noted as 

(1)) is examined with cell voltage measurement with dead end channel in a long duration 

of 6 hours. In this measurement, the hydrogen flow rate is specified to be 0 Nml/min, and 

the other conditions, such as temperature, current density and pressures, are exactly same 

with the last experiments. 

The cell voltage in Fig. 3-7 does not increase, and is rather stable during the 6 hour 

duration. There is no sign that the impurities, which accumulates as elapsed time, increase 

the concentration overpotential. This tendency suggests that impurity does not 

accumulate in anode channel and/or GDL in the 6 hours examined. Moreover, constant 

ohmic resistance is confirmed in this figure, which suggests that the liquid humidification 

introduced functions to wet membrane during entire experiment period. 

 

3.7 Back diffusion of hydrogen gas and current efficiency 
 

In addition to the humidification method and ohmic overpotential, discussed in the 

previous section, which determine voltage efficiency, the back diffusion of compressed 

hydrogen gas, which determines current efficiency, is another significant index to 

evaluate EHC performance. In this section, the current efficiency is experimentally 

measured at various temperatures, currents and pressure difference, and the effect of each 

condition on current efficiency is discussed. 
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Hydrogen gas is compressed from anode to cathode in EHC. The amount of 

compressed hydrogen gas follows Faraday’s law, which is defined by Eq. (2-10). 

However, during the practical operation, the compressed hydrogen gas at cathode diffuses 

to anode again or leaks outsides. The diffusion and leakage of hydrogen make current 

efficiency less than 1. Figs. 3-8 and 3-9 summarize the current efficiencies experimentally 

obtained at each given temperature, pressure, and loaded current density in our 

experiments. The compressed hydrogen gas flow rate at each condition is measured by a 

mass flow meter located at the outlet of the EHC. The current efficiency is calculated by 

substituting this value of flow rate into Eq. (2-9), which is denoted as the experimental 

value in the figures. In both the figures, the prediction of current efficiency ηI,prediced is 

also plotted, which is defined as follows. 

, , ,⁄    (3-12) 

, , , 	    (3-13) 

, 	
∆

     (3-14) 

JH2,Predicted is the predicted molar flow rate of hydrogen produced at the cathode. As 

shown in Eq. (3-13), this can be given by subtracting the hydrogen back diffusion 

JH2,BackDffiusion from the theoretical amount of hydrogen produced JH2,Theoretical, which is 

calculated as I/(2F) defined by Eq. (2-10). Hydrogen back diffusion is driven by the 

pressure difference △P between the cathode and anode, and it can be estimated by Eq. 

(3-14). In this equation, A represents the electrode area, and L and α represent the 

thickness and hydrogen gas permeability of the membrane, respectively [20-22]. 
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As shown in Figure 3-8, current efficiency increases with increasing current density. 

This tendency can be explained by Eq. (3-15). This equation suggests that a high current 

density weakens the effect of the back diffusion component against the theoretical 

(Faraday’s) component.  

,
,

,

, , 	

,

∆ ∆

 (3-15) 

Current efficiency is also highly dependent on temperature. As shown in Eq. (3-15), 

with the same pressure difference, membrane thickness and electrode area, current 

efficiency is determined by hydrogen gas permeability of the membrane. With increasing 

temperature, permeability of hydrogen gas through the membrane increases and leads to 

low current efficiency. Permeability data shows that with increasing temperature from 

303 K to 333 K, permeability increases by a factor of two [20, 22, 23], which agrees with 

our experimental results shown in Figure 3-8 and Figure 3-9, where loss of current 

efficiency at 333K is around twice as that at 303K. 

Dependence of cathode pressure on current efficiency is shown in Figure 3-9. As anode 

is fed with a constant pressure 0.1MPaG, pressure increasing at cathode directly increases 

the pressure difference between cathode and anode, resulting in more hydrogen back 

diffusion and less current efficiency. 

The experimental values of current efficiency based on measured hydrogen flow rate 

at cathode are less than the predicted values, as shown in Figure 3-8 and Figure 3-9. This 

discrepancy is considered to originate from the leakage of gas from the cell. For example, 

at 333 K, cathode pressure of 2.0 MPaG, and current density 0.5 A/cm2, the experimental 

and predicted current efficiencies are 95% and 98%, respectively. The experimental value 

is 3% less. During the experiment, hydrogen gas leakage of approximate 600 ppm was 
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detected with a hydrogen sensor in Fig. 2-5 carried by purge nitrogen gas at 0.5 NL/min. 

This amount of hydrogen leakage corresponds to 1.6% decrease in the current efficiency. 

This decrease of current efficiency caused by leakage approximately matches the 

difference of the current efficiency between the experimental and predicted values. 

 

3.8 Discussion of overall efficiency  
 

Both voltage efficiency and current efficiency were discussed in the previous sections of 

this chapter. The overall efficiency is the product of them as defined in Eq. (2-11). Fig. 

3-10 summarizes experimental values of the overall efficiency obtained at various 

operation condition. In the figure, the data located on the top and right suggest a high 

overall efficiency. The figure suggests that each operation parameter of the EHC exhibits 

an opposite effect on current and voltage efficiency.  

Both voltage efficiency and current efficiency are dependent on operation conditions. 

With increasing temperature, overpotentals originated from membrane resistance and 

hydrogen electrode reactions decreases, leading to higher voltage efficiency as discussed 

in section 3.1. However, current efficiency decreases in higher temperature, because 

higher temperature enhances the hydrogen back diffusion shown in Fig. 3-8 and Fig. 3-9. 

When imposed current increases, according to Eq. (3-15), high current density weakens 

the effect of the back diffusion component against the theoretical (Faraday’s) component. 

So that current efficiency increases with increasing current shown Fig.3-8. However, 

overpotential is proportional to current, and increasing current directly increases 

overpotentials, leading to low voltage efficiency. 
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Cathode pressure (compression ratio) also shows opposite effect on voltage and current 

efficiency. High pressure increases voltage efficiency by accelerating the hydrogen 

electrode reaction, but decreases current efficiency by increasing the hydrogen back 

diffusion. Thus, the optimization of operation conditions requires careful consideration, 

regarding that each operation parameter exhibits an opposite effect on EHC performance. 

 

3.9 Summary 
 

In this chapter, the new design EHC with internal humidifier and anode dead end channel 

is comprehensively evaluated. The following characteristics of the EHC are confirmed. 

(1) For sustaining membrane against pressure difference and suppressing the hydrogen 

back diffusion, thick membrane is chosen, resulting in larger ohmic overpotential in EHC. 

Reducing membrane resistance is the primary task for enhancing voltage efficiency of 

EHC. 

(2) Internal humidifier successfully reduces membrane resistance by supplying liquid 

water to membrane. Liquid water eliminates the interfacial transport resistance of 

membrane, enlarges the water content and lowers the membrane resistance. 

(3) During EHC operation, membrane resistance is decided by the balance between 

electro-osmotic drag and water diffusion. Hydraulic permeation of water does not occurs 

in new design EHC. 

(4) Anode dead end channel realizes the cost down for EHC system without any 

performance reduction. Also, the anode dead end channel can contribute to reduce ohmic 
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resistance with suppressing the evaporation of water from anode side, keeping membrane 

hydrated. 

(5) All operation conditions such as current, cathode pressure (compression ratio) and 

temperature exhibit completely opposite effect on voltage efficiency and current 

efficiency. The optimization of the operation condition must be addressed carefully. 
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Figures and Tables 

 

 

Fig.3-1(a) I–V characteristics under the cathode pressure of 2 MPaG at 303K 

 

Fig.3-1(b) I–V characteristics under the cathode pressure of 2 MPaG at 333K. 
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Fig.3-2 Membrane resistance measured at the cell temperature of 303 K and 333 K, 

cathode pressure 2 MPaG. 

 

Fig.3-3 Water content and membrane resistance distribution in the through-plane 

direction at 0.1 A/cm2, and cathode pressure of 2MPaG. 
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Fig.3-4 Effect of cathode pressure on membrane resistance 

 

 

Fig.3-5 The piping diagram for the EHC system with bubbler humidifier 
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Fig.3-6 Ohmic resistance with internal and bubbler humidifiers, Pan=Pca=0.1MPaG. 

 

 

Fig.3-7 Long time operation of EHC. T=333K, Pca=0.5MPaG, Pan=0.1MPaG, 

I=0.5A/cm2 
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Fig.3-8 Effect of current on current efficiency at a cathode pressure of 2 MPaG. 

 

 

Fig.3-9 Effect of cathode pressure on current efficiency at 333K 
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Fig.3-10 Overall efficiency at various operation conditions 

 

Table 3-1 Experimental conditions with the various flow rate at the anode 

Operation condition Value 

Temperature [K] 333 

Anode pressure [MPaG] 0.1 

Cathode pressure [MPaG] 0.5 

Current density [A/cm2] 0.5 

Flow rate [ml/min] 0, 22.3, 40 

Utilization ratio corresponding to flow rate [%] 100, 90, 50 

Operation period [minute] 15 
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Chapter 4 

Separation of overpotentials and mechanism of hydrogen 

electrode reaction 

 

Characterization of ohmic overpotential with internal humidifier is mainly discussed in 

chapter 3. The overall non-ohmic overpotential attributed to the loss of hydrogen 

electrode reaction has not been discussed in detail, because EHC involves HOR and HER, 

and precise analysis of hydrogen electrode reactions need to separate the overall non-

ohmic overpotential to anode part and cathode part. In this chapter, first, separation of 

overall non-ohmic overpotential is carried out by introducing a reference electrode into 

EHC. Both I-V characteristics and electrochemical impedance spectroscopy (EIS) 

method are employed to evaluate separated non-ohmic overpotentials. Then, non-ohmic 

overpotentials of HOR and HER are theoretically discussed by Volmer-Heyrovsky-Tafel 

(VHT) mechanism. By using VHT mechanism, HOR at anode and HER at cathode are 

revealed, following different reaction mechanisms. In the end of this chapter, impact of 

cathode pressure on HER is discussed. 

 

4.1 I-V characteristics 
 

By introducing a hydrogen reference electrode (HRE), overpotentials are separated to the 

components of anode ohmic and non-ohmic overpotentials, and cathode ohmic and non-

ohmic overpotentials, as defined by Eq. (2-8). Fig. 4-1 shows the I-V curve of each 



60 

 

component at the conditions of Pan=Pca=0.1 MPaG and 333 K. Both ohmic and non-ohmic 

overpotentials of cathode are larger than that of anode. 

Experimental conditions for separating overpotentials are set to high temperature and 

low current densities, in these conditions, membrane is fully humidified and ionic 

conductivity of membrane in thickness direction is same. Thus, possibility of ohmic 

overpotentials difference caused by the unequal water distribution and conductivity is 

excluded. 

The difference of ohmic overpotentials is caused by the small geometric misalignment 

of anode and cathode electrode [1-3]. In this study, reference electrode is located at anode 

side (Fig.4-2). In the case of electrodes without misalignment as shown in Fig.4-2 (a), 

reference electrode probes the EPL (equal potential line) in the middle position of 

membrane, so that potential of reference electrode is same as the potential in the middle 

position of membrane. In this case, the ohmic overpotential of cathode is same as that of 

anode. However, during the fabrication process of CCM, misalignment of electrode 

occurs. If electrode of one side is larger than the other side (Fig.4-2 (b)), potential 

distribution in membrane changes, and EPL moves towards the larger electrode, causing 

that the ohmic overpotential of larger electrode becomes smaller than the other one. In 

our case, it suggests that anode electrode is larger than cathode one, and then ohmic 

overpotential of cathode is larger than that of anode. 

No matter which side the ohmic overpotential is larger, separating non-ohmic 

component between anode and cathode is accurate as long as reference electrode probes 

an EPL within membrane. Fig.4-1 shows that ratio of cathode ohmic overpotential to 

anode ohmic overpotential is approximately 2, which suggests that reference electrode 
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probes an EPL at the position of 1/3 of membrane thickness. This secures that the 

separation of non-ohmic components are accurate. 

Figure 4-1 also shows non-ohmic overpotential of cathode is larger than that of anode. 

Because operation condition and electrode configuration of anode and cathode electrodes 

are same, the non-ohmic overpotentials should be same if HOR and HER both follows 

typical Volmer-Bulter equation. However, experiment results show that the non-ohmic 

overpotentials are different. This suggests that mechanisms of HOR and HER involved 

in EHC are different.  

Volmer-Heyrocsky-Tafel mechanism is usually used for describing hydrogen electrode 

reactions [4]. Hydrogen electrode reactions usually follow Volmer-Heyrovsky route or 

Volmer-Tafel route. With assuming symmetry factor is 0.5, and Langmuir adsorption 

isotherm, each of reactions can be distinguished by its typical slope in I-V curve with 

logarithmic axis, so called Tafel slope [5]. For example, the Volmer–Heyrovsky route 

gives Tafel slopes of 39.4mV/dec and 118.3mV/dec at 298K. However, due to 

experimental limitation, it is very difficult to get a mass transfer-free I-V curve in a vast 

current region in our experiments. Distinguishing mechanism of hydrogen electrode 

reactions from Tafel slope is impossible in our experiments. Instead of extracting slopes 

from I-V curve, we employed electrochemical impedance spectroscopy (EIS) 

measurement to investigate mechanisms of hydrogen electrode reactions. The difference 

in rate determining step of Volmer-Heyrovsky and Volmer-Tafel will be reflected in EIS 

measurement. 

 

4.2 EIS measurement 
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The difference of overpotentials of HOR and HER suggests that mechanisms should be 

different for HOR and HER. Due to the limitation of our experiment (narrow current 

region), instead of conventional method (extracting Tafel slope from I-V curve), EIS is 

employed for verifying the reaction route. EIS provides detailed information of hydrogen 

electrode reaction, and the difference of HOR and HER are reflected in EIS. 

  Figure 4-3 shows the separation results at 0.1MPaG and 333K. The impedance spectra 

of cathode is larger than that of anode, suggesting that the reaction rate of HER at cathode 

is slower than that of HOR at anode. This feature agrees with the I-V curves where the 

non-ohmic overpotential of cathode is larger than that of anode. 

With increasing current density, the arc of cathode decreases shown in Fig.4-4 (a). This 

tendency suggests that the cathode hydrogen reaction is dominated by charge transfer 

process [6, 7]. On the other hand, as shown in Fig.4-4 (b), anode shows two arcs: high 

frequency arc and low frequency arc. High frequency reflects the hydrogen electrode 

kinetic because of its fast speed. Low frequency arc appeared in the positive area of 

imaginary axis are still unclear, and probably caused by adsorbed impurities to Pt surface 

[8]. Nevertheless, the low frequency arc is small, suggesting that the effect of impurities 

is limited. The high frequency arc of anode does not decrease with increasing current. A 

closer look indicates that the arc slightly increase with the increasing current. This 

suggests that the anode hydrogen reaction is dominated by mass transfer process. The 

different features shown in EIS measurement confirm that the rate determining steps of 

HOR and HER are different. Consistency between the findings here and the Volmer-

Heyrovsky-Tafel mechanism will be discussed theoretically in next section.  

 



63 

 

4.3 Theory of Volmer-Heyrovsky-Tafel mechanism 
 

Non-ohmic overpotential originated from the loss of hydrogen electrode reactions has 

been experimentally separated to anode part and cathode part in previous sections. Both 

I-V curves and EIS measurement suggests that mechanisms of HOR and HER are 

different. However, theoretical explanation of hydrogen electrode reaction has not been 

carried out yet. In this section, Volmer-Heyrovsky-Tafel mechanism is introduced for 

explaining the hydrogen electrode reactions. 

Volmer-Heyrovsky-Tafel mechanism is widely used for describing hydrogen electrode 

reaction. One reaction intermediate specie adsorbed hydrogen Had is introduced to 

hydrogen electrode reaction. Hydrogen electrode reactions through Had can be expressed 

by three elementary reactions: Volmer reaction, Heyrovsky reaction and Tafel reaction. 

And the overall reaction may occur by Volmer-Heyrovsky route or Volmer-Tafel route. 

Each of elementary reaction is written as: 

+V

-V
adVolmer : H H e

v

v

       (4-1) 

+H

-H

+
2 adHeyro H H +H +evsky : 

v

v

      (4-2) 

+T

-T
2 ad adTafel : H H +H

v

v
       (4-3) 

iv  and iv  is the reaction rates of the forward and backward reation of the reaction 

i ( i  =V, H T: Volmer, Heyrovsky, Tafel). Had is the adsorbed hydrogen on catalytic 

metal surface. Langmuir adsorption is considered in this study. Overall reaction rate of 

each elementary step iv  is given by: 

  +

/ (1 ) /
V +V -V +V -V H

1FE RT FE RTv v v k e k a e          (4-4) 



64 

 

+
2

/ /
H +H -H +H H -H H

(1 ) FE RT FE RTv v v k P e k a e        (4-5) 

2

2 2
T +T -T +T H -T(1 )v v v k P k          (4-6) 

Where k+i and k-i are the rate constants of forward and backward reaction, θ is the surface 

coverage of reaction intermedite, adsorbed hydrogen Had , E is the electrode potential. 

The E is given by eE E   , where Ee is the potential of electrode at equilibrium 

condition and η is the overpotential of electrode. aH+ is the activity of H+ and is treated to 

1 for all reations [4]. α is the symmetry factor, and the values of α for each elementary 

steps are obtained by fitting experimental results. PH2 is the partial pressure of hydrogen 

at electrode surface. At equilibrium condition, reaction rates of forward and backward of 

each reaction are same, and reaction rates e
iv  are: 

  +

/ (1 ) /
V +V -V H

1
e ee e FE RT e e FE RTv k e k a e          (4-7) 
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2

/ /
H +H H -H H
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2 2
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Substituting Eq. (4-7)~(4-9) to Eq. (4-4)~(4-6), repectively, yeilds the simplified 

equations of Eq. (4-10) – (4-12). Since expriments in this study are carried out at high 

temparature and low current conditions, the difference between equilibrium value and 

non-equiliburium value are neglected. Thus, H2 H2
eP P  and H H

ea a   are adopted. 
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4.3.1 Volmer-Tafel route 
 

Based on the theoretical frame sumerized above, in the Volmer-Tafel route, Tafel reaction 

occurs after Volmer reaction in HER or reversely in HOR. In a steady state condition, 

current density related to mass production (consumption) rate of adsorbed hydrogen Had 

in Volmer reaction equals to that related to mass consumption (production) rate of 

adsorbed hydrogen Had in Tafel reaction, yeilding Eq. (4-13). Substituting reaction rate 

of Volmer reaction (Eq.4-10) and Tafel reaction (Eq.4-12) to Eq. (4-13), current density 

j is expressed by Eq. (4-14). Rerranging Eq. (4-14), surface coverage θ is expressed by 

Eq. (4-15) [9]: 

V T2j Fv Fv          (4-13)  

/ (1 ) / 2 2
V T

1 1
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1 1
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e e e e
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1 1
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e e e e
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  (4-15) 

Rearranging Eq. (4-15) yeilds a quadratic equation to solve the surface coverage θ by Eq. 

(4-16). Mathmatically two values can be abtained from Eq. 4-16. Negative value of   

is phisically meaningless. Thus, Substituting positive value of θ obtained from Eq. (4-16) 

to Eq. (4-14) yields the relationship between current density and Volmer-Tafel route 

overpotential ( ( )j f  ). 
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4.3.2 Volmer-Heyrovsky route 
 

Similar with Volmer-Tafel route, in Volmer-Heyrovsky route, current density related to 

mass production (consumption) rate of adsorbed hydrogen Had in Volmer reaction equals 

to that related to mass consumption (production) rate of adsorbed hydrogen Had in 

Heyrovsky reaction. Current density is expressed by Eq. (4-18). Substituting raction rate 

of Volmer reaction (Eq. (4-10)) and Heyrovsky reaction (Eq. (4-11)) to Eq. (4-18), yields 

j and θ expressed by Eq. (4-19) and Eq. (4-20) [9]: 

V H2 2j Fv Fv          (4-18) 
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Rearranging Eq. (4-20), coverage θ is expressed by Eq. (4-21). And substituting θ 

obtained from Eq. (4-21) to Eq. (4-19) yields the relationship between current density and 

Volmer-Heyrovsky route overpotential ( ( )j f  ). 
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  Volmer-Heyrovsky-Tafel mechanism theorectically shows that hydrogen electrode 

reactions may occur by Volmer-Heyrovsky route or Volmer-Tafel route. Hydrogen 

electrode reaction is a two steps reaction, and the property of it is determined by the 

slower step, so called rate determing step. In next section, rate determining steps and 

reaction routes of HOR and HER involved in EHC will be clarified. 

 

4.4 Reaction routes of hydrogen electrode reactions involved in EHC 
 

According to Volmer-Heyrovsky-Tafel mechanism, hydrgoen electrode reaction follows 

either Volmer-Heyrovsky or Volmer-Tafel route. In the case of utilizting Pt as catalyst, 

reaction rate of Volmer reaction is much faster than that of two other reactions [10,11]. 

Thus, the rate determing reaction is Heyrovsky reaction or Tafel reaction.  

In Fig. 4-4(a), it is very clear that the HER at cathode is dominated by charge transfer 

process. Between Heyrovsky reaction and Tafel reaction, only Heyrovsky reaction 

includes charge transfer process (Eq.(4-2)). So it is supposed that the HER is dominated 

by Heyrovksy reaction and follows Volmer-Heyrovsky route. On the other hand, in Fig. 

4-4(b), the HOR at anode does not show a clear charge transfer feature but a mass-

transfer-like feature, which suggests that HOR at anode is determined by Tafel reaction, 

where adsorption of H2 involves a diffsuion process. Thus, HOR at anode follows 

Volmer-Tafel route. Other researches on HOR with conventional ex-situ method also 

concluded that HOR follows Volmer-Tafel reaction rather that Volmer-Heyrovsky 

reaction [12]. 
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As discussd above, HER at cathode and HOR at anode are dominated by Volmer-

Heyrovsky route and Volmer-Tafel route respectively, and the relationship ( ( )j f  ) 

by the routes can be expresed by Eq.(4-19) and Eq.(4-14). In these equations, the reaction 

rate e
iv , coverage θe at equilibrum condtion, and symmetry factor a for each reactions are 

unkown. A quantitative evaluation of these parameters is carried out by fitting the Eq.(4-

19) and Eq.(4-14) to the experimental data (Fig. 4-1 and Fig. 4-5). The experimental data 

are the non-ohmic overpotential of anode obtained at 0.1MPaG and that of cathode 

obtained at various cathode pressure. The fitting results are summarized in Table 4-1. 

Volmer reaction rate V
ev  is faster than Heyrovsky reaction rate H

ev  and Tafel reaction 

rate T
ev , which aggrees with the assumption mentioned above. At the pressure of 

0.1MPaG, the reaction rate of rate determing step at cathode H
ev  ( Heyrovsky reaction) 

is slower than the reaction rate of rate determing step at anode T
ev  (Tafel reaction). The 

lower reaction rate of Heyrovsky reaction results in larger non-ohmic overpotential 

shown in Fig.4-1. 

The coverage of reaction intermediate Had at equilibrium condition θe obtained by 

fitting experiment data are listed in Table 4-1. Different values appear for hydrogen 

electrode reactions at 0.1 MPaG, where θe is 0.9 for HOR and θe is 0.03 for HER. The 

different coverage values suggest that reaction intermediates Had are different for HOR 

and HER. This is also confirmed by some other reaserches. Conway [13] suggests that 

the states of Had are categorized to UPD H (underpotential deposition hydrogen) and OPD 

H (overpotential deposition hydrogen). The UPD H is suggested to be the reaction 

intermediate in HOR and the initial surface coverage is near 1 at a standard condition. 

And OPD H is suggested to be the reaction intermediate species in HER. The initial 
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surface coverage is much smaller than that involved in HOR. The coverages obtained in 

our study are similar as those obtained in other reports [13, 14]. 

In this section, EIS results explained by VHT mechanism indicate that HOR follows 

Volmer-Tafel route and HER follows Volmer-Heyrovsky route. Parameters involved in 

electrode reactions were obtained by fitting theoretical expresstions to experiment data, 

and disscussed in quantitative manner. 

 

4.5 Impact of cathode pressure on HER 
 

In EHC, cathode works at high pressure. Thus, understanding how the pressure of cathode 

affects the HER is significant. Fig.4-5 shows the pressure impact on non-ohmic 

overpotential of cathode. With increasing hydrogen pressure, non-ohmic overpotential of 

cathode decreases. This is also confirmed by EIS measurement shown in Fig.4-6, where 

arc of cathode decreases with increasing cathode pressure. Those suggest that HER is 

accelerated by increasing cathode pressure.  

As discussed above, HER follows Volmer-Heyrovsky route and Heyrovsky reaction is 

the rate determining step. Thus, HER is determined by the reaction rate of Heyrovsky 

reaction expressed by Eq. (4-5). In Eq. (4-5), two branches exsit, one is the brance of 

HER and the raction rate of HER brance is v-H ; the other one is the brance of HOR and 

the reation rate of HOR brance is v+H .With increasing cathode pressure, hydrogen 

electrode shows negative potential due to the Nernst eqution (Eq. (2-6)). The negative 

potential environment makes HER brance dominating. Thus, only HER brance 

determines Eq. (4-5). In the HER brance, k-H and aH+ are constants. When cathode 

pressure increases, the decrease of Ee (Eq. (2-6)) and the increase of θ (Eq. (4-21) result 
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in increase of vH, leading to lower non-ohmic overpotential. Fitting results of surface 

coverages at various cathode pressure are listed in Table 4-1. 
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4.6 Summary 
 

In this chapter, overpotentials involved EHC are separated to anode part and cathode part 

by using a reference electrode. Mechanisms of hydrogen electrode reactions are explained 

by Volmer-Heyrovsky-Tafel mechanism. The following characteristics are confirmed: 

(1) HOR at anode occurs by Volmer-Tafel route, and HER at cathode occurs by Volmer-

Heyrovsky route. 

(2) Reaction rate of HER is smaller than that of HOR, leading to larger non-ohmic 

overpotential of HER. 

(3) HER is accelerated by increasing cathode pressure. With increasing cathode pressure, 

coverage of reaction intermediate Had increases, leading to low non-ohmic overpotential 

of HER. 
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Figures and Tables 

 

Fig.4-1 Separation results of overpotentials at Pan=Pca=0.1MPaG and 333K. 

 

 

Fig.4-2 Schematic of potential distribution in membrane. (a) Without misalignment of 

electrodes, (b) With misalignment of electrodes. Dash line represents the equal potential 

lines in CCM. 
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Fig.4-3 Separation of Nyquist plots, Pan=Pca=0.1MPaG, T=333K. 

 

Fig.4-4(a) Current impact on cathode side, Pan=Pca=0.1MPaG, T=333K 
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Fig.4-4(b) Current impact on anode side, Pan=Pca=0.1MPaG, T=333K 

 

Fig.4-5 Non-ohmic overpotentials of HER at various cathode pressure conditions, 

T=333K. 
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Fig.4-6 Pressure impact on cathode Nyquist plots 

 

TABLE 4-1.  Parameters for fitting experiment results 

Parameter Value 

e
Vv 4×10-5 [mol/cm2/s] 
e
Tv  2×10-7  

e
Hv   

Pca=0.1MPaG Pca=0.5MPaG Pca=0.9MPaG

6.3×10-8 1.4×10-7 1.86×10-7 

a for Volmer reaction 0.5 

a for Heyrovsky reaction in HER 0.45 

a for Tafel reaction in HOR 0.55 

θe for HOR at Pan=0.1MPaG 0.9 

θe for HER at Pca=0.1MPaG Pca=0.1MPaG Pca=0.5MPaG Pca=0.9MPaG

0.03 0.05 0.06 
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Chapter 5 

Conclusions and perspectives 

 

5.1 Conclusions 
 

Electrochemical hydrogen compressor based on solid electrolyte membrane has high 

compression efficiency, no moving part, simple and compact structure. It is expected to 

take place of conventional mechanical hydrogen compressor due to these advantages.  

  In chapter 1, the author reviewed the current researches on EHC. The previous studies 

focused on demonstration and fundamental characterization of EHC. Although these 

studies broaden our understanding of the EHC, there are still many subjects left for 

improving the performance of EHC. These unsolved subjects include membrane 

dehydration issues with bubbler humidification, unclear interpretation of hydrogen 

electrode reaction in EHC, hydrogen back diffusion, and hydrogen leakage issues. The 

first two subjects lower the voltage efficiency of EHC, and the last two subjects lower the 

current efficiency of EHC. The author proposed a new design EHC with internal 

humidifier to solve dehydration issue, and introduced a reference electrode to evaluate 

hydrogen electrode reaction comprehensively. 

  In chapter 2, principle of EHC and evaluation methods are explained first. Then, the 

new design EHC and evaluation system are introduced. In this part, the new design EHC 

adopts internal humidifier and anode dead end channel. The internal humidifier stores 

liquid water in cathode compartment, and liquid water directly contacts and wets the 
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membrane. Hydrogen gas is fed to anode dead end channel without any recirculation 

systems. It is expected to reduce the cost of EHC system. In order to separate and analysis 

hydrogen electrode reactions that occur at anode and cathode, a specific EHC cell with 

reference electrode is employed. A careful treatment for reference electrode is necessary, 

because treatments for reference electrode significantly affect accuracy of separation 

results. These particular treatments can be found in chapter 2. 

  In chapter 3, performance of the new design EHC is experimentally evaluated. Two 

indexes are important for EHC, which are voltage efficiency and currant efficiency. 

Voltage efficiency is reduced by ohmic overpotential and non-ohmic overpotential. 

Ohmic overpotential dominates cell voltage, because thick membrane is chosen for 

sustaining membrane against pressure difference between cathode and anode as well as 

for suppressing hydrogen back diffusion. Thus, reducing membrane resistance is the prior 

task.  

  Internal humidifier supplies liquid water to membrane and is expected to lower 

membrane resistance. On OCV condition, by comparing the theoretical membrane 

resistance with experimental one, the good agreement between the two values suggests 

that membrane obtains its maximum water content and lowest membrane resistance. The 

internal humidifier is successful. 

  With increasing current density, membrane resistance increases dramatically at 303K, 

but slowly at 333K. Water transports in membrane well explains these phenomena. In 

membrane, water transports includes water diffusion from cathode to anode and electro-

osmotic drag from anode to cathode. The former one makes membrane wet, and the later 

one makes membrane dry. The net water flux in membrane decides whether membrane 



81 

 

is wet or not. With increasing current density, electro-osmotic drag increases, leading to 

membrane dehydration and larger membrane resistance. With increasing temperature, 

amount of water diffusion increases, balances the water loss by electro-osmotic drag, and 

slows down the increment of membrane resistance. Thus, water balance is significant to 

EHC performance and high temperature is helpful to get water balance. 

Anode dead end channel design is designed for reducing system cost. However, a trade-

off issue may happen, which is that anode dead end channel leads to additional 

concentration overpotential because of lack of convection effects. This study 

experimentally proves that anode dead channel does not result in additional concentration 

overpotential by two experiments. One experiment is operating EHC with various 

hydrogen flow rate at anode. Cell voltages with various flow rate is almost same with that 

with anode dead end channel, suggesting that anode dead end channel does not leads to 

additional voltage loss. The other experiment is operating EHC for 6 hours for examining 

whether water accumulates. During 6 hours operation, cell voltage keeps constant value, 

suggesting that no water accumulates in anode channel or accumulated water does not 

leads to additional voltage loss. 

Anode dead end channel is first designed for reducing cost of EHC system by removing 

recirculation system. The furthermore investigation of anode dead end channel proves 

that it also suppresses the evaporation of water from anode side, and keeps membrane 

hydrated to a certain extent. Because evaporated water remains in anode channel, finally 

makes anode hydrogen saturated, and when anode hydrogen is saturated, water 

evaporation does not occur any more. 
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In the end of chapter 3, current efficiency of EHC is discussed. It shows completely 

different property against voltage efficiency. Voltage efficiency increases with increasing 

temperature and cathode pressure, but decreases with increasing current density. However, 

current efficiency exhibits opposite tendencies. Optimizing the operation condition for 

EHC is must be carefully addressed. 

In chapter 4, non-ohmic overpotential originated from loss of HOR and HER are 

separated and discussed. In EIS measurement, HER shows charge transfer dependence 

and HOR shows mass transfer dependence. With explaining these features by Volmer-

Heyrovksy-Tafel mechanism, mechanisms of HOR and HER are clarified. HOR at anode 

occurs by Volmer-Tafel route, and HER at cathode occurs by Volmer-Heyrovsky route.  

A mathematical model is established. And reaction parameters are obtained by fitting 

this model to experimental results. The fitting results show that: 

(1) Volmer reaction rate is faster than Tafel and Heyrovsky reaction rates. Heyrovsky 

reaction rate is slower than Tafel reaction rate, leading to larger non-ohmic overpotential 

of HER.  

(2) Coverages of Had are different for HOR and HER, suggesting that state of Had are 

different.  

(3) With increasing cathode pressure, coverage of reaction intermediate Had increases, 

accelerates the reaction rate of Heyrovsky reaction, leading to low non-ohmic 

overpotential of HER. 

  The new design EHC is comprehensively evaluated in this study, including voltage 

efficiency and current efficiency. Overall efficiency of EHC is enhanced by reducing 
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membrane resistance with internal humidifier. And maximum value is near 50%. With 

this efficiency EHC is competitive with conventional mechanical compressor (Fig.5-1). 

 

5.2 Perspectives 

 

In this study, the author proposed a new design EHC, and compressed hydrogen gas 

maximum to 2MPaG. The new design successfully realized ohmic overpotential 

reduction by using an internal humidifier. Energy losses involved in EHC are investigated, 

such as overpotentials and hydrogen back diffusion. And a strategy for operating EHC is 

given. 

  Besides these loss reduction tasks for EHC, challenges for safety and durability should 

be solved, especially for high pressure hydrogen compression. For instance, 70MPa 

hydrogen gas is preferred to hydrogen vehicles.  

In such high pressure, hydrogen gas is easier to leak, leading to low current efficiency. 

Thus, seal technology is necessary for EHC. In conventional design, EHC cells are 

tightened by bolts and nuts, which are similar with flange design. However, between each 

metal plates, polymer membrane exists, which makes sealing more difficult comparing 

with flange case. New protocols for EHC sealing need to be established. 

Because high pressure hydrogen gas generates at cathode side, cathode metal plate 

bears huge internal pressure and bending of cathode plate occurs. The bending of cathode 

plate generates clearance between CCM and cathode plate, increases the contact 

resistance and reduces the voltage efficiency of EHC. 
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Also, under such huge pressure difference between cathode side and anode side, 

deformation of CCM occurs. However, thickness of CCM for separating high and low 

pressure hydrogen gas is only several hundred micrometers. Thus, huge deformation 

occurs and it shortens CCM life time. In order to suppressing the deformation, CCM need 

to be supported from anode side. The anode supporter functions not only as a mechanical 

supporter, but also as a gas distributor and current collector. Porous metal GDL is a 

conventional option. Properties of GDL, such as thickness, porosity, pore size, should be 

well addressed, because each of them affects supporting effect. To optimize properties of 

GDL, CCM deformation should be experimentally measured first. However, studies on 

CCM deformation are missed. 

During the overpotential separation work, an interesting phenomenon occurs, which 

might be used for deformation measurement. The measurement is based on the relation 

between deformation and potential distribution change. In EHC, because cathode pressure 

is high, CCM bends to anode side. Length of anode catalyst layer enlarges and length of 

cathode catalyst layer shrinks. The change of length leads to misalignment between two 

catalyst layers, and EPL moves towards to anode. As shown in Fig. 4-2, anode ohmic 

resistance should decrease and cathode ohmic resistance should be increase. The future 

work will focus on both experimental measurement and mathematical modeling for CCM 

deformation. 


